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Teppei Katori

A MEASUREMENT OF THE MUON NEUTRINO CHARGED
CURRENT QUASIELASTIC INTERACTION AND A TEST OF
LORENTZ VIOLATION WITH THE MINIBOONE EXPERIMENT

The Mini-Booster neutrino experiment (MiniBooNE) at Fermi National Accelerator
Laboratory (Fermilab) is designed to search for v, — v. appearance neutrino oscillations.
Muon neutrino charged-current quasi-elastic (CCQE) interactions (v, +n — p + p) make
up roughly 40% of our data sample, and it is used to constrain the background and cross

sections for the oscillation analysis.

Using high-statistics MiniBooNE CCQE data, the muon-neutrino CCQE cross section is
measured. The nuclear model is tuned precisely using the MiniBooNE data. The measured
total cross section is o = (1.0584-0.003 (stat)+0.111 (syst)) x 10738 cm? at the MiniBooNE

muon neutrino beam energy (700-800 MeV).

Ve appearance candidate data is also used to search for Lorentz violation. Lorentz sym-
metry is one of the most fundamental symmetries in modern physics. Neutrino oscillations
offer a new method to test it. We found that the MiniBooNE result is not well-described
using Lorentz violation, however further investigation is required for a more conclusive

result.
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Part 1

Neutrino physics



An object so small, impalpable, invisible, would seem myth enough, but scientists

reached beyond.

- I. Asimov, The Neutrino



Chapter 1

Introduction of this thesis

In this thesis, we present results from two major pieces of work: Tests of Lorentz violation via
neutrino oscillations and a measurement of neutrino charged current quasielastic (CCQE)

scattering with the MiniBooNE experiment.

In Part I of this thesis, the general features of neutrinos are discussed. This provides
introductory material for the remaining parts. In Chapter 2, we discuss the formalism of
neutrino oscillations. And we examine the interesting nature of neutrino oscillations. In
Chapter 3, we discuss the formalism of neutrino scattering. And we re-derive neutrino-
charged lepton, neutrino-nucleon, and neutrino-nuclei scattering cross section formulas.

More details of calculations are found in Appendix C.

In Part II, we explain the test of Lorentz violation with neutrino oscillations. This
includes three original works: Tests of Lorentz violation in 7, — 7. oscillations (Chap-
ter 4) [I]; Global three-parameter model for neutrino oscillations using Lorentz violation
(Chapter 5) [2]; and Neutrino oscillations and Lorentz violation with MiniBooNE (Chapter
5) [3]. In Chapter 4, we provide an introduction to Lorentz violation and briefly discuss
the analysis of a test of Lorentz violation in the LSND experiment. In Chapter 5, a model

of neutrino oscillations, the “tandem” model, using Lorentz violation is presented. It is
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then compared to existing oscillation data including recent results from the MiniBooNE
experiment. In Chapter 6, we summarize Chapters 4 and 5 (Part II), and then discuss the

status and outlook of this aspect of Lorentz violation.

In Part III, we present our CCQE measurement in the MiniBooNE experiment. Part I11
includes two of my original works: Measurement of muon neutrino quasielastic scattering
on carbon (Chapter 8) [4]; and Measurement of v, CCQE double differential cross section
(Chapter 10). In Chapter 7, we provide an introduction to the MiniBooNE experiment.
We briefly explain the experimental apparatus and the associated systematic uncertainties.
The details of the neutrino event model (and errors) used for the neutrino event rate predic-
tions are presented. In Chapter 8, we discuss the CCQE measurement for the MiniBooNE
oscillation experiment. The CCQE measurement as was performed for the MiniBooNE
v, appearance result is presented along with a discussion about the tuning of the nuclear
model parameters. Then in Chapter 9, we discuss the simultaneous measurement of the
CCQE interaction and the charged current one pion production (CClr) interaction. To
improve our CCQE measurement, we need a better description of the background. From
this measurement, the CClm background in the CCQE sample is determined. Finally, in
Chapter 10, we present the CCQE differential cross section measurement in MiniBooNE. In
this chapter, the differential cross section of the CCQE process is presented with a careful
discussion of all systematic errors. In Chapter 11, we summarize from Chapters 8-10 (Part

III), and discuss the status and outlook.

In addition to the main text of this thesis, in Appendix A, we introduce the FINeSSE
experiment. This Appendix provide a brief introduction of this experiment and results
from the pilot detector beam test. This appendix includes one of my original work: A

large-volume detector capable of charged-particle tracking [5].



Chapter 2

Neutrino oscillations

The most distinct feature of neutrinos may be their state definitions. Neutrinos are the
only particles in the standard model defined by their flavor eigenstates. All quarks and
charged leptons are defined by their mass eigenstates, which are simultaneous eigenstates
with the Hamiltonian. So, we can say, “The muon has mass of 105 MeV /c2.” but a similar
statement does not exist for neutrinos. In addition, because neutrino flavor states are not

also eigenstates of the Hamiltonian, neutrino flavor states are not conserved with time

evolution.

In this chapter, we derive the equations of neutrino oscillations under the wave packet
formalism [6], following Ref. [7]. Then we investigate the interesting nature of the quantum

physics of neutrinos.

2.1 Neutrino oscillation formula

Since neutrino flavor states are not simultaneous eigenstates of the Hamiltonian, they are

not conserved under time evolution. The neutrino flavor states are written as mixtures of
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the Hamiltonian eigenstates,
Vo> = > Ullvi>. (2.1)
i

Here, |v, > are the flavor eigenstates, whereas |v; > are the Hamiltonian eigenstates,
and they are related via the mixing matrix U};. In the vacuum (= no interactions), the
Hamiltonian eigenstate can be identified with the mass eigenstate. Then the mixing matrix
is called PMNS matrix. Since the quark-sector analog, the CKM matrix, is defined in order
to mix flavor eigenstates to describe mass eigenstates, the PMNS matrix is defined via its

conjugate in order to follow the same definition as the CKM matrix.

The time evolution of a flavor eigenstate is,
va(t) > = > Uke ™y > (2.2)
i

Now, we use \; for the ith eigenvalue of the Hamiltonian eigenstate |v; > and A;; for the

eigenvalue difference (= \; — ;).

Then, the the transition amplitude from flavor eigenstate o to flavor eigenstate 3 after

time t is,

< V@‘l/a(t) > = Z < Vj|Uj% (Z U;Z-B_Mit|l/i >>
Ji A

= > Use MU (2.3)
j

Finally, the oscillation transition probability from flavor state a to flavor state (3 after time
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t is,

Pruos(t) = [ <vplvalt) > P = || D Usye™'Us; (ZUjie_i’\itUgi>
7 7

= D UnUpiUsUpje im0
2

= Z |Uo¢7j|2’U,8i|2 + 2 Z U;iUganjUgj(COS(Aijt) + isin(Aijt))
% 1>7

= Y |Uail?|Upil* + 2Re > UsiUsiUa;Ujjcos(Aijt) + 2Im > " Uz UpiUlajUs;sin(Aijt)

1> i>j
_ Z’U “QIU‘2 * ) T _ . 9 Aijt o
= il “|Ugil* + 2R62UaiU51Ua]Uﬁj 1— 2sin -
i i>j

= |UaalP|Us1 I + [Ua2l?|Ug2l? + |Uas|*|Ups|*
+2R€(U23Ug3Ua1U§1) + 2R€(U;3Ug3Ua2UEQ + 2R6(U22U52UQ1U§1)

Ayt
—4Re Z U;Z-UganjUEjsm2 <2J> -
1>7

2
Ayt
* * e 2 )
—4Re §>'UaiUganjUﬁjsm ( 5 >—
i>]

Z UaiUsi

Since neutrinos are extremely relativistic particles,

therefore,

PVoz_”/ﬁ (L) = 5a5 - 4ZR6(UQiU5anjUﬂj)Sln2 <2JL>

i>]
+2> " Im(U3UpiUa;Up;)sin (Ai; L) (2.6)
1>]

This is the model-independent formula describing neutrino oscillations.

Since the neutrino kinetic term is the only one non-trivial term for the neutrino Hamil-

tonian eigenstate in the vacuum, under the standard assumption (the so-called ”equal mo-

(2.4)
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mentum approximation”), then

m2 m2
)\,':EiZ\/mNP+2;NE+Qé' (2.7)

Then, using standard units for neutrino oscillation experiments,

Am?jL Am?j(MeV2)L(fm)
4E  AE(MeV)he(MeV fm)
B 127Am?j(eV2)L(m) (2.8)
’ E(MeV) 7 '

Equation becomes the familiar form of the standard three neutrino massive model in
the particle data group [§]:
* * .2 2 L
Pry(L) = Oa5—4 ; Re(UyUpiUagUp)sin®  1.27Am%—
i>j

+2 " Im(U3UpiUasUp;)sim <2.54Am§jEL> . (2.9)
1>

Under the assumption that all elements of the mixing matrix are real (equivalent to as-
sumption of no CP violation in the neutrino sector), the two-neutrino oscillation formula

is,

Provs(L) = Oap —4(cost) - (sind) - (cosh) - (+sind)sin? (1.27Am%2§>
200502 o L
1 — sin"20sin (1.27Am12> fora=p
E
. : (2.10)
5in?20sin’ (1.27Am%2E> for a#

_ ] o o ) cos  sind
using the Cabibbo-matrix-like mixing matrix, U =
—sinf  cosf
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2.2 Wave packet formalism

2.2.1 Group velocity based formalism

In this section, we discuss the conditions required for neutrino oscillations to occur. Al-
though the standard formulas above describe neutrino oscillations, in a more rigorous sense,
oscillations should be described with wave packets [6]. To see the nature of wave packet

formalism, the group velocity based approach [7] is very instructive.

The normalized Hamiltonian eigenstate neutrino wave packet in momentum space is

defined

U,(p) = \/ V2ropexp (—W) . (2.11)

p

and we have used the mean value of the momentum wave packet < p; >, the mean energy <

E; >=/<p; >? +m§, and the group velocity v; = j%i For simplicity, one-dimensional

neutrino propagation is considered but it is easily extended to 3 dimensions. Then, the

Fourier transformation of the momentum wave packet is,

U;(z,0) = / \I/i(p)eipmdp

—00

1< p;>x—

Vo )
——exp — .
2mo, 402

(2.12)

<p¢>2 . <Ei>2—m?

And, after time ¢, using, < p; > v; = ~< By >,

<E;> ~ ~ <Ei>
1 . (z — vit)?
U;(x,t) = ————exp (7, <pi > (x—vit) — ————
VvV V2o, ' 402
1 — it 2
= exp(i(<pi>x—<Ei>t)—($l;z)>.
V2moy, 4oz

Therefore, the transition probability of a flavor eigenstate from v, to v, after propagating



CHAPTER 2. NEUTRINO OSCILLATIONS

distance L within time T is,

Py (LT) = (UYL, T)Us;) - (SiUai Wi(L, T)U,)

aj =g

— fa Z UaiUj:U%;Us;

5J

xexp[i(<p;i >—<p;j>)L—i(< E; > — < E; >)T]

(L—vT)* (L—vT)?
x

= UaiUsU, U
vV 27T0‘x Z pi hi

5J

expli(<p; >—<pj >)L—i(< E; > — < E; >)T]

L?> LT ™ 5,
Xerp [—22 + 5 g(vl + ;) — 4f‘%(vi +vj)} }
— 6i(<p¢> <p;>)L o
2,2 9 2
v; +UJ Vi +U] . 20
- T - L— S(<E>—-<E;j>
P 402 (vf + 3 Z’UZ-Q + 'uj2( ' i>)
2
L? "UZZ —i—’sz Vi + v; 203
- —1 <E;>-<FE;> 2.13
202 4o\ v} +F Zv? + vf( ' i >) (2.13)

In practice, we know the distance neutrinos propagate, however we do not know the
time it takes. So we take the average over T' by ffooo e@=0)? gy = \/g, and introduce a

normalization factor Np(=)_, |U°“‘ ). Then,

Puaﬂl/g (L7 T) = Z UC”UIB'L . e’i(<pi>—<pj>)L )

v —i—v
L2 (Ui +Uj)2L2

Xerp | ——5
P 202 402(v} +03)

O
—i——-=(< E; > — < E; >)L
ZU§+U]2( i J )

J2

-5 (< E; > — < Ej >)?
v—l—v

(2.14)

10
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: 1
Using 0, - 0p > 3,

[ 2 1
P, .,.(LT) = —_— — U, USU* . Ugs
o ﬁ( ) Uz'2+7)]2‘ NTZ-Zj aiV giV iV B

xescp{z’ [(<p7j>—<pj >)— (< E; > — < E;j >)Ui+vj

2 1 42
vy +vj

d

L22(v + v]) — (vi +v5)%]
>< p—
orp 402(v? + 1132)
! (<Ei>—-<E >)2}
T AA2(02 1 002) v J
403 (v + v5)

2 1

= == N U ULU*.Ug;
gy S

Xexp {—i

(vi — v;)*L?
4o (v} +v7)

v; + vj
(< Ei>—-<E; >)U2+U?—<pi>—<pj >)] L}

(2

xexp [—

(< B >— < Ej >)?

X ex
p 401%(1)1-2 + 1)]2)

(2.15)

In Eq. the first exponential term is imaginary, and so it represents the oscillating
coherent nature of neutrinos. The second and third exponential terms are damping terms,

and they describe the destructive effects of coherence.

From the first term, we can see that the standard approximation, 7' = L (Eq. ,

corresponds to T = <Ui+vj ) L.

v?+v]2.
In the first exponential term, we can define the oscillation length,

v; + vy <pi>—<p;>
v +vi <E>-<E;>

exp{—i(< E;>—<E;>)

. L
L} =exp (—z . 27rL%$c>

—1
Fose — 2 {vi+vj <pi>—<pj>} %{27‘(‘
)

- UZ-2+U]2-_<EZ'>*<E]'> AU

with =
| < Ei>— < E; >|

(2.16)

Here, the oscillation length L7 describes the resonance condition for neutrino oscillations.

In the extremely relativistic case ("ER”), which is always true for neutrinos, the oscillation

11
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length becomes ~ %, and, for the standard three neutrino massive model,
ij

ik
L%%¢ ~ . (2.17)
Amgj
Next, in the second exponential term,
2
('Ui — Uj)2L2 1 L
exp | —————5"—| =exp | — —
Pl 4022+ 0?) P72\ Lo
A [v2 4+ v2
with L& =g, L2 ¢ (2.18)

T ~ 5
lv; — vy v; — vy

the damping becomes larger when the neutrinos propagate longer distances. Therefore, this
term describes the situation when two neutrinos propagate over a long distance and lose
coherence. And, the coherence length, ngth’ is the condition that this damping is sizable.

This term is important only for cosmological and astrophysical neutrinos.

Finally, in the third term,

(< E;>— < Ej >)?
2 2
403 (v7 + v5)

exp |—

2
B exp | —4n? <L00§C> , (2.19)
5

the damping is large when energy separation is big. So this term describes the uncertainty
principle, that is, the interference happens only when the energy separation (or Am?, for
the standard three neutrino massive model) is smaller than o,. In the extremely relativistic
limit, there is another interpretation. If the oscillation length is small compared with the
position resolution, the neutrino oscillation is damped. This term is important for the

design of realistic long-baseline oscillation experiments.

Finally, the neutrino oscillation probability using the group-velocity based wave packet

12



2.2. WAVE PACKET FORMALISM

formalism is (again, assuming all mixing matrix elements are real),

L
Pymvs(L) = D UaiUpiUajUs; x exp ("%Losc)
1]

1]

2 2
1 L 2 Og
Xexp | — Z W X exp —47 W
1) 1]

2L

1>7
2 2
1 L o
Xexp _Z (M) X exp —47{'2 (L;sc) . (220)
) ]

To further examine the nature of this equation, consider the special case of muon-neutrino

disappearance oscillations in the two-neutrino oscillation approximation,

1 2nL
Py, (L) = cos* + sin*0 + §S’L'TL22(9 X €os (L%C>

2
1( L 9 Oz
- <LZCJOh>] X exp | —4m (L;);C) : (2.21)

This formula can be used to quantify the effects of experimental smearing on oscillations.

xexrp

The smearing of the oscillatory shape can be seen in all neutrino oscillation experiments.
This happens mainly due to bin migration by poor energy resolution for low-energy events.
In a rigorous sense, the bin migration can be treated correctly only by using a simulation of
a specific experiment. However, using Eq. one can mimic the experimental smearing

theoretically.

Interestingly, the first two terms, cos* + sin*6, do not depend on any coherent condi-
tions. Thus, when neutrinos lose their coherence by long distance propagation, very good

energy resolution, very poor position resolution, etc, this formula reduces to,

Py, ~ cos*0 + sin*0. (2.22)

i

13



CHAPTER 2. NEUTRINO OSCILLATIONS

2.2.2 Time-averaged neutrino oscillations

For the standard two neutrino oscillation formula (Eq. , decoherence occurs when the
neutrino oscillates many times and the oscillation is averaged over many periods. These are

the so-called ”time-averaged” neutrino oscillations,

L
P, = 1- sin’20sin’ (ﬂLQ$C>
ij
1
~ 1—sin?26- 5= cos*0 + sin6. (2.23)

As expected, we find the same solution as in Eq.

2.2.3 Incoherent sum of neutrino oscillations

In fact, the cos*@ + sin*@ term can be understood as an incoherent sum of two neutrinos [9].
If any two paths of neutrino transitions are independent, the total oscillation probability

will be an incoherent sum of all paths,

cos cosf
— V1 — Z/p, 994
V= sinf —sinf ( ’ )
— V9 — VN
Then, the total transition probability is
Py, = |cos?0]* + | — sin?6|* = cos?d + sin0), (2.25)

and again, we discover the same equation as Eq.

2.2.4 Neutrino oscillations with perfect kinematics measurements

For accelerator-based neutrino experiments, neutrinos are created by the decay of pions,
T

ot o, (2.26)

14
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and we consider the following gedanken experiment. If you measure the mass and mo-
mentum of the pion and muon with very high precision, you can determine the mass of
the neutrino from four-momentum conservation. Then, what do you expect for neutrino

oscillations?

When you know the kinematics so precisely, more precise than the mass difference, the
neutrino wave function is contracted to either one of the mass eigenstates. This is equivalent
to knowing perfectly which mass eigenstate neutrinos take from the production point, as v,
to the detection point, as v, and the neutrino oscillation probability is again the incoherent

sum of all paths, therefore,

P, = cos?0 + sin6. (2.27)

2.2.5 Neutrino decay

Neutrino decay [10] also exhibits the interesting nature of neutrino coherence. If a heavier
neutrino, vo, decays to a lighter, 11, with decay constant I', then the survival probability of

Ve 18,
4 Tt odp o LTt 2 Aip
P, ., (t) = cos"0+e  ‘sin*0+ 5¢  sin 20cos Tt . (2.28)
If the decay is very fast,
Py (t) ~ cos'd, (2.29)

and this result is equivalent with with an incoherent sum of neutrino oscillation where one

of the two paths is eliminated due to the neutrino decay.

2.2.6 Factor 2 ambiguity

The group-velocity based understanding of neutrino oscillations has a very famous pitfall,

the so-called “factor 2 ambiguity” [I1]. Since neutrino oscillations are governed by the

15
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phase difference of two neutrinos, one can calculate this phase difference from the neutrino
wave packet group velocity. For the two-neutrino approximation, the propagation time for
v1 can be written,

L E
T (2.30)
V1 <p1>

thus, the phase rotation of vy after propagating L is,
E2 2
¢ = pL—-Eity = (pl - 1> L=-"1p, (2.31)
p1 n

Then, the phase difference of v; and vy after propagating a distance L is (p1 ~ p2 ~ E),

Q12 = (p1 —p2)L — (E1t1 — Eata)

2\ E 2\ E
= [(m —p2) - (P1+ml) =+ <p2+m2> 2} L
2p1) m 2p2 ) po

2 2 2 2
mi my my my

- LMY 1+L>+< +>.(1+)}L
[(pl pz) (pl 2p1> < Qp% D2 29 Qp%

o {m% _ mg] I [Am%] L (2.32)
P P2

Therefore the equation of two-neutrino oscillations is,
200 s 2 o L
Pry—vs(t) = sin“20sin 2'54AmijE for a # . (2.33)
Comparing with the standard formula of Eq. the phase term is factor of two bigger!

The problem is that the oscillation is not caused by the interference of two wave packets,
but the interference of equal energy (or momentum) plane waves in the wave packets. So,

the group velocity cannot be used to describe the phase shift of two neutrinos.

Again, the phase difference for the standard two massive neutrino oscillation is (¢ = L),

Q1y = (p1—p2)L— (E1— Eg)t

2 2
my my
= — — — —< )| L
[(Pl D2) <p1 + 2p1> + <p2 + 2p2>]

o [mt_omil, o [Amb) (2.34)
2p1 2po 2FE ' '

16
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2.2.7 False Lorentz violation in neutrino oscillation

We start with the following gedanken experiment [I1]. Twins, Diana and Artemis, perform a
v, — Ve neutrino oscillation experiment using the following standard two neutrino oscillation

formula,
P 2 L
Py, v, = sin“20sin <1.27Am12E>. (2.35)

Diana needs to move to Mars, but since she loves neutrino physics, she decided to keep
watching how many neutrinos were detected as she travels on the spaceship. Artemis
predicts how many neutrino Diana counts and, of course, the number of neutrino detected
is Lorentz invariant — the number of neutrinos detected should be the same in any frame.

Since Diana is in a fast moving frame, the baseline L for her is Lorentz contracted,
L'=~71L, (2.36)
and the energy of the neutrinos is shifted by the Lorentz transformation,
E'=~(E - fp) ~vE(1 - B). (2.37)

Then, she inserts them into the oscillation formula, and finds,

L/
Pz//a—wg = sin?20sin? (1.27Am?jE/>
2 9 s 7L
e ( m“vE(l—m)# o (2.38)

The number of neutrinos is not Lorentz invariant!

The mistake is that Artemis interprets L to be (L,0) in space-time. Since this L is the
space coordinate of the neutrino propagation distance, the space-time point of the neutrino
is (L,T). One can solve this problem geometrically (Fig. . The space coordinate of
the space-time point (L,0) looks like p” in Diana’s coordinates. This p” corresponds to L”

for the rest frame, or Artemis’s coordinates. Here, the space-time point L” is found from

17



CHAPTER 2. NEUTRINO OSCILLATIONS

space-time point p” by a coordinate transformation, t'? — 2> = t> — z2. Then, this problem

is solved geometrically, and we find,
L’ =~"'L.

This is the so-called Lorentz contraction.

(2.39)

On the other hand, space coordinate of (L, T) in Diana’s system is p/, and it corresponds

to L' for rest frame, or Artemis’s coordinates. We find,

L' =~L(1-7),
therefore,
, : L(1-p)
P = 200sin? (1.27Am2, - ")) P, v,
Va—g sin“20sin < 7 m”'yE(l =5 R

and the oscillation formula is proved to be Lorentz invariant.

18
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2.3. TEST OF NEW PHYSICS WITH NEUTRINO OSCILLATIONS

t 4 t=B_1X-B_1L+T

Bx

Figure 2.1: Space time diagram for false Lorentz violation with neutrino oscillation.

2.3 Test of new physics with Neutrino oscillations

2.3.1 Neutrino oscillations as natural interferometers
The oscillation of neutrinos is an interference experiment. Figure illustrates shows the
concept via an analogy of neutrino oscillations and optical (photon) double-slit experiments.

There is a light source, and we imagine two light paths to reach the screen behind the
slits. When light propagates through the slits, the two paths have different light propagation

lengths, and hence a different phase rotation, and they create an interference pattern on
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CHAPTER 2. NEUTRINO OSCILLATIONS

" " U,,”

Figure 2.2: An illustration of neutrino oscillations as interferometers. There is an analogy

between neutrino oscillations and optical double slit experiments.

the screen.

Connecting to neutrinos, the light source is equivalent to the flavor eigenstates of v,
and the two different light paths are v; and v, because those two Hamiltonian eigenstates
have different phase rotations due to their different Hamiltonian eigenvalues. For example,
if two neutrinos have different masses, then vy and vy have different group velocities, and
hence they interfere differently at the detection point. Note, this phase rotation difference

does not come from the group velocity difference, as discussed in Sec. [2:2.6]
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2.3. TEST OF NEW PHYSICS WITH NEUTRINO OSCILLATIONS

2.3.2 Neutrino oscillations in the search of new physics

Then, the question is what is the sensitivity of this interferometer? We will use, as an
example, the case of atmospheric neutrino oscillations where there is evidence for Am2,,, ~
1073 eV?2 [§]. Then the oscillation length (Eq. is (the typical atmospheric neutrino

energy is ~ 1 GeV),

2
1/L%%¢ ~ ATm ~ 102! GeV. (2.42)

Now, the natural suppression factor for Planck scale physics in the Standard Model (SM)
can be written as a ratio of the electroweak scale (Ey ~ 100 GeV) to the Planck scale
(Mp ~ 10" GeV), < ]]\E/[—V}‘; ~ 10717, Then, the Planck scale physics expected in atmospheric
neutrinos may be smaller than 10717 x 1 GeV = 1077 GeV and the known oscillation length
of the atmospheric neutrinos is beyond this naive benchmark scale. Therefore, neutrino
oscillations may provide the opportunity to discover high-energy physics that is suppressed

in the low energy world and neutrino oscillations are a candidate phenomenon in which to

search for physics beyond the Standard Model (BSM).

In Chapter 4] we examine the actual formalism and experimental details in order to use
neutrino oscillations to search for a possible signature of new physics, Lorentz violation [IJ.
It is quite natural to test Lorentz invariance with neutrino oscillations. First, Lorentz in-
variance is usually tested with high precision interferometers (see, for example [12-14]), and
neutrino oscillations are a natural high precision interferometer. Second, Lorentz violation
has not been well-investigated with neutrinos. Neutrinos are neutral, fundamental building
blocks of the SM, and defined with their flavor eigenstates. These peculiar features of neu-
trinos encourage people to imagine exciting new discoveries and, perhaps, neutrinos may

even shed light on the Planck scale!
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Chapter 3

Neutrino interactions

In this chapter, we discuss the topic of neutrino interactions with matter. Since neutrinos
only have a weak nuclear charge (the coupling constant of SU(2); symmetry), they only
interact with matter via the weak interaction by exchanging W+ or Z° bosons. However the
internal structure of the nucleon and higher order corrections allow more than just V — A

interactions, and neutrinos exhibit a rich scattering nature.

We start with a description of the neutrino-charged lepton interaction as it is the most
fundamental interaction for neutrinos. Then we move to the neutrino-nucleon interaction,
the most fundamental neutrino-hadron interaction. We re-derive the famous Llewellyn-
Smith formalism [I5], and discuss the implications for neutrino-nucleon scattering. Finally,
we explore the most relevant type of scattering for modern neutrino oscillation experiments,
the neutrino-nuclei interaction. We re-derive the cross section formulas of the Smith and

Moniz formalism, based on the relativistic Fermi gas (RFG) model [16].
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3.1. NEUTRINO-CHARGED LEPTON SCATTERING

Fierz
reordering

Figure 3.1: Feynman diagram for neutrino-charged lepton scattering.

3.1 Neutrino-Charged lepton scattering

Neutrinos interact with any charged lepton via the neutral current (NC) interaction (Fig.[3.1j),
Vo + 3 Z Vo + (8 with any « and . (3.1)

Neutrinos can also interact via charged current (CC) interaction if the transition connects

neutrinos of the same family (Fig. 3.1p),

W .
Vo + 03 — vo+ [ with a = . (3.2)
Assume that the charged lepton is an electron (o = e) and the neutrino to be of arbitrary
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CHAPTER 3. NEUTRINO INTERACTIONS

flavor (8 = e, u, 7). We define the incoming and outgoing neutrinos to have 4-momentum
k= (E,, IZ) and k' = (E), % ), respectively and the incoming and outgoing charged leptons
have p = (F,,p) and p' = (E., I ). The general expression for the transition amplitude for

neutrino-electron scattering is [9, [17],

M = SE{UICOLIY + 2p(I ¥ (I}
= f;/g { [ (1 = v5)v] - [y (1 = 75)€]

+20 7y = s | - [er*(av — gaoel | (33)

Here gy and g4 are the vector and axial vector coupling constants for charged leptons.

They depend on the weak mixing angle, sin?6,,, and are, in the standard model,

€y, €R
gy = —% + 2sin20,, 2sin30,
gA = -1 0

Here, we use Fierz reordering (Fig. [3.1p to c),

[ (1 = 75)vp] - V37" (1 = 75)e] = [evu(l = 5)e] - 757" (1 = 5)vs]- (3-4)

Then we can add CC and NC part of the amplitude,

M = ?/g { [Jﬁ’m;(l - 75)%] -[ey"(Cv — CA’Y5)€]} ) (3:5)

with
e=f c#p
Cv= pgv+1 pgv
Ca= pga+1l pga .
Then, the spin-averaged square of invariant amplitude (o< cross section) is,

1

M= (25¢ + 1)(25,, + 1) > I MP (36)

spin
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3.1. NEUTRINO-CHARGED LEPTON SCATTERING

where s, and s,, are the spin degrees of freedom of the electron (=2) and neutrino (=1).

Then,

TMP = S iyt — s (R L+ 35 (k)]

<trle(Cy — Cars)e@[EE)” (Cu + Cor)e)
= G 1=k (= k)

<t (Cy = Cars) b+ mr* (Cy — Cana) -+ me)
= Gf Atr 2k k] + tr2ys vk K T}

< {tr(CE + CO ¥ + (20 Ca) )

+tr(Cy — CR)™ 7' m?] + tr(2Cy Ca) [mevsy"+"]} - (3.7)

Using identities of gamma matrix algebra (Appendix ,

2
MP = SF{2ch + 03) 820k ) 1) + (k- Bk )]
+2(20vCa) - 32[(k - p)(K" - p') — (k- p") (K - p)]
+[8(kuk,, + kuk), — (k- k) gu) + 8i€prvok K]

x[(CY = CF) - dmZg"” + 0]}

— C’f? {64(Cv + Ca)*(k - p)(K - p') + 64(Cy — Ca)?*(k - p') (K - p)
+32m¢(CY — CF) - (~2k - k) }

= GR{I6(Cv +Ca)’ (k- p)(K - p') +16(Cy = Ca)*(k - p)(K - p)

—8m2(Cy + Ca)(Cy — Ca)(2k - K)}. (3.8)

Now, we define left-handed and right-handed coupling coefficients to simplify the expression

above,
e—vse=B) e—vsle=P) c—wsle#B) e—vsle# )
Cr = %(CV + Chy) % + 5in26,, $in20y, —% + sin?6,, $in26,,
Cr = %(C’V + Chy) sin26,, % + sin26,, $in20,, —% + sin6,
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and,

| M2 = 16G%[CF(2k - p)(2K - p') + CR(2k - p') (2K - p)

—2m2CLCRr(2k - k)] (3.9)
Using the following Mandelstam variables,

s = (k —|—p)2 = mg +2meFE,,
u = (p—k)=m?—2m.E.,

t = (K -—k?=2m.(E,-E,),

v

Eq. can be further simplified,

M2 = 16GF[Ci(s —m2)? + Ch(u — m2)? + 2m2CLCrt]. (3.10)

The differential Lorentz-invariant phase space (dLips) is,

. dgk'/ d?’p/
dLips = / Gn) o / Gn)7 - 2E em)ttp+k—p — k)

d3 /
/ YV SE.+E,-E —E)

1672E,E!,
B / a2y / 2rEydE, 1 [dE, (3.11)
B 16m2E,E!. | 16m2E/E, 8n ) E,’ '

Since the differential cross section in the center of mass system is [18],

2
do = |j_\,/l| dLips
4|k|\/s
do 1
= — 2, 12
4B Soemomz | M (3:.12)

Defining the elasticity y and recoil-electron kinetic energy 77,

T = E.-m.=E, - E,

T E,—FE

- 5 (3.13)
14 14
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gives the differential cross section,

do 1
i = Fogmge (0CFICLEME) + Ch(2mE,)" + 2m CrCp - 2me(E, — B)]
2G2me | n o (EL\? m. E,—E,
_ vy _ el 14
CL + CR EV CLCR EV EU (3 )
After integrating over y to find the total cross section,
2GZm. (1 9 9 9 Me
o = —— [ dy|C; +C%(1—y) —CLCR—E y
s 0 v
2G2meE, [ o 1 5 1 me
= —F -Cp— = — E,. 1
. OL + 3CR 2CLOR EV X Ly (3 5)

We can see that the total cross section for neutrino-charged lepton scattering monotonically

increases with neutrino energy.

If a hypothetical neutrino magnetic moment p, is included, the differential cross section

(Eq. [3.14) can be written,

do 2G2me | 9 o (EL\? m+. E,—FE!
= 0?03 22) - o - v
dT! 7r Lt R<El,) L2RTE, E,
2
mops, (1 1
- ). 3.16
" mg (Té El/) ( )

Thus, a non-zero neutrino magnetic moment implies a significant shape distortion in the
low-energy recoil electron spectrum. Using this feature, a number of experimental limits are
set for neutrino magnetic moment, although astrophysical limits (cooling of red giants) are
usually stronger [9]. The MiniBooNE experiment set an upper limit for the muon neutrino

magnetic moment to be 11, < 12.7 x 1074z with 90% C.L [19].
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CHAPTER 3. NEUTRINO INTERACTIONS

3.2 Neutrino-Nucleon scattering

3.2.1 Llewellyn-Smith formalism for the neutrino experiments

The scattering processes under consideration in this section are the following 2 reactions

(Fig. 3.2),

v +n—1" +p, (3.17)

7+p—I1T+n. (3.18)

In Appendix we derive the expression for neutrino-nucleon differential cross section

formula (Eq. ,

do vi+n—I1l"+p
2
dQ n+p—I1t+n
B MZ2Gp?cos?6,
 871E,?

laen st ve@ ) e

with the expressions for A(Q?), B(Q?), and C(Q?) given in Egs. |C.38, |C.39, and |C.40]

Here, E, is an incident neutrino energy, M is a nucleon mass, and s and u are Mandelstam
variables. Now we transform them to the familiar form [20] used in practice. All the
contributions to the weak nucleon current other than the vector and axial vector form
factors arise from the electromagnetic or strong interaction. However, the electromagnetic
and strong interactions are G-parity conserving processes. So one can reasonably omit
terms involving G-parity violating second-class-current form factors (Fy® and F4?), which
should not exist within the standard model (Sec. [3.2.8). And, we assume all form factors
are purely real which mean there is no T-violation in any nucleon weak elastic scattering
experiment (Sec. . Also, the £F, term may be rewritten as Fy which is more standard

o . : : EM EM EM EM
in this (neutrino) community. This also means r,Fy P = Fy""P and s, F, " = F, ",
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3.2. NEUTRINO-NUCLEON SCATTERING

(1) Lab frame

q] N] ; p] qZ . l

v, ®
P,

(2) center mass frame

Figure 3.2: The scattering process under consideration, from top to bottom, (1) lab
frame view, (2) center-of-mass frame view, and (3) Feynman diagram (t-channel). v; is
the (anti)neutrino, ! is the (positively) negatively charged lepton and N; and Ny are the
proton or neutron. The charged lepton has mass m and the initial and final state nucleon

have the same mass M.
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CHAPTER 3. NEUTRINO INTERACTIONS

With these procedures, Egs. [C.38] [C.39] and [C.40] become,

AQ*) = W [(L+7)Fi = (1 =) FP+7(1 = 7)F5 + ATF1 Fy

—4?\1;2 ((F1 + ) + (Fa +2Fp)* — 4 (1 + %) F?:)] , (3.20)
BQY) = L FA(F+R), (3.21)
cQ*) = %(F/‘i + F} +7F3). (3.22)

Here we have used the common abbreviation, 7 = %. Eqgs. and as well

as Eq. agree with [20] except for a missing cos?6, term in [20].

Next, we are able to eliminate the lepton mass term (A"}[—Z < 1) for our applications
(electron and muon production). In this case, the contribution from the pseudo-scalar form

factor (Fp) becomes zero, and these equations agree with those of [21], 22].

3.2.2 Isit B or —B?

There exists a sign inconsistency for the B(Q?)-term between many papers (for example [15]
20, 22]). This problem arises from the many possible choices in: (1) the definition of the
sign of ga (Eq.[3.62), (2) the sign in front of g4, (3) the sign in front of F (axial vector
form factor), and (4) the sign in front of the B(Q?)-term. This problem may be avoided by

remembering that %’2(1/1 +n—1"+p) > %(Dl +p— 1t +n).

3.2.3 Llewellyn-Smith formalism for Neutral Current

We can modify Eqgs. [3.20} [3.21] and [3.22]so that Eq. is also correct for the neutral current

cross section. Since the neutral weak current is related to the electromagnetic current,
< N|JY|IN >=< N|J§ — 2s5in*0y - Jhp |N >, (3.23)

where J3 is the third component of the isospin current and Jg ), is the electromagnetic cur-

rent. Then, the nucleon neutral current form factor can be written completely by including

30



3.2. NEUTRINO-NUCLEON SCATTERING

an isoscalar part of the weak form factor (indicated with s in upper index) [17],

FPP = (R - LFp) — 2sin0w FPMP,
FE™ = (<LF — LFy) - 2sin0y FPM™,
FfP = (3 — LF5) = 2sin®0w P,
FET = (3B yE) — 2init E
Zp _ 1 L
FZn — _1p,—1F

A == 2 A 24 A

From the conservation of the vector current (CVC, Sec. [3.2.4)), the isovector part of elec-

tromagnetic currents are related to the weak charged current,

R o= RPMe_ pEMn (3.24)

Fy = REpMe_ g (3.25)

Thus, the required replacements in the Llewellyn-Smith formalism (Egs. |C.41] [3.20] [3.21]

and [3.22)) for neutral current scattering are the following [22]:

Grcosf, — Gp,

mp = My,

Flz’p — (3 —sin®0w)Fy — sinZHW(FlEM’p + FlEMn) — 1F}, (3.26)
Flzn — —(% — sin20w ) Fy — sz'nQHW(FlEM’]17 + FlEMn) - %ny (3.27)
FQZ’p — (% — s5in20y ) Fy — sinQHW(FQEM’p + Fan) - %F287 (3.28)
FQZ’n — —(% — sin20y ) Fy — sinQHW(FQEM’p + FQEM’n) - %FQS) (3.29)
F{P — 1Ry 1iFs, (3.30)
I Y T3 (3.31)
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CHAPTER 3. NEUTRINO INTERACTIONS

3.2.4 Conservation of vector current (CVC)

This subsection follows Ref. [17].
The most general expression for the electromagnetic matrix element for the proton is,

FEM

_ g . EM,
<p\J]’§M\p> = p|7.F ju—l—ﬁwwq”F2 Plp. (3.32)

Here, we have introduced the proton electromagnetic Dirac and Pauli form factors. Notice

3EM,p i

under current conservation, d,,.J g » = 0, the electromagnetic scalar form factor, Fy S

naturally zero.

Similarly, using the neutron electromagnetic Dirac and Pauli form factors, the electro-

magnetic matrix element for the neutron is,

<yl > = 0 [+ v BN (3.33)

Since the proton and neutron comprise the nucleon isodoublet (isospin symmetry or charge
symmetry), Egs. and can be combined using the projection operators 74, 7_ and

the isodoublet spinor wu,

p = f1+m)u=r14u, (3.34)
n = 3(1-m)u=r_u (3.35)

Here, u is the eigenspinor of 73, and the eigenvalue is +1 (-1) for the proton (neutron).

Then,

_ EM, EM, . v(mEM, EM,
< ulJhylu >:u{% [vu(Fl P+ BV + srrioun g (Fy 7P + Fy ")}

3 M = B 4 Shioe (BT — B 7 (3.36)

The first square bracket term is constant with proton or neutron (isoscalar term), however,

the second bracket term changes its sign due to the isospin projection (isovector). Thus one
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3.2. NEUTRINO-NUCLEON SCATTERING

can define:
FlE Ms FIE Mp FlE M isoscalar vector form factor,
FEM  — FlE Mp _ FlE Mmn - isovector vector form factor,
FQE Ms FQE Mp 4 FQE M isoscalar tensor form factor,
FPM = pPMP _ pEMgovector tensor form factor.

And Eq. may be rewritten,

<ulJbylu> = u {% [W#FIEM’S + ﬁiauyq”FQEM’s}
+% [V#FIEM + ﬁiawq” 2EM] 7'3} U. (3.37)

Now we go back to weak interaction, the polar part of the matrix element between the
proton and neutron is,
<plV¥n> = a[v.Fi+ siowed’ o+ L5 rou (3.38)
<n|VMp> = a[yF+ giowe’Fo+ L2 mu (3.39)
Comparing the second bracket of Eq. [3.37] with Eqs. 338 and [3.39] it can be seen that Jg s,

V, and VT make isotriplet (spin 1 representation of SU(2)). In order for this symmetry to

be perfect, these 2 equations must satisfy,

P = FEM
F, = FEEM
F3 = 0.

This means that the weak vector form factor, F;, and weak tensor form factor, Fy, are
measured from electromagnetic scattering, i.e., electron scattering experiments. In electro-
magnetic interaction measurements, the current conservation law means the non-existence
of the scalar form factor. In weak interaction measurements, CVC means not only the non-
existence of the scalar term, but also it implies a connection between the electromagnetic

and the weak vector/tensor form factors [17].
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3.2.5 Partial conservation of axial vector current (PCAC)

This subsection follows Ref. [17].

The general expression for the axial part of the matrix element between the proton and

neutron is,
<plA™n > = p[y.Favs + % Fpys]n. (3.40)

The origin of the pseudo scalar form factor, Fp, cannot be of leading order, so must be
a second order term (Fig. [3.3). Fig. is the so-called “pion vertex correction”, and
since the interaction with the lepton current is still axial vector, this diagram contributes
as a higher order correction to the axial vector coupling. However (Fig. |[3.3b), in “one
pion exchange”, the nucleon current emits a pion, which is a pseudo scalar interaction, and

therefore this diagram is the primary contribution to the pseudo scalar form factor.

Then, the axial part of the nucleon-lepton current interaction term consists of 3 parts:

pion emission by neutron, subsequent pion propagation, and then pion decay. That is,

A ~ [n—p+7|x[r—propagator] x [1 — | + v],

A~ fims] x| ) [ g -] Gy

2
q _m7r

Here, go and f; are the pion-nucleon coupling constant and pion decay constant, respec-

tively. Then, Eq. [3.40] is written,

Gu 9ofx

T - 5 El
< p|A™n > = p[%F Mg —m?

] 5. (3.42)

Although the axial current is not conserved, it may be approximately conserved in m,; — 0

limit (partial conservation of axial current),

: w_
ml}frgo 0 AF = 0. (3.43)
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3.2. NEUTRINO-NUCLEON SCATTERING

(a) pion vertex correction

Figure 3.3: Although these two pion diagrams are same order, their contributions are
different. (a) pion vertex correction is a higher order correction to the axial vector current,

whereas (b) one pion exchange contributes to the pseudo scalar form factor.
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<>
Then, using the Dirac equation, —ip @n = p(pp, — pn)n = p(my, + my)n ~ p(2M)n Eq. M

becomes,
0 — tim plomr, - L %ol |
Am P AT N -z |
_ p[zMFA—g?é”]%n. (3.44)
Therefore,
gofr = 2M?Fy. (3.45)

Eq. is called the Goldberger-Treiman relation [17]. Finally, the pseudo scalar form

factor derived from one pion exchange is,

gOfw 2M2
D) 2 7 N2 5 Fa
q _m7r Q +m7r

Fp = (3.46)

At our energy scale, Q% < 1.0 GeV?, the pseudo scalar form factor Fp derived here is bigger
than the axial vector form factor F4. However, since Fp always couples with the muon

mass term, m?/M? ~ 0.01, the contribution from this term is small (Sec. |C.1.4)

3.2.6 The expressions for Llewellyn-Smith’s form factors

Now, we want to derive expressions for the form factors of Egs. [3.20] 3.21], and [3.22] Go-

ing back to proton electromagnetic current (Eq. [3.32) and using Gordon decomposition
(Eq. ).

EM,p

o
_ EM, EM,
<plIgylp > = b |wuFETP+F ”)—;7(19‘1‘+p§) p. (3.47)

As will be seen in Sec. we want to provide some physical interpretation of the form
factors. When the 3-momentum transfer is low, the scattering should be classical, so the
form factors can be interpreted as Fourier transformations of the charge and magnetic

moment distribution in configuration space. Therefore, it is good to define form factors
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3.2. NEUTRINO-NUCLEON SCATTERING

in 3-dimensions. For this purpose, we need to consider this current in a special Lorentz
frame, i.e., the Breit frame (brick wall frame) shown in Fig. 3.4 In the Breit frame,

p1 = —p2 = (0,0, p), there is no energy transfer, so, F(§?) = F(—¢*) = F(Q?). Now, the

=

proton current is < p|J&,|p >= (p, J), thus,

EF2EM’p

A EPMP e, MY - | P (3.48)

p =D

J = p[AEM? B p. (3.49)

Here, we introduce a standard Dirac spinor with Dirac representation for protons with x

and ¢ as spinors for the z-direction spin state. Then,

X X
ppi,\1) = VE+M| —VE+M : (3.50)
Efsz EJ%MX
and,
_ - ¢
P(p1, M)p(p2; A2) = (B + M) ( T =2t > o
poEm Ve
2 2 2, 2
P E24+2EM + M2 +p
B+ )( +(E+M)2> E+M
when x = ¢.

) - 6
P(p1, M) p(p2, Ae) = (E+ M) ( Xt ) | s
i ®
2 2 2 2
p E2+2EM + M? —p
= (E+M)(1- = —2M
(B + )< (E+M)2> E+M
when x = ¢
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i } - 0 & P
P(p1, A\)Vp(p2, A2) = (E+ M) ( X' B! ) A o -
(o 0 E+M
o, (10
L0 OEFM
= (BE+M) X]L EJI:M X]L 0 —1
-1
oo
1 |..[-10 10\ _ 0 E+ig
— ¢ |y7 ¢+ x' 7o| = ax'
0 1 0 —1 —&+ij
when x # ¢
Thus,
QEQFEMJJ
p = <2MF1EM’p +2MEMY - ) —oM (FPMP 4 PP (1 B2)
= 2M (FlEM’p + 4%;2F2EM71’) = 2MGg(¢*) when x = 6.
On the other hand, fis,
. . 0 T4y
pip(FCME + M) = pipGa(e?) = o oG (%),
—d4iy 0
and,
, ; 0 2(-) 2
J1+ils = qx oGy = F29Gu(g”) when x = F # ¢,
-2(+) 0

Note that p is only non-zero for same spin conserving case (x = ¢), and J; + iJy is only

non-zero for spin flipping case (x = F # ¢). Thus,
p = 2MGE(Q?) for A\l = Ay, (3.51)
JitiJy = F2qGm(Q?) for A1 = Fi # X (3.52)

Therefore, Q? — 0 limit of Sachs form factors can be interpreted as physical electric charge
and magnetic moment [I§]. This gives the normalization conditions for the Pauli and Dirac

form factors.
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3.2. NEUTRINO-NUCLEON SCATTERING

A, p/=(E, p)

q=p,'-p'’=(0,-2p)

A p/=(E, p)

Figure 3.4: Proton electromagnetic current in the Breit frame. In the Breit frame, the

energy transfer to the proton is zero.

Now, the F} and F> form factors are defined from the Sachs form factors,

GEMQY) = FEMem Q) - &L RFMen ), (3.53)
GHIQY = FPMPMQ) + FPMPTQY). (3.54)

In the Q% — 0 limit, the Sachs form factors have the physical interpretations,

G(@Q* —0)
GEH(Q* — 0)
G (Q% —0)

G (Q* —0)

Also, the Sachs form factors are

= 1, proton electric charge,
= 0, neutron electric charge,
= 2.793, proton magnetic moment,

= —1.913, neutron magnetic moment.

assumed to have Q? dipole dependence (equivalent to an
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CHAPTER 3. NEUTRINO INTERACTIONS

exponential charge distribution, see Sec.|3.2.7)), and we have,

GhMQY = —E——, (3.55)

GhIQY) = A (3.56)

Then the proton/neutron electromagnetic Dirac and Pauli form factors can be defined,

n 2 n
GEN(@) + 5im Gl (@)

FEM,p,n 2 , 3.57
I R ) a5
()

Under CVC, (Sec. [3.2.4] Egs. |3.24] and |3.25]), one can derive expressions for the F; and Fj

form factors,

(3.59)

. 3.60)
2 2 2 (
(1+48) (1+ %)

Likewise, for the neutral current, the Sachs form factors can be defined for the isoscalar

terms (Eq. [3.26} [3.27, [3.28, and [3.29). The physical interpretation for their @ — 0 limit is

that the strange quark charge contribution and magnetic moment in the nucleon.

GSE(Q2 — 0) = e, strange quark contribution for nucleon electric charge,

Gf\/[(Q2 — 0) = pus, strange quark contribution for nucleon magnetic moment.

Of course, these are zero in the constituent quark model [18]. However, some measurements

indicate small but non-zero contributions [23] and we are waiting for further experiments.

The axial vector form factor is also assumed to have a dipole form (Sec. [3.2.7)),

Fa@?) = ——— . (3.61)
(1+5)
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3.2. NEUTRINO-NUCLEON SCATTERING

The Q% — 0 limit of F4(Q?) is identified with the axial coupling constant, which is equiv-

alent to the difference of spin contributions from the up and down quarks in the nucleon,
ga = Au— Ad=—-1.267. (3.62)

The spin contribution to the nucleon from each quark species ¢ is also defined from the
longitudinally polarized quark function (denoted by upper “+4”). The difference between
helicity “+” and “—” (denoted by lower “4+” and “—”), and the difference between quark
and antiquark functions define Ag(z). The integral of Ag(x) over all Bjorken z can be

identified with the spin contribution of quarks to the nucleon,

Aq(z) (z) — ¢*(2) — (7L (2) — 7" (x)),

Aq / Aq(z
Therefore, the axial coupling constant provides an important normalization condition for

the quark spin distribution functions.

For neutral-current scattering, (Eq. and [3.31]), the isoscalar form factors are also

assumed to have dipole from,

Z, ga As
FyP(@) = - preein S (3.63)
2 (1 + M—%) 2 <1 + )
n A
FiMQY) = +— - ] (3.64)

2(1+%)2 2(1+%)2
where As is the spin contribution of strange quark in a nucleon. Here, we can see that a
negative As will enhance the neutrino-nucleon neutral current scattering cross section for
protons and decrease the corresponding cross section for neutrons when g4 < 0. We discuss
a proposed As measurement by the neutrino neutral current elastic scatterings, FINeSSE
experiment [24], in Appendix
And finally, the pseudo scalar form factor can be deduced from PCAC (Sec. ,

202

mFA(QQ)'

Fp(Q%) =
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CHAPTER 3. NEUTRINO INTERACTIONS

3.2.7 Dipole form factor

In scattering theory, the observables from scattering experiments can be interpreted as the
Fourier transformation of the charge distribution of the scattering body. For example, the

dipole form factor results from an exponential charge distribution,
1
2\2"
()

The basic motivation for the dipole form of the Sachs form factors (Sec. [3.2.6) is the naive

p(r) = poexp(—Mr) "EET G(|q[?) ~ (3.65)

assumption of an exponential electromagnetic charge distribution for the nucleon.

However, this interpretation only works for the static case, where the effective size of
the probe is smaller than the size of scattering body ( ﬁ < R), but big enough compared
with the de Broglie wave length of the scattering body (I}Tl > 1/M). Here, the de Broglie
wave length measures the scale of localizability (uncertainty) of the scattering body. All
non-relativistic objects satisfy this condition, but this is not always true for the relativistic
case. For the relativistic case, for example when |¢| > M ~ 1 GeV?, not only the internal
structure of a scattering body, but also the dynamical effects contribute to the form factor

and the interpretation is complicated. So, the assumption of dipole form factor at high

3-momentum transfer is necessarily broken [25].

3.2.8 Discrete transformation

This subsection follows Ref. [17].

G-parity and second class currents
G-parity is the combination of isospin rotation and charge transformation,
G = Ce™2, (3.66)
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3.2. NEUTRINO-NUCLEON SCATTERING

Since the strong interaction is isospin and charge invariant, G-parity is always conserved in
those processes. Here isospin rotation only affects the Dirac spinors, and all form factors
relatively transform in the same way, so we only consider charge transformation.
Under the charge conjugation operation, Cu(Z,t) = y'y3u(Z, t), bilinear forms trans-
form in the following ways.
plFIn = ailyoreF y20lp
pIEIn — =[RS p
ph*Filn  — Al Fp
ple" Fyln  —  n[o" EFylp
plsFpln —  —n[ysFplp
p*ysFaln —  —n[ga"ysFalp
Pl vsFa’ln — o s Fa’lp
Notice that Fy/* and F43 transform in the relatively opposite way from F} and Fj, respec-
tively. Now, all interaction types other than F} and F4 originate from the strong interaction
and are induced from F} and F4. So the C-parity of Fy? and Fy are necessarily the same
as that for F;, and also, the the C-parity of Fp and F4> should be the same as F4. Thus,
one can prove that there is no Fy® and F43 in the nucleon current. Here, Fy, Fy, Fa, and

Fp are called first class, and Fy® and F42 are called second class. The second class form

factors are known to violate G-parity and do not exist in the standard model [I7].

T-invariance and form factors

All Hamiltonians are hermitian by definition. The CPT transformation replaces the first
half with second half, namely hermitian conjugate part. This can be seen in the following
expression for a nucleon weak current,

_ CPT _ * *
PV (F1 = Favs) + ... Jn & n[yu(Ff — Fivs) + ... p. (3.67)
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This is the famous CPT theorem, and the result is independent from the expression of C,

P, and T transformation [20].
Under the time reversal operation, Tu(&, t) = iy!y3u* (¥, —t), transformations of bilinear

forms are following ways.

plFIn —  ahoysnF msvlp
pIFVIn —  a[F’]p
ph*Filn —  aly.flp
Pl Foln  —  —nlow Falp
plhysFpln  —  —n[yFplp
Pl sFaln —  ilgayysFalp
plo" v Fa’In - —  nlowsFa’lp
Although CP is violated in weak processes, the amount is small and we can assume CP as
a good symmetry. Then, using the result from Sec. and the parity transformation,

_ CxPxT _
PV (FL — Fays) + - n &350 iy (Fy — Fays) + -+ Ip. (3.68)
The required conditions from Eq. and Eq. are obviously,

Py =Ff, Fa=Fp, -

Therefore, T-invariance implies that all the form factors are relatively real [17].
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3.3. NEUTRINO-NUCLEI SCATTERING

3.3 Neutrino-Nuclei scattering

3.3.1 Smith-Moniz formula for the neutrino experiments

We now want to consider charged-current quasielastic scattering from a bound nucleon,

(Fig. [B3).

y+A—I1"+ A, (3.69)

n+A—-IT+ A (3.70)

The details of the calculation are given in Appendix In Fig initial and final lepton
v and [, initial and final nuclei A and A’, and initial and final nucleon N and N’ have
4-momentum ki, ko, p, p/, k, and k' respectively. The charged lepton [ has mass m, and
the nuclear target A has mass mp. Also we define nucleons N and N’ to have mass M. We
found the expression for the double differential cross section(Eq. to be,

do? G k3 5 (1 5 (1 o (1 m? m?(Ws + Wy)
_ 9 . 1 1 . L ™y
TS 5mZmy { Wisin (2x> + Wacos <2x> + sin <2x> m%W + e

2 1 1 1
—T}jf sin <2X> \/(120032 <2X> + |q|?sin? (2X> + m2} ) (3.71)

where y is defined through %cos@ (ko = (e, k_é), and @ is a scattering angle of a charged

lepton). This formula has five functions, hadronic nuclei functions, W;, i = 1,2, a, 3,8, and

we found their expressions in Egs. [C.83] [C.84] [C.85] [C.86] and

1
Wiy = Ti + §(a2 —a3)Ts

Wy = [a4—|—’2;|j ’:‘22 3+2’q2|2 (@ ag):l T
N L

We = JVIT<“7+@“6)T5‘T|2|T[5+|q| (50 3)] 7
Wsg = TX;<CL7+|wq|a6>
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CHAPTER 3. NEUTRINO INTERACTIONS

neutrino-bound nucleon scattering

(1) Lab frame (2) Feynman diagram
v k, k, /
q
k k'
A (‘\ A’
p p'

Figure 3.5: The neutrino-nuclei scattering diagram.
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3.3. NEUTRINO-NUCLEI SCATTERING

Notice the sign difference in expressions of W, and Wy compared to the original paper [16,

7).

The hadronic nuclei functions are made of hadronic nucleon functions, 75, i = 1,2, o, 3, 8,
and their expressions are found in Eqs. [C.105}[C.106],[C.109] [C.108] and[C.107]from neutrino-
nucleon scattering (Eq. to |C.34)) which we already know.

To= QR eMEP (224 50 FY

T = [2M2F+Q°F} + Ff + Q'™

T, = gjn + %Tg + 4M?F,? [2MF1 — BQ*+ (2M2 + ;Qz) Fv?’}
+M?%(2MF4 — FpQ?) [FA?’ + %122(2M Fq— FPQ2)}

Ty = %Tz +4[QMFy — BQ*)M*Fy® + (2MFa — FpQ*) M*Fa”)]

Ts = [2M*Fa(Fy +2MF)]

These contain nucleon form factors from Sec. [3.2.6)

The expressions for a;, i = 1,--- , 7 in the hadronic nuclei functions are found in Eq.
to [C. 70

@ = / aif(F, 4,w)
ay = /dl;f(]gv TW)W
as = /d%f(l%: _ZW)W

- o €2
aw = [disE o)k

M2
- = _ . epkcosT
as = dkf(k’ 7w) kM2
w = [dRfEgw T

aw = [disEe)



CHAPTER 3. NEUTRINO INTERACTIONS

Here f (E,(ﬁw) is a function describing how nucleons distribute in momentum space, and
cosT is an angle made between initial nucleon momentum k and 3-momentum transfer q.
The analytic solutions are also found for relativistic Fermi gas (RFG) model (Egs. [C.96
to . For RFG model, these integrals, taken within the momentum space of target
nucleon, are limited by Pauli blocking. And they are re-written by the integral of target
nucleon energy,
oL Fmaz Eni
/dkf(k,q",w) ~ /kmm kdk ~ /Elo ede. (3.72)

Here, E), and E}; are written,

Bu = o+ M2, (373)
By = \Jit MR- wtEp, (3.74)

where Ej; is the energy of an initial nucleon on the Fermi surface and FEj, is the lowest
energy of an initial nucleon that leads to a final nucleon just above the Fermi surface by
adding the energy transfer w. The Fermi momentum pr and the binding energy Ep should

43

be found experimentally. Later, we introduce a new parameter, “s”, to scale Ej, to increase

Pauli blocking. We discuss this more in Chapter. [§]

And finally, this results in a cross-check of Smith and Moniz’s RFG model.

3.3.2 Cross section formula comparison with nuance

The nuance neutrino reaction code (Sec. [7.4) employs the quasi-elastic model of Smith-

Moniz for both bound and free nucleons. In nuance,

do? Qw isospin Weakboson
dn@)d(inw) — 32rmpe v ' X
(Ing*)d(Inw) TmTey factor(=1) propagator(~ 1)

1
16€71 €2 {2W18in2 <2X> + .. }
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with,

And remember, in old notation, Eq.

1 2 261/{32

?dq = d(cosb),

1 1 k

“dw = ——dey = ——2 dks,
w w weg
27d(cosh).

has ¢? defined as positive, then,

= — G 2W ) —_— DY
d(Ing?)d(Inw) ommrer ¥ { Lt <2X> + }
= _ oW si - .

T dPdw 2rmye; { Lt <2X> * }

d0'2 G%/kQEQ 2 1

- oWisin2 [ = .

- d(cos)dez Tmr { Lt <2X> * }

2 2 1.2 1
— do Gy ky {QWlsinQ <2X> 4. } . (3.75)

dkadQ — 212my

Therefore, it is verified that nuance is using an identical expression with as that of Smith

and Moniz [16].
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CHAPTER 3. NEUTRINO INTERACTIONS

3.4 Neutrino Charged current quasielastic (CCQE) scatter-

ing cross section measurements

The CCQE cross section has been measured in a number of past experiments. But a precise
measurement of the CCQE process has become an urgent program because the CCQE cross

section has a tight relationship with neutrino oscillation measurements.

3.4.1 Long baseline accelerator-based neutrino oscillation experiments

The goal of next-generation long baseline accelerator-based neutrino oscillation experiments
is to measure a non-zero 613, the last mixing matrix element. The value of #;3 is an
important parameter through which to access beyond-the-standard-model (BSM) physics.
If it is indeed non-zero, then the hope is to measure leptonic CP violation, which may
help in our understanding of leptogenesis, one of the candidate explanations of the baryon

asymmetry of the universe [2§].

Currently there are two experiments planned, the Tokai-to-Kamioka (T2K) experi-
ment [29] (E ~ 800 MeV, L ~ 300 km) and the NuMI Off-axis v. Appearance (NOvVA)
experiment [30] (E ~ 2 GeV, L ~ 800 km). Both experiments will use a v, beam and
search for v, appearance events in order to measure 613 via,

Am%Q(eVQ)L(km)>
E(GeV)

P(v, — ve) = sin*0o35in*2013sin? <1.27 (3.76)

2
Since a small P(v,, — v.) is proportional to sin?6s3 and sin? (1.27%), we also need ac-
curate knowledge of these two oscillation parameters, and can achieve by the measurements

of v, disappearance events,

(3.77)

A 2 2 L
P(VM — Vu) =1- sin220235in2 <1.27 m32(eV ) (k‘m))

E(GeV)
These two oscillation parameters are extracted from the shape of P(v, — 1) as a function

of reconstructed neutrino energy. Therefore, a good extraction of sin?6a3 and Am§2 relies
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3.4. NEUTRINO CHARGED CURRENT QUASIELASTIC (CCQE) SCATTERING
CROSS SECTION MEASUREMENTS

on a good reconstruction of neutrino energy, which requires a better understanding of the

signal (v,CCQE) and background interactions, mainly the CClz interaction.

It is important to perform these cross section measurements prior to the oscillation
experiments. Although all long baseline accelerator-based neutrino oscillation experiments
have near detectors, they exist to constrain neutrino flux uncertainties, and this constraint
relies on an accurate knowledge of the neutrino cross sections. Figure shows the world’s
data for neutrino charged current cross sections. As can be seen, the existing data are rather
sparse and old. Since the two experiments, T2K and NOvA, span different energy ranges, we
need cross section measurements in both energy regions because the dominant interaction
types are different in each, and, therefore, the energy reconstruction and backgrounds are
different. Fortunately, there is much new input from current and future neutrino cross
section measurements: K2K near detector [31] (~ 1.2 GeV, completed), MiniBooNE [4]
(~ 800 MeV, ongoing), SciBooNE [32] (~ 800 MeV, completed), MINOS near detector [33]
(~ 2 —20 GeV, ongoing), MINERVA [34] (~ 2 — 20 GeV, approved), and NOMAD [35]
(~5 =70 GeV, completed).
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Figure 3.6: The world data for v, charged current cross section divided by neutrino energy.

The figure is taken from [36]. The dominant interaction for T2K and NOvA are quasi-elastic

(QE) and deep inelastic scattering (DIS) respectively. The existing data are rather sparse

and old, but there will be new input soon from current and future experiments!
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CROSS SECTION MEASUREMENTS

3.4.2 Neutrino energy reconstruction for T2K

At the T2K energy scale (~ 800 MeV), the dominant neutrino reactions are v, charged-

current quasi-elastic (CCQE) interactions,
Vy+n—p4pu. (3.78)

This channel is used to measure v, disappearance, and thus the v, energy reconstruction
is critical. Since neutrino oscillation experiments use nuclear targets, understanding of this

interaction is not trivial.

Recently K2K [31], B7] and MiniBooNE [4, [39] have reported new measurements of the
axial mass, My, which are higher than the historical value (Table . In this energy
range, the axial vector form factor is the dominant contribution to the cross section and
controls the Q? dependence. Inconsistency of their results from the world average, and the
consistency between K2K and MiniBooNE is best understood in terms of nuclear effects,
because most of the past experiments used deuterium targets whereas K2K and MiniBooNE
used oxygen and carbon. Instead of using the world average, both experiments employ their
measured M 4 values to better simulate CCQE events in their oscillation analyses. After the

M4 adjustment, both experiments see good agreement between data and simulation [4l [3T].

We can only measure the interaction rate, which is the convolution of flux and cross

M4(GeV) target
K2K (SciF1i) [31] 1.20 £ 0.12 oxygen
K2K (SciBar) [37] | 1.14 £+ 0.11 carbon
MiniBooNE [4] 1.23 £ 0.20 carbon
world average [38] | 1.026 £ 0.021 | deuteron, etc

Table 3.1: The comparison of measured axial mass M 4.
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section (R = [® x o). So, without knowing that the flux prediction is perfect, one can-
not tune the cross section model from measured interaction rate. MiniBooNE carefully
examined this, and showed that the observed data simulation disagreement is not the effect
of mismodeling of the neutrino flux, but is really a cross section model problem. This is

discussed in detail in Chapter

It is not only important to understand the energy reconstruction of signal events (i.e.,
CCQE interaction), but also for background channels. For Super-K, the neutrino energy
is reconstructed from the measured muon energy F, and angle 0,, assuming a CCQE

interaction,

MyE, — 3m?
Non 2 7n (3.79)

My fEMJr,/Eﬁ—micosH#.

Here, My and m, are nucleon and muon masses. Since this formula assumes a 2-body

EQF ~

interaction, any interaction involving more than two particles is a source of neutrino energy
mis-reconstruction (Fig left). The most notable channel contributing to this is charged
current one pion (CClw) production. Especially when the detection of the outgoing pion
fails for various reasons (pion absorption, detector effect, etc), CClm events become an
irreducible background, and thus they need to understand CClxz’s relative contribution

rather than rejecting them by cuts (Fig. right).
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CROSS SECTION MEASUREMENTS

Figure 3.7: (Left) (a) CCQE interaction and (b) CClw interaction. Eq. correctly
reconstructs neutrino energy only for (a). (b) can be distinguished from (a) by additional
pion, however when pion is lost (by pion absorption for example), (b) becomes indistin-
guishable from intrinsic backgrounds. When (a) and (b) have the same muon kinematics,
the reconstructed neutrino energies are the same, however the true neutrino energy for (b)
is higher due to the creation of the pion in the event (neutrino energy mis-reconstruction).
(Right) true and reconstructed neutrino energy distribution for Super-K predictions with
neutrino oscillations. The shaded region is non-QE (mainly CClr) channels. As can be
seen from the bottom plot, CClx background events are misreconstructed at lower neutrino
energies and hence can fill out the dip created by neutrino oscillations. Figures are taken

from [40].
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3.4.3 CCQE cross section measurement

Currently, most of simulations of CCQE interactions are based on Smith and Moniz’s for-
malism of relativistic Fermi gas (RFG) model [16]. However, to understand nuclear effects
correctly, recently developed models for CCQE interactions (for example [41H45]) are more
promising. To tune these models, we need to compare with CCQE cross section data.
And to obtain precise CCQE cross section measurements, the background should be sub-
tracted carefully. In Chapter [9] we use in situ measurement of CClz events to constraint
these CClm background in the CCQE sample, even though most of pions are lost (irre-
ducible backgrounds). Then, in Chapter we report a measured flux-folded differential
and double differential cross section, and the flux-unfolded total cross section for the CCQE

interaction in MiniBooNE.
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Part 11

Lorentz Violation with Neutrino
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Intellectualism as well as empiricism remains anterior to the problem of orientated space,
because it cannot even begin to ask the question. In the case of empiricism, the question was
how the image of the world which, in itself, is inverted, can right itself for me. Intellectualism

cannot even concede that the image of the world, after the glasses are put on, is inverted.

- M. Merleau-Ponty, Phenomenology of Perception
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Chapter 4

Test of Lorentz violation with

neutrino oscillations

Lorentz symmetry is one of the most fundamental symmetries of modern physics. Never-
theless, many recently developed theories to describe the most fundamental state of matter
and space, such as super strings [46] and quantum gravity [47], do predict a violation of

Lorentz symmetry.

Also, a phenomenological model that describes all possible types of Lorentz violation
with conventional quantum field theory has been developed. Using this model, the so called
Standard-Model Extension (SME) [48-50], one can describe the possible features of neutrino
oscillations under the assumption of Lorentz violation. Since the oscillation of neutrinos is
effectively a high precision interferometric technique, and neutrinos are the least understood
fundamental particles in nature, it is extremely interesting to investigate possible Lorentz

violation with neutrinos.

In this chapter, we start with a brief description of the SME formalism, then we discuss

a test of Lorentz violation with data from the LSND experiment [I]. This analysis further
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CHAPTER 4. TEST OF LORENTZ VIOLATION WITH NEUTRINO OSCILLATIONS

motivates the construction of a global neutrino oscillation model using Lorentz violation [2].
In the next chapter, we discuss this global neutrino oscillation model, and compare the

prediction to recent results from the MiniBooNE experiment [3].

4.1 Introduction

Lorentz symmetry is a fundamental law in the Standard Model (SM). However, it needs to
be supported by experimental observation, and many people have tested this law in various

ways over the past 100 years.

Although intrinsic Lorentz violation is very difficult to formulate, Lorentz symmetry
could be broken dynamically, namely via spontaneous Lorentz symmetry breaking (SLSB).
This is especially relevant after the discovery of the actual process for SLSB in string
theory [46], Lorentz violation is widely recognized as a signal of Planck scale physics (Mp ~
10* GeV). The Planck scale is a very high energy scale, and currently it is impossible to
attain. However, if Planck scale physics is suppressed in the low-energy world by its inverse,
the natural suppression factor in SM energy scale (Ey ~ 100 GeV) is, < % ~ 10717,

Then, precise measurements, for example interference experiments, could observe a signal.

The general effective quantum field theory constructed from the SM and allowing ar-
bitrary coordinate independent Lorentz violation is called the Standard Model Extension
(SME) [48-50]. The minimal SME formalism has all the conventional properties of the
Standard Model including observer Lorentz covariance, power counting renormalizability,
energy momentum conservation, quantized field, micro causality, and spin-statistics with
particle Lorentz and CPT violation due to background Lorentz tensor fields of the universe.
The minimal SME also has SU(3)c x SU(2)r, x U(1)y gauge invariance. Since the back-
ground Lorentz tensor fields are fixed in space-time, by definition, they do not transform

under an active transformation law. That implies rotation and boost dependence of physics
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in a specific coordinate system.

Here coordinate independence is important for the analysis of Lorentz violation, be-
cause Lorentz violation is understood by the coupling of vacuum expectation value (VEV)
with Lorentz indices, and the Lagrangian itself is Lorentz invariant with coordinate trans-
formation, or observer Lorentz transformation (passive Lorentz transformation). Thus,
Lorentz violation happens when we consider the transformation in a fixed coordinate sys-
tem, namely particle Lorentz transformation (active Lorentz transformation in a fixed back-
ground). This situation is illustrated in Fig. Here, a particle is moving in the y-direction
in 2-dimensional coordinates, and we consider the rotation in this coordinate system. We
introduce a background vector field, which is the source of Lorentz violation. Lorentz vi-
olation is the violation of orthochronous Lorentz transformation, where 3 rotation and 3

Lorentz boost generators make the Lorentz group. The rotation violation is considered here.

First, we consider the observer Lorentz transformation (passive Lorentz transformation).
This situation is described in Fig. [4.Th. This is the inverse coordinate transformation to
transform the object passively, and as can be seen, the couplings of matter and background

fields stay the same, so Lorentz violation does not occur in this transformation.

Next, we consider the particle Lorentz transformation (active Lorentz transformation in
fixed background). This situation is described in Fig.|4.1p. This is the active transformation
of an object in fixed coordinate space. Now it can be seen that the coupling is not an
invariant of the transformation, so Lorentz violation results in physical observables by the

active motion in fixed coordinates.

Lorentz symmetry has an intimate relationship with CPT symmetry, namely, CPT
violation implies Lorentz violation [51]. This is understood by the following argument.
Each Lorentz index has CPT odd parity. Since Lagrangian is Lorentz scalar, this means
that the number of Lorentz indices are always even, and any terms in the Lagrangian can be

defined as CPT even. However, if odd numbered Lorentz indices are insensitive to particle
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(a) rotation
direction of the
coordinate axes

(b) rotation
direction of the
moving particle

A
(@) —» —

Figure 4.1: A cartoon illustrating observer and particle Lorentz violation.

Lorentz transformation, the phase of CPT is shifted 7w for each Lorentz index. Then, the

phase of the CPT transformation is

(—1)", (4.1)

where N is the number of Lorentz violating Lorentz indices. Rigorously, any interactive

field theories with CPT violation always violates Lorentz invariance [51].

Lorentz violation is expected to be smaller than the inverse of Plank scale Mip, where
FE is the energy scale of the system. Surprisingly, atomic physics has achieved this sensitivity
level, and extensive experimental studies have been done (see, for example, Ref. [12, [14] 52
54]). A recent experiment [13]55] of this type reaches a sensitivity to a specific combination
of SME coefficients to order ~ 103! GeV, well beyond a naive estimation of the scale of

new physics. However, many of the SME coefficients still have no experimental bounds.

Similarly, quantum interference experiments, such as neutrino oscillations, are also sen-

sitive to the small effect of Lorentz and CPT violation [56]. Tests have been made using
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data from many experiments. Traditionally, a test of Lorentz violation is done via an energy
spectrum distortion for neutrino oscillations [57, 58]. This is one of the signals of Lorentz
violation in the neutrino sector, which we call “spectrum anomalies” in Sec. Using this
technique, MACRO [59] and KamLAND [60} [61] data are analyzed. However, the smoking
gun of Lorentz violation is direction-dependent physics in a fixed coordinate system. This
may be seen in a sidereal time dependence of neutrino oscillation signals, or what we call
“periodic variation” in Sec. Super-K [62], MINOS [63], LSND [1], AMANDA [64], and
MiniBooNE [3] have analyzed their experimental data in this way. For the remainder of

this chapter, we focus on tests of Lorentz violation with neutrinos [56], (65, [66].

4.2 Lorentz violating neutrino oscillation

For the neutrino sector, Lorentz violation induces additional terms in the Lagrangian. The

neutrino free-field Lagrangian is [56],

1. - :
L = §Z¢AFZ‘B D# ¢B — wAMABwB + h.C., (4.2)
v v - LUV 1 A
e = Yoap+ g+ 35y + €ig +ifaprs + §gA%”a,\u, (4.3)
. 1
Mag = map+imsapys + digy, + g + in’jBUW. (4.4)

The first term of Fffl p and the first and second terms of Myp are the only non-zero terms
in the case of conventional neutrino oscillations. The remaining terms in this Lagrangian
represent the physics of the background fields. In general, the background Lorentz tensor
fields are an infinite series, but if the focus is on a low energy effective theory, these eight
additional fields are complete. Here, vacuum expectation values that contain c%g, di%,
and H'); are CPT-even (CPT conserving) terms while ey 5, f% 5, gffl”;, a'yp, and by 5 are
CPT-odd (CPT non conserving) by definition of the background fields. Notice that each
background field has flavor indices (A and B) that, unlike other systems, bring additional

complication for the neutrino sector.

63



CHAPTER 4. TEST OF LORENTZ VIOLATION WITH NEUTRINO OSCILLATIONS

This Lagrangian leads to the modified Dirac equation,
(i} 3O — Mag)Yp = 0. (4.5)

Neutrino oscillations are a function of eigenvalue differences, so we need to construct an
effective Hamiltonian from Eq. After some algebra, the effective Hamiltonian within

the conventional neutrino flavor basis is,

B 1 0 1 (mQ)ab 0
(heﬁ)ab - ‘ﬂéab 01 + m 0 (mZ)Zb
1 [(ar)*py — (cL)™ pupvlab —iv/2pu(e4)u[(9"7pe — H" )Cap
+— (4.6)
P\ iv2pu(en )™ p + H™)CL  [~(an)"p — () pumly

Here, the effective Hamiltonian is written in a physical neutrino (three active left-handed
neutrinos) and antineutrino (three active right-handed antineutrinos) basis, so the top left
block matrix describes v — v oscillations, top right and bottom left block matrices are for
v — v oscillations, and bottom right is for # — v oscillations. The first term is the leading
energy term and disappears with a phase rotation. The second term is the neutrino mass
term. Mgy is the light neutrino mass matrix, generally believed to be the solution of the
seesaw mechanism [9] and written, using the right-handed (R), left-handed (L), and Dirac

(D) mass matrices,

Mee  Mey  Mere
ey = L — DR™'DT = Mep My Mpr | - (4.7)

Mre Myr Mrr
The third term contains all Lorentz violating physics. Here, some SME coefficients only
show up in certain combinations, (az)!, = (a+0b)!, and (cp)h) = (c+d)!; . The parameters
egb and ffb do not contribute to neutrino oscillations. These terms form a Lorentz scalar
with the momentum of neutrinos. Neutrino propagation directions are changed with time,

but Lorentz violating coefficients are fixed in space (Fig.[4.1(b)). Thus, these Lorentz scalars
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are invariant under observer Lorentz transformation (passive Lorentz transformation) but
non-conserving for particle Lorentz transformation (active Lorentz transformation in fixed
background). As a consequence, the oscillation signal may exhibit a dependence on the

rotation of the earth (sidereal time).

This effective Hamiltonian contains very rich physics, more than just sidereal time vari-

ation. The main signals of Lorentz violation can be classified into 6 types [56]:

1. Spectral anomalies,

2. L-E conflict,

3. Periodic variation,

4. Compass asymmetries,

5. Neutrino-Antineutrino oscillation,

6. Classic CPT test.

Signal (1) is a anomalous energy spectrum distortion, for example the MiniBooNE v, low-

energy event excess [67] could be this type of signal. We consider this in Chapter

Signal (2) is an anomalous mapping of experiment in sin?26 — Am? space. It is possible
to have oscillation signals in the region excluded by other experiments in sin’20 — Am?
space, because if an oscillation signal is based on an anomalous energy dependence due to
Lorentz violation, this signal cannot be mapped correctly in sin?20 — Am? space. The LSND
v. appearance result could be an example. Using L — E space is the model-independent

way to show signal sensitivity regions (Fig. |4.2)).

Signal (3) is a sidereal variation of an oscillation signal. We focus on this type of signal

in this chapter.
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Signal (4) is a special case of rotation violation. Even if an oscillation signal does
not exhibit a dependence with sidereal time, time-independent direction dependence could
be measurable by actively rotating the neutrino propagation direction on the earth. For
example, directional information of atmospheric neutrino data could be used to consider

this case.

Signal (5) are helicity-violating neutrino oscillations, and hence Lorentz violating. Mini-
BooNE v, /v, appearance data could be used to explore this possibility [68], but we do not

consider this scenario here.

Signal (6) is the standard test for CPT symmetry by comparing neutrino and antineu-

trino phenomena.

Some combination of these six types of signal observation would support Lorentz viola-
tion even more strongly. The observed signal in the LSND experiment is not understood
in L — F plane given results from other experiments [69]. Thus, this can be interpreted
as signal type (2). This gives motivation to analyze LSND data under the assumption of
Lorentz violation. We search for the signal (4), periodic variation, by analyzing the LSND
data, using statistical methods, to find possible variations with sidereal time. Therefore the
confirmation of a sidereal variation of LSND oscillation would be very strong evidence for

Lorentz violation.
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Figure 4.2:

region of various experiment.
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A sensitivity plot for general neutrino oscillations illustrating all possible

and CPT-even terms.
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oscillation scenarios taken from [56]. In this space, energy dependence of the neutrino mass-
like oscillations appear on the solid line, while CPT-odd and CPT-even energy dependences
would show occur on the dashed or dotted lines. The square regions show the sensitivity
For example, neutrino oscillations observed by the K2K
experiment could be Am? ~ 1073 eV? or ar, ~ 10721 GeV or ¢z, ~ 1072, but the energy
spectrum analysis excludes naive CPT-odd- and CPT-even-like energy dependent solutions.

In Chapter [5] a model is presented to create a mass-like oscillatory behavior with CPT-odd
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4.3 Test of Lorentz violation with LSND experiment

The details of this analysis are available in [I]. Here, we give a brief summary of a test of

Lorentz violation using data from the LSND experiment.

4.3.1 LSND experiment

The Liquid Scintillator Neutrino Detector (LSND) experiment [69], completed at the Los
Alamos National Laboratory (LANL), observed an excess of 7. in a beam of 7, created
from pt decay at rest (Fig. . The data analysis used the sample of detected v.p — e*n
events with positron energy 20 < E.+ < 60 MeV. If interpreted as 7, to 7, oscillations, this
U, excess implies a two-neutrino oscillation probability of (0.264+0.06740.045)%. Here the
first error is statistical and the second error is systematic (neutrino flux, particle detection
efficiency, cross sections, etc.). Despite the evidence for neutrino oscillations from solar
neutrinos [f0-77], atmospheric neutrinos [78-80], accelerator neutrinos [81} 2], and reactor
neutrinos [83], the oscillation signal observed at LSND remains a puzzle. Since the neutrino
sector is thought as likely to reveal new physics, the LSND anomaly is often explained with
new ideas such as sterile neutrino models (see Ref. [84] [85] for a recent example). The

MiniBooNE experiment at Fermilab was designed to test the LSND signal (Chapter [7)).

68



4.3. TEST OF LORENTZ VIOLATION WITH LSND EXPERIMENT

[7))
m [

§ 1 7.5 [ ® Beam Excess
§ 125 M A

other

10F

75|

04 06 08 1 12 14
L/E, (meters/MeV)

Figure 4.3: The 7, oscillation signal at LSND experiment. The data excess is visible
above the predicted background (light cross-hatched area). This excess is consistent with

backgrounds plus neutrino oscillations (darker cross-hatched area).

4.3.2 SME formalism for LSND

Using an the SME formalism (Eq. , the relevant effective Hamiltonian is,

mQ *
(adas = 10+ S+ [ (an)p, = (o m i (1.9

The original and complete effective Hamiltonian can describe v — v, v — 7, and v — U
oscillations, but, in this work, lepton-number violating v — ¥ oscillations are not considered.
Therefore, the neutrino and antineutrino sectors can be diagonalized separately. For the
usual conventional neutrino oscillation case, the effective Hamiltonian (Eq. contains
only the first two terms. Then, the neutrino oscillation probability depends on Am? and
the mixing matrix. But, in this general form, including possible Lorentz and CPT violation,
the diagonalization of the effective Hamiltonian is more complicated and, in general, it can

not be represented by Am? and the mixing matrix alone.

The effective Hamiltonian of Eq. may be used to analyze the LSND v, appearance

data. The problem here is that there are too many free parameters to test. However, under
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the assumption of a short baseline neutrino oscillation experiment, L is small compared with
the neutrino oscillation length (Sec. , and the oscillation probability can be expanded
using this effective Hamiltonian [66]. This approximation is especially suitable for the LSND
result, because of the small indicated oscillation probability (~0.26%). Then, to leading

order in heg, the oscillation probability is
__1272
Py, o stlall (4.9)

Since, in the effective Hamiltonian, p# depends on the neutrino propagation direction, this
oscillation probability depends on this propagation direction. In order to form a phenomeno-
logical expression for the neutrino oscillation probability, it is most convenient to use a
coordinate system fixed to the experiment [86l 87]. The standard choice is a Sun-centered

system (Fig[i.4h) that is, to a good approximation, an inertial frame for the experiment.

Recall that the nature of observer Lorentz covariance can guarantee the existence of
inertial frame even under particle Lorentz and CPT violation. And, in this coordinate
system, the neutrino oscillation transition probability depends on the rotation of the earth

with respect to distant star (sidereal time dependence) .

With this choice of coordinates, the neutrino oscillation probability becomes,

Ppu_,,je ~ (hc)z‘ (C)éﬂ + (.As)ég sin W@T@ + (Ac)éﬁ COSs W@T@

+(Bs>éﬁ sin 2W@T@ + (Bc)éﬁ COS QW@T@ ‘2. (410)

The parameters, (C)ea, (As)en, (Ac)en, (Bs)en, and (Be)en, depend on the SME coefficients
(az)* and (¢z)" and the neutrino propagation direction unit vectors NX, NY, and NZ in

the Sun-centered system.

Here wyg, is the sidereal frequency (=2m/23h56mind.1 sec), and Ty is the sidereal time

which is the time measured from standard origin. The full expressions for each coefficient
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Figure 4.4: The coordinate system for the sidereal time variation analysis of LSND: a) the
Sun-centered coordinates, b) the Earth-center coordinates, ¢) LSND local beam direction

coordinates, and d) our definition of T = 0.

71



CHAPTER 4. TEST OF LORENTZ VIOLATION WITH NEUTRINO OSCILLATIONS

are [60]
Cen = (€ep+ECW)epn (4.11)
(Aden = (AP)en+ E(AD)en (4.12)
(Aden = (AV)ep + E(AD)en (4.13)
(Bo)en = EBMeq (4.14)
(Boen = E(BM)en (4.15)
Cep = T)E (ay)l, + N7 (), (4.16)
CMep = —33—NZNZ)(cp)IT +2N%(c)TZ + L(1 - 3BNZNZ)(c)Z7  (4.17)
AMen = —NY(ap)d + N¥(ap)}; (4.18)
(AMen = —2NY(cp)LX + 2NX(cp)IY + 2NY N ()57 — 2NY N7 (cp) Y7 (4.19)
(AMen = +N¥(ar)d + N (ap)}; (4.20)
(AMen = 2N (er)ZX + 2N (er) 1Y — 2NY N ()27 — 2NV N (cr)¥7  (4.21)
BMep = NYNY ()X = (c)ly) = (NYNYX = NYNY)(ep) 3 (4.22)
BMep = —F(NXNY — NYNY)((er)&¥ = (cr)3Y) —2NXNY ()XY (4.23)

The NX, NY and NZ are the direction vectors of the neutrino beam in the Sun-centered
coordinates. The components are further described with a co-latitude x of detector location
in the Earth-centered system (Fig[4.4p) and the zenith and azimuthal angles § and ¢ of the
local beam system. (Fig):

NX cos x sin @ cos ¢ + sin x cos 6 —0.053
NY | = sin 0 sin ¢ =1 o980 |. (429
NZ — sin y sin 0 cos ¢ + cos x cos —0.194

Here, we found the LSND beam, that of the Los Alamos Neutron Science Center (LANSCE),

direction to be x = 54.1°, # = 99.0°, and ¢ = 82.6° [88]. The sidereal time has a specific
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origin (T = 0) in astronomy, but for simplicity, we chose a relative origin. The sidereal
time is defined to start when the local coordinates correspond to the midnight point near the
autumnal equinox (Fig). At that time, the y-axis of the Earth-centered coordinates
coincides with the Y axis of the Sun-centered coordinates. The earth was at autumnal
equinox near the start of the LSND experiment on 1993, Sept. 23rd, 00:32 (GMT). The
location of LANL is 105° west of Greenwich, UK, so LANL was at autumnal equinox at 7
hours later on that day. Therefore, the nearest midnight point for LANL near autumnal
equinox occurred at 6:28 from the precise autumnal equinox. The revolution angle for the

earth (in orbit around the sun) during 6:28 is,

6x60+28

24x60 o
— =(0.27°. 4.2
365.25 0-27 (4.25)

This corresponds to approximately 1 minute of earth rotation (about its axis of rotation).
Therefore, the estimated difference between the true sun-centered coordinate system and
this definition of Ty is ~ 1 minute, which is sufficiently small compared with the size of

time bins used in this analysis.

4.3.3 Analysis and results

Since the LSND oscillation candidate sample size is only 186, an unbinned likelihood method
was used to maximize statistical power [89} Q0] of the data set. The sidereal time distribution
of the LSND oscillation sample was found to be consistent with flat (no sidereal time
dependence) using Kolmogorov-Smirnov and Pearson’s x? tests [I]. However, the data did
allow (within errors) non-zero Lorentz violation. Figure. shows the data compared to
1-parameter ((C)ez only, no sidereal dependence), 3-parameter ((C)ez, (As)en, and (Ac)en),
and 5-parameter ((C)eg, (As)en, (Ac)ens (Bs)en, and (Bc)ep) fits.

Figure shows the allowed regions of parameter space resulting from the 3-parameter

fit. Since the fitting function is dependent on the square of the parameters, there are always
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Figure 4.5: Sidereal time distribution of the LSND oscillation data (dots) in 24 time bins
together with the maximum-¢ solutions for the 1-parameter (solid line), 3-parameter (dot-
ted), and 5-parameter (dot-dashed) fits. The dashed line indicates the estimated background

contribution.

duplicate solutions and positive and negative parameter values. Note that there are two

distinct solutions within 1o region.

In summary, we found that the LSND data is consistent with no Lorentz violation, but it
can not rule out Lorentz violation as an explanation of neutrino oscillations. This motivates

further study.

From here, we can set the scale of possible Lorentz violation as an explanation of LSND.
Since the neutrino beam energy is ~ 40 MeV, if the LSND signal is due to Lorentz violation,
then the suppression factor of Lorentz violation is ~ % ~ 1077, And this is the

right order of naive expectation for the Standard Model, %“; ~ % ~ 10717,

Although this is a small value, 10717 is quite large for neutrino oscillations. For example,
if atmospheric neutrino oscillations are due to Lorentz violation, that suppression factor for

atmospheric neutrinos is ~ 1072! (Sec. . This would imply that all Lorentz violation of
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Figure 4.6: Log likelihood value for the 3-parameter fit of the LSND sidereal time distri-
bution: a) (As)ep vs (Ceg, b) (Ac)en vs (C)en, and c) (Ac)en vs (As)ep. The contours in

a)-c) indicate the 1-o (total error) allowed regions and the stars indicate parameter values

for the maximum-log-likelihood parameter values.
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order 10~'7 would wash out all coherent behavior (=L/E dependent oscillatory behavior) for

atmospheric neutrino oscillations and the description would become that of time-averaged

oscillations, like Eq.

In the next chapter, we consider a possible global model using Lorentz violation to
explain the world’s data on neutrino oscillations, including the LSND signal. In such a
model, LSND can see the Lorentz violation with a scale of 10717, and it does not wash out

the oscillatory behavior for atmospheric and reactor neutrinos.
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Chapter 5

Global three parameter model for
neutrino oscillation with Lorentz

violation

Neutrino oscillations are described in the solution of the Hamiltonian for neutrinos. Since
we are concerned with a 3 x 3 Hamiltonian corresponding to the three families of neutrinos,
we can find both analytic and numerical solutions from any Hamiltonian unless the solutions

do not exist.

Although the energy dependence of Lorentz violation Lagrangian is, in the minimal
SME case, « E° for the CPT-odd term, and o< E+! for the CPT-even, some combination
of these terms can result in a mass-term-like energy dependence oc E~! for the solution.
The “bicycle model” [65] is the simplest case for this kind of model. This model is very
interesting, because it has potential to explain all neutrino oscillation signals, including
the LSND signal. Furthermore, this type of model may have a small number of degrees

of freedom, which means it is superior as a phenomenological model than the standard
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three massive neutrino model. We have constructed such a model, called the “tandem
model” [2]. One of predictions of tandem model was a low energy signal for MiniBooNE.
Since MiniBooNE did observe a low-energy excess of v, candidate events [67], we compared,
in more detail, the tandem model with MiniBooNE data [3]. This tandem model of neutrino

oscillations and the comparison with the MiniBooNE data is presented in this chapter.

5.1 A global model for neutrino oscillations

We found the equation of neutrino oscillation in Eq. We now consider a real 3 x 3

Hamiltonian for simplicity. Then, the most general effective Hamiltonian,

hee(E) he,u (E) h€T (E)
hepr = hep(E)  huu(E) by (E) | (5.1)
her(E)  hr(E)  hor(E)

yields very complicated solutions for neutrino oscillations,
_ o (Ai(E)
Ppyvy(LE) = 05 =4 Uai( B)Ugi(E)Uaj(E)Ug;(E)sin —5—L). (62
1>7
Here, both U(FE) and A(FE) are functions of energy. As far as we are concerned, for a 3 x 3
matrix, analytic solutions always exist. But in the more general case, or for dimension

greater than four, only numerical solutions exist.

This is the case for Lorentz violating neutrino oscillations. Let us assume that there
is no v — v oscillation, then, v — v oscillation and 7 — v oscillation are described by block
diagonal Hamiltonians. For v —v oscillations, the minimal SME Hamiltonian contains three
types of energy dependence, o« E~! for mass term, oc E° for CPT-odd term, and oc E+!
for CPT-even term,

v (mZ)ab 1 v
(Wypr = Boa+ 52 + Zl(@s)'pe — () pupilas (5.3)

78



5.1. A GLOBAL MODEL FOR NEUTRINO OSCILLATIONS

The effective Hamiltonian for 7 — v oscillations is obtained simply by replacing a; — —ar,
according to Eq.

Since, we want to focus on the energy dependence, in this chapter we ignore the direc-
tion dependence. This can be understood to be plausible for either of two reasons. First,
theoretically, if we take the CMB frame as an isotropic, rotationally invariant inertial frame,
then the Lorentz violating fields in this frame must be isotropic, or, any directional com-
ponents must be zero [57]. Although the motion of solar system governs the visible effect
against the isotropic Lorentz-violating field, the motion is non-relativistic and suppressed to
be order ~ 1073, Second, experimentally, most of the neutrino oscillation data is integrated

over long times, and any directional information is simply averaged out.

In either interpretation, it is not unreasonable to start to construct simple model without
any directional components in order to reduce the degrees of freedom of the theory. However,

it does not preclude the possibility of direction dependence.

Then, Eq. becomes,

<m2)ab

4
(hgff)ab ~ FEdgqp + + (aL)ab - *(CL)abE

2F 3
U (an)ee = §(e)ee B U o+ (an)eu = §(en)enB U= 4 (an)ere — §(er) el
2E L)ee — 3\CL)ee 2F arL)ep — 3\CL)ep 2F ar)ere — 3\CL)re
2 2 2
= | T e S B Ut @n) — (e T+ (an)ur = §(en)ur
2 2 2
% + (aL)Te - %(CL)TEE % + (aL)uT - %(CL)MTE % + (aL)TT - %(CL)T’TE

—~
.Cﬂ
IS

~—

This model has 18 free parameters.

Any alternative models to the standard three massive neutrino model must be more
interesting, otherwise there is no motivation to pursue. We require the following seven con-
ditions for alternative models to be more interesting than the standard neutrino oscillation

model. Such a model:

1. is based on the quantum field theory;
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2. involves only renormalizable terms;

3. offers acceptable descriptions for solar, atmospheric, and reactor oscillation signals;
4. has a mass term < 0.1 eV in order to interpret its origin by the Seesaw mechanism;
5. has Lorentz violating terms < 1077 to interpret their origin from Plank scale physics;
6. does not have a number of free parameters significantly larger than four;

7. describes the LSND signal.

The condition (1) is met as long as we work under the SME formalism. (2) is satisfied if
we use the effective Hamiltonian derived minimal SME (Eq. [5.3)). (3) is very challenging
because we need ~L/E dependence for the phase of oscillation for high energy (atmospheric
neutrinos), even though the CPT-even term dominates at high energy, which has energy
dependence ~E in the Lagrangian. (4) and (5) add constraints to the model building
process. Condition (6), since the standard three massive neutrino model has four free
parameters (Sec. [5.3.1)), is required for the model to be phenomenologically interesting.

Finally, if such a model describes the LSND signal, condition (7), it is very interesting.

5.2 Analytic and numerical solution of neutrino oscillations

Since we are working with the 3 x 3 effective Hamiltonian matrix, we can find the solution
of the cubic equations from the Ferro-Cardano method, or numerical diagonalization by

Jacobi rotations [91].
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5.2.1 Ferro-Cardano equation

The eigenvalue solution of an arbitrary 3 x 3 matrix (Eq. can be found by solving the

cubic equation [91],

M raX+bA+c=0,

where the \ are the eigenvalues of,

hee heu hTe
hett = | hey hup e -
h're h,u‘r hTT

The roots and mixing matrix are found to be,

Al = —2\/5003 (g) T
o = —2v/Qcos (M) -3
A3 = —2\/6003 (9_32”) — %,

B1C1  BaCs B3(Cs

Ny N2 N3
U = CiAr C2As C3A3
Ny No N3 ’
A1B; Ao Bs A3B3
Ny No N3
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with,
a = _(hee + huu + hTT)7
b = [(heehuy + huphrr + horhee) — (hzu + hf” + K2,
¢ = [(heehly + hyuhZ, + herh?,) = (hechpuhrr + 2hephyrhre)],

Q = %(az - 3b)7
R

= 2(2d® — 9ab + 27¢),

s — cosl(\/%)

Apn—g) = [hur(hee — Ap—3)) — hrehepl,
B[1—3] = [hre(hw - )‘[1—3]) - heuhm],
Cu-s) = |hep(hrr — An—3)) — hurhrel,
Nos = A g By + By Gy + gl

In order to have three real roots (eigenvalues),
Q,RcR and R%< Q3

This is always true for the cases of our concern in the next section, and we can always find
three eigenvalue differences A;; = A\; — A; and mixing matrix element U,;. Therefore, we

can find solution of neutrino oscillations for any arbitrary Hamiltonian.

5.2.2 Jacobi rotations
The eigenvalue problem is always solvable by the numerical methods. Although cubic
equation has analytic solutions, we also checked numerically.

The “Jacobi rotation” [91] is the similarity transformation to remove off-diagonal el-
ements of the matrix. Since the real Hamiltonian is symmetric, the first Jacobi rotation

can eliminate two off-diagonal elements from Hamiltonian. The next step eliminates other
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off-diagonal elements, but the off-diagonal elements eliminated by the first step return. How-
ever, the returning values are small. And, the third step eliminates the last off-diagonal
elements. These three Jacobi rotations make one “sweep”. We usually sweep five times and
this is sufficient to make off-diagonal elements to be of negligible size. Then, the remaining

diagonal elements, can be understood as roots of the equation:

hee hey  hore hee 0 I,
het = | hey huy hur | =Oeu| 0 n,, B |Oc
hee hur hor hi, R, hl.
M ~0 ~0
= 000 ~0 X ~o0 |OTOTOT....
D g R
U UT
~0 ~0 X3

The mixing matrix is calculated from the product of the orthogonal matrices created in
each step of the Jacobi rotation. In five sweeps, fifteen orthogonal matrices are created and

the product is defined as the mixing matrix.

The order of eigenvalues is in general random, so we also apply the column/row exchang-
ing matrix to remedy the order from small (=)\;) to large (=\3) after taking the modulus,

for example,

A ~0 ~0 A ~0 ~0
.0 ~ 0 _)\1 ~ 0 OT:O ~ 0 )\1 ~ 0 OT
A ~0 ~0 M ~0 ~0
=-~-OR12R¥12 ~ 0 )\1 ~ 0 ngR?QOT---=-~-OR12 ~ 0 /\2 ~ 0 R{Q
~0 ~0 s v ~0 ~0 A3
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5 orthogonal matrices are used to change the order of eigenvalues,

010 1 0 0 0 01
Ri2=11 00 |,Rs=]1001]|,Ba1=]010
0 01 010 1 00
0 0 1 01 0
Rig=|10 0 |, Ree=|0 0 1
0 1 0 1 0 0

The positivity of eigenvalues is not guaranteed. Since we took the modulus for the eigen-
values, the solution no longer reproduces the original Hamiltonian [92]. Nevertheless, this
“new” Hamiltonian satisfies most of the conditions in Sec. especially, the model that

we discuss in Sec. reproduces all experimental results with only three free parameters.

5.3 Model construction

5.3.1 Bimaximal model

The bimaximal model [93] is the most simple and naive model based on the three neutrino
massive model. Since we have two distinct signals, atmospheric neutrino oscillations [78-

82, [94] and solar neutrino oscillations [f0H77, 83 05, [96], we require four parameters. They

2

cim, and two mixing angles, 612 and 6s3.

are two mass square differences, Am%D and Am,

Then, the effective Hamiltonian is,

0 0 0
2
bimar __ m b __ i T
heg = 2% = 2EUSM 0 Am% 0 Usw, (5.5)
0 0 Am?,
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with,
1 0 0 cosfis  sinfia 0
Usmv = 0 costyz  sinbss X —sinbio cosBis 0 |, (5.6)
0 —sinfly3 cosbss 0 0 1
and,
AmZ ~ 8.0x107° eV
Am?2, ~ 25x 1073 eV
0o ~ 34°%
fa3 ~ 45°.

The solution of the bimaximal model is shown in Fig.[5.1] From Eq. we see the model

is characterized by 3 amplitude terms, (—4UUUU), and 3 eigenvalue differences (A).

The following are the captions of Fig. and From left to right, top to

bottom:

1. evolution of —4UUUVU term for e «» u. Black line is —4U.1Ux2U,1U, 2, which is the
coefficient of sin?(A12L/2). Red is —4Uc2U3U,2U 3, the coefficient of sin?(Ao3L/2),
and blue is —4Ue3Uc1U,3U,1, the coefficient of sin?(As1L/2);

2. —4UUUU term for pu < ;
3. —4UUUU term for 7 < e¢;

4. evolution of the first row of mixing matrix elements, Black line is Ue1, red is Ugs and

blue is U.s;
5. the second row mixing matrix elements; Black line is U1, red is U,2 and blue is U,3;

6. the third row mixing matrix elements. Black line is U,1, red is U2 and blue is U, 3;
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7. evolution of the eigenvalue (positive defined). Black line is A1, the smallest eigenvalue.

Red is the second smallest eigenvalue Ay, and blue is the largest eigenvalue As;

8. inverse of A (eigenvalue difference) as a function of energy. Black line is for Ajg, red is

Aos, and blue is As;. Note, the L/E oscillation dependence shows up as logL: o< LogE;

9. Unitarity of mixing matrix. The black lines (3 lines) are elements of diagonal terms of
UTU and the red lines (6 lines) are elements of off-diagonal terms of U7 U. So, black
lines should be 1 and red lines should be 0 through all energy regions if the numerical

diagonalization works.

Fig. shows the neutrino oscillation solutions. Not surprisingly, the model predicts
the atmospheric and reactor neutrino oscillations, as well as the solar neutrino oscillation.
Here, we use an adiabatic MSW effect to reproduce solar neutrino signals, with the choice
of N, = 100(/N4/cm?) as electron density in the central region of the Sun [97]. Of course,

this model does not predict a signal for LSND and MiniBooNE.

We know this bimaximal model is based on the standard three neutrino massive model
and reproduces all known neutrino oscillation data (excepting LSND). So instead of com-
paring the result of our model with experimental data (and trying to take account of ex-
perimental smearing), we compare the result of our model with the bimaximal model as a

proxy for data and the three neutrino massive model.

5.3.2 Bicycle model

The bicycle model [65] can create an L/E dependence for neutrino oscillations by using
only one CPT-odd term (oc EY) and one CPT-even term (< ET!). The trick is that, the
eigenvalue difference cancels at the leading order contribution, and the second-order term

becomes the leading term, like the seesaw mechanism that generates neutrino mass.
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Figure 5.1: The solution for the bimaximal model. The solution is same for v —v and v — v

oscillations. The notation is given in the text, Sec.
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Figure 5.2: The oscillation probability from the bimaximal model. From top to bottom,
short baseline experiments (left is LSND, right is for MiniBooNE), KamLAND (with data
points from [83]), atmospheric neutrinos, and solar neutrinos (with data points from [97]).
The black line is v, < v, red line is v, «» v,, green line is v, «<» X, and pink line is v, < X.
Bottom right plot also shows bimaximal model with MSW effect (dashed). The effects of

experimental position and energy resolution are not shown.
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The effective Hamiltonian for the bicycle model has the following form,

cEkl a a
plicvete - — a 0 0 |- (5.7)
a 0 O

Then, the analytic solution is,

= 0, 3[cE£\/(cE)? +8a2] = Ao, A4, (5.8)

Al AL
\/2a2+)\0 V2a24A-2 /2024242
szcycle = = a (59)

\/2a2+)\0 \/20,2-1—)\72 \/2a2+)\+2 ’

a a
\/2a2+)\0 V222422 /202422

and in the high energy limit,

A= 0, cE’ ck = )\1, /\2, )\3, (5.10)
A = 2 B, cE= A, Ay, Ay, (5.11)
0 0 1
Ubicycle = % % 0 . (512)
1 1 9
V2 V2

So only the v, < v; channel is non-zero in the high-energy region and this channel couples
with Aqs (Fig. black line of top middle plot). Furthermore, Ajs has an L/E energy
dependence and can create the desired oscillation maximum observed at Super-K. The sim-
ple sinusoidal variation model for the bicycle model has also been considered, but provides

a poor fit with global data [9§].

5.3.3 Tandem model

The tandem model was inspired from and expands upon the bicycle model. Additional

details of the tandem model are available in [2]. In order to create a L/E dependence for
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Figure 5.3: The neutrino oscillation solution for the bicycle model. The solution is the

same for v — v and 7 — 7 oscillations. The plots are described in the text, Sec.
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KamLAND, we require an additional transition in the oscillation spectrum at low energy.

To do this, we introduce a mass term, and the effective Hamiltonian becomes,

¢E a a
tandem o o
heft = a 0 a |- (5.13)
o o h2
a a 5k

The three parameters here correspond to three terms in Eq.

¢ = _%(CL)t?& (5.14)
a = (aL)CM = (aL)uT = (QL)7'67 (5.15)
ﬁ”LQ m2 TT
2~ % (5.16)

Then, we immediately find the following constraints for these parameters from Sec.
e Irom LSND, ac, ~ 107" GeV, so & ~ 107 GeV; and
e From seesaw mechanism constraint, m < 0.1 eV.

We can justify why we introduce only a m,, term. For example, in the simple SO(10) sce-

nario [9], m2_ o m? > other mass terms (my is the mass of top quark ~ 174 GeV /c? [§]).

After a search through the allowed 3-parameter space, we found that the following

parameter set can reasonably reproduce the oscillation data,

= 52x107% eV?,
G = —24x107% GeV, (5.17)
& = 34x107'7. (5.18)

Note that these are the parameters to reproduce the v — v oscillation data. For v — ¥

oscillation, @ — —a according to Eq.
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Figures and show the tandem model solution for both ¥ —v and v — v oscillations.
From the bottom middle plots of Figs. and (inverse of A), we can see that the
eigenvalue differences make L/FE-type solutions in the high energy region (> 100 MeV), but
it is is not easy to predict from these plots exactly how the oscillations behave because the

oscillation amplitudes (—4UUUU terms) also evolve with neutrino energy in a complicated
way (Figs. and top three plots).

Therefore, it is instructive to look more closely at the oscillation signals produced by
tandem model. As described above, we use the bimaximal model as a representative for the

standard three neutrino massive model and the world neutrino oscillation data.
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Figure 5.4: The solution of v — v oscillations by the tandem model. The notation is given

in the text, Sec.
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Figure 5.5: The solution of 7 — ¥ oscillations by the tandem model. The notation is given

in the text, Sec.
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Solar neutrinos

One of the very distinct feature of tandem model is that it does not require the widely-
believed MSW mechanism for solar neutrino oscillation. For general neutrino oscillations,
mixing matrix elements are a function of energy (Eq. . Using this property, the tandem
model can produce the energy dependence of neutrino oscillations in the long-baseline limit

(time averaged oscillation, Eq. [2.22)).

Figure shows the result for solar neutrino oscillations. For comparison, standard
three neutrino massive model with MSW effect [97] is plotted (Sec. [5.3.1). The tandem
model can reproduce the essential nature of the solar neutrino problem, namely <40%
survival probability for ®B-neutrinos (15.04 MeV end point energy) and >50% for pp-
neutrino (0.420 MeV end point). Note, since the size of Lorentz violation is bigger (in the
tandem model) than the MSW solar potential for the v, interaction, this energy dependence
of for neutrino oscillations is created via Lorentz violation even though the MSW matter
potential may still exist (it just does not manifest itself in this model). Notice the shape
of the spectrum is quite different for tandem model compared with the MSW-effect-based

model.

Atmospheric neutrinos

Since the tandem model shows an L/E behavior in the high-energy limit, it can repro-
duce the observed energy dependence of atmospheric neutrino oscillations (Fig. . Note,
although the solutions are different for v —v and 7 — v oscillations (Figs. and , v, dis-
appearance and 7,, disappearance made by the tandem model are the same at > 100 MeV.
This is consistent with the atmospheric neutrino charge separated result from MINOS [80].
Because of the parameter we chose, the phase of oscillations are shifted compared to the

standard three neutrino massive model.
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Figure 5.6: Solar-neutrino oscillation probabilities in the tandem model. (a) Curves repre-
senting survival probabilities for v, (solid), v < v, (dashed), v, < v, (dotted), and v, < v,
(dash-dotted). (b) Survival probability of v, in the tandem model (solid line) and in the
standard three-neutrino massive model with a basic matter-induced effect (dashed) [97].
Note the different energy scales. The effects of experimental position and energy resolution

are not shown.
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Figure 5.7: Survival probabilities for atmospheric neutrinos as a function of L/E for (a)
v, and (b) 7,. Curves are shown for the tandem model (solid) and for the standard three-
neutrino massive model (dashed). The effects of experimental position and energy resolution

are not shown.
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Long-baseline reactor neutrinos

Figure shows the resulting oscillation probability for KamLAND. This 7, disappearance
spectrum shape is made by the combination of all three channels around the 1 — 10 MeV
energy region. Notice that all 7, < X channels die out at > 100 MeV. This is also true for

Ve. Therefore, this model predicts no v, appearance signals for NOvA [30] and T2K [29].

Short-baseline reactor and accelerator neutrinos

Finally, Fig. shows the oscillation probabilities for a few short baseline accelerator exper-
iments. To tune the model parameters, we first constrained the parameter space so as to not
create signals for null result short baseline reactor oscillation experiments (baseline<1 km),
including, Burgey [99], Gosgen [100], Palo Verde [101], and CHOOZ [102]. In the tandem
model, the oscillation probabilities at short baselines are typically small, so they are unde-
tectable by the short baseline reactor experiments. This is because reactor experiments are

disappearance experiments and their sensitivities are usually ~10%.

Next, we tested this model for the short baseline accelerator oscillation experiments [69]
103]. As can be seen from Fig. the oscillation probability for KARMEN is less than
half of LSND at their typical energy (~ 40 MeV). Therefore, tandem model can make
signals for LSND, but not for KARMEN within their experimental sensitivity. The model
predicts ~0.1% level signal for 7, appearance in LSND. This is somewhat smaller than the
observation (0.26%). Tandem model also predicts ~3 times larger signal for the proposed

OscSNS experiment [104] when compared to LSND.

The final test of this model is the prediction for MiniBooNE. This mode has strong
energy dependence in the oscillation probability, and it has a large v, appearance signal
only in the low energy region. At the time we published the tandem model prediction

(June, 2006), MiniBooNE had not yet announced their initial result for v, appearance. The
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Figure 5.8: Survival probabilities for long-baseline reactor antineutrinos for the tandem
model. (a) Survival probabilities as a function of E for 7, (solid), . < 7, (dashed), 7, < U,
(dotted), and ©, < . (dash-dotted). (b) Survival probabilities for 7, as a function of L/FE
in the tandem model (solid) and in the standard three-neutrino massive model (dashed).

The effects of experimental position and energy resolution are not shown.
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initial oscillation result of MiniBooNE (March, 2007) [67] did see an anomalous excess at
low energy v, candidate events. Therefore, it is very interesting to examine in further detail,

namely the spectrum shape comparison, of tandem model prediction and MiniBooNE data.
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Figure 5.9: Oscillation probabilities for short-baseline experiments for the tandem model.
Here, we plot with oscillation probabilities as a function of E for neutrinos (solid) and
antineutrinos (dashed) in (a) KARMEN, (b) LSND, (c) the proposed OscSNS experiment,
and (d) the currently running MiniBooNE experiment. The effects of experimental position

and energy resolution are not shown.
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5.4 Tandem model in MiniBooNE

Figure shows the neutrino energy spectrum of v, oscillation candidate events in Mini-
BooNE [67]. Notably, the excess of data at low energy does not fit with any standard

massive oscillation models in the two neutrino oscillation approximation (Eq. [2.10)).

The three parameters of the tandem model (Eq. [5.17) were chosen to maximize the
signal yet keep good agreement with all oscillation data. We used the MiniBooNE open
database [105] for this study. The open database is in the form of an ntuple with 9934

¢

events. A given “weight” for an event correctly takes account all experimental effect, such
as efficiency, energy smearing, etc. Say, the s event has weight w®, true v, energy Ef..,

and reconstructed v, energy E? If a theoretical model predicts P(E}.,.), then the sth

recon:

event has an number of event n®,

n® = P(E;

true

) x w®/9934.

This event would be binned in energy according to the reconstructed v, energy, EZ,...,..
After repeating this process for all events, we can find the model-predicted spectrum of v,
candidate events with all experimental effect, and we can compare our model result with
the data directly. Although the ntuple also included propagation distance for each event,

for simplicity, we used a single number, ~ 520.0 m, resulting from the baseline (541 m)

minus the average pion decay length (~ 20 m [106]).

Figure shows the result and was presented at the fourth meeting of CPT and
Lorentz violation, Bloomington, 9-11 August 2007 [3]. Even though the parameters were
tuned to increase the signal size, the predicted signal is smaller as compared to the data.

A more sophisticated numerical search in the parameter space is possible for future work.
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Figure 5.10: Number (per MeV) of candidate v, events as a function of reconstructed
neutrino energy. In the top plot, the points show the data with statistical error, while the
histogram is the expected background with systematic errors from all sources. The vertical
dashed line indicates the threshold used in the two-neutrino oscillation analysis. Also shown
are the best-fit oscillation spectrum (dashed histogram) and the background contributions
from v, and v, events. The bottom plot shows the number of events with the predicted
background subtracted as a function of neutrino energy, where the points represent the data
with total errors and the two histograms correspond to LSND solutions at high and low

AmZ2.
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Figure 5.11: Number per MeV of candidate v, events as a function of reconstructed neutrino
energy in MiniBooNE. The data is shown (stars) with statistical errors only. The oscillation
signal as predicted by the Tandem model is shown in the solid histogram, the predicted
background (dashed), and total signal plus background (solid) is also shown. The systematic
errors are not shown on this plot but may be seen in Fig. The Tandem model prediction

is preliminary.
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Chapter 6

Summary and outlook for neutrino

oscillations with Lorentz violation

In Part II, we have discussed the test of Lorentz violation with neutrino oscillations. Since
neutrino oscillations themselves are high precision interferometers, neutrino oscillations are
naturally sensitive for small-scale physics, for example, Planck-scale physics suppressed to

our energy level.

The motivation for this comes from simple considerations of the sensitivities. For ex-
ample, in the case of atmospheric neutrino oscillations there is evidence for Am2,,, ~
1073 eV? [8]. Then the inverse of atmospheric neutrino oscillation length gives ~ 1072! GeV,
and this is beyond the benchmark sensitivity for atmospheric neutrinos (< 10717 GeV) to
search the Planck scale physics (Sec. . Therefore, neutrino oscillations may provide the
opportunity to discover high-energy physics that is suppressed in the low energy world and
neutrino oscillations are a candidate phenomenon in which to search for physics beyond the

Standard Model (BSM).

The anomalous results from the LSND 7, appearance search [69] have motivated alter-
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Combination fit result
l-parameter fit
(C)en (3.3£0.440.2) x (107 GeV)
|(C)enl? (10.7 £2.6 £ 1.3) x (1071 GeV)?
3-parameter fit
solution 1 (C)en (—0.2+1.0£0.3) x (10712 GeV)
(maximum likelihood) (As)en (4.0 £1.34+0.4) x (107 GeV)
(Bs)en (1.9 +£1.840.4) x (1071 GeV)
solution 2 (C)en (3.3+0.5+0.3) x (10712 GeV)
(second maximum) (As)en (0.1 £0.6 +0.2) x (107 GeV)
(Bs)en (—0.5+0.6 +£0.2) x (1071 GeV)
1(Ceal® + 31(As)enl® + 3|(Ac)enl? (9.9+2.3+1.4) x (1071 GeV)?

5-parameter fit

1(C)eal® + 5|(As)enl® + 31(Ac)anl® + 51(Bs)anl® + 3|(Be)anl?  (10.5+2.4 £ 1.4) x (10719 GeV)?

Table 6.1: Summary of the test of Lorentz violation with LSND experiment. The fit result
from three different parameter combinations [I]. For 5-parameter fit, only their combination

is listed. The definitions of parameter combinations are given in Egs. to [4.23]

native solutions for neutrino oscillations, such as Lorentz violation. We analyzed the LSND
data under the SME formalism to test the allowed sidereal variation [I]. The LSND data
can be interpreted as an order 107!? GeV signal of Lorentz violation. We extracted three
combinations of SME parameters via a 3-parameter fit, shown in Fig. (Egs.
and [4.11). The results are summarized in Tab. (here, the first and the second errors
are statistic and systematic errors). The data are consistent with no sidereal variation,
however, they are also well-described within the SME formalism and so, Lorentz violation

can not be excluded.
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This result further motivated the construction of a global, “tandem” model for neutrino
oscillations using Lorentz violation [2]. The tandem model is motivated from the bicycle
model [65], namely, combinations of mass, CPT-odd, and CPT-even parameters were used
to produce oscillation signals at certain L-E values to match experimental data. In this
way, both mixing angles and eigenvalue differences are complicated functions of energy,
but they can mimic solar, atmospheric, and KamLAND oscillation signals, as well as the
LSND signal. The model also predicted a signal in the low-energy region of MiniBooNE.

However, so far, this tandem model cannot quantitatively reproduce the MiniBooNE result
(Fig. [B-11).

The original tandem model also shows limitations when compared to recently published
high-statistics neutrino oscillation results. In the solar sector, the recent data from SNO,
focusing on low-energy B neutrinos [107] do prefer an MSW-like energy spectrum more
than tandem model. Also, the low-energy neutrino measurement at Borexino combined
with results from previous solar neutrino experiments constrain the flux normalization of
pp-neutrinos [95]. That result also prefers the standard three neutrino massive model with
MSW effect. In the atmospheric sector, the oscillation maximum made by tandem model is
shifted somewhat from the standard three massive neutrino model, and this shift may be a
problem in reproducing the recent high-statistics accelerator based long baseline oscillation
data from K2K and MINOS [81), [82]. However, the tandem model does agree well with

recent high statistics results from the KamLAND experiment [96].

The SME formalism of neutrino oscillations does have additional possibilities. It looks
as though one specific parameter set of a specific model cannot precisely account for the
data. However, a small change of the model in the right way can perhaps improve the
situation dramatically. Thus, as of now, we cannot make a conclusion about the future of

tandem model.

In conclusion, a possibility of Lorentz violation in LSND and MiniBooNE is not yet
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excluded. The simple models, for example those with only a CPT-odd term in the Hamilto-
nian, can have only a simple energy dependences in the oscillation probability (~ sin?(2L),
here €2 is a combination of SME parameters). This type of model is excluded up to a
~ 10727 suppression scale through high energy atmospheric neutrinos from AMANDA [64].
However, complications in the diagonalization of Hamiltonians for models which contain
more than one type of energy dependence forbids a simple application of this limit to other
experiments. Therefore, it is important to test Lorentz violation in all experiments, in-
dividually. Among all possible tests, sidereal variation is the “smoking gun” of Lorentz

violation.

The sidereal variation analysis for MiniBooNE is an important piece of this program.
The fact that the MiniBooNE experiment has an unexplained low energy excess [L08] makes
the test of Lorentz violation with this data very interesting! A very preliminary sidereal
variation test with the MiniBooNE low energy excess has been was presented [109], but

needs to be examined further. This is a subject of future work.
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We cannot regard it as impossible that integral laws, to use an expression of C. Neumann,
will some day take the place of the laws of mathematical elements, or differential laws, that
now make up the science of mechanics, and that we shall have direct knowledge of the
dependence on one another of the positions of bodies. In such an event, the concept of force

will have become superfluous.

- E. Mach, The Science of Mechanics
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Chapter 7

MiniBooNE

The mini Booster neutrino experiment (MiniBooNE) is designed to confirm or reject oscil-
lation signals observed by the LSND experiment [69]. The muon neutrino beam created
by the Booster Neutrino Beamline (BNB) are observed by the MiniBooNE detector 550 m
from the source. The signature of v, — v, oscillation (v, appearance) is a single isolated
electron. The first oscillation result from MiniBooNE ruled out the two massive neutrino

oscillation hypothesis as an interpretation of the LSND signal [67].

An overview of the MiniBooNE experiment is available elsewhere [19, 106, TT0-H1T5].
In this chapter, we briefly describe the main part of the detector [116] and the neutrino

beam [117]. Then, we discuss the signature of neutrino events in MiniBooNE.

7.1 MiniBooNE, motivation

MiniBooNE is designed to test the LSND 7, appearance signal. Since LSND has a baseline
~30 m and a neutrino energy ~ 30 — 60 MeV, L/E is~1. Under the two massive neutrino
oscillation hypothesis (Eq. , LSND signals correspond to neutrino oscillations with

Am? ~ 1 eV2. We have several other well-established oscillation signals. The first kind is
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called atmospheric oscillations [78-80]. They have been confirmed by long baseline neutrino
oscillation experiments [81], 82, 94] and are characterized with Am2,  ~ 1073 eVZ2. The
second type is called solar neutrino oscillations [70H77, 05]. They have been confirmed by
a long baseline reactor neutrino oscillation experiment [83, 96] and are characterized with
Am?D ~ 107% V2. Since the Standard Model (SM) has only three generations of leptons,
the confirmation of the LSND signal would suggest the existence of a new type of neutrino
around the 1 eV mass scale. These new type of neutrinos do not have a weak charge and
hence are sterile for the weak interaction (“sterile” neutrinos). Therefore, the confirmation

of the LSND oscillation signal would imply new physics beyond the Standard Model (BSM).

The MiniBooNE experiment was designed to test LSND. MiniBooNE has a 550 m
baseline and ~ 700 MeV neutrino energy, to have same L/E with LSND so that MiniBooNE
is sensitive to the same Am? observed at LSND. However, MiniBooNE has an order higher

energy as compared to LSND, and the signal and backgrounds are completely different from

LSND.

7.2 Booster neutrino beam

Fig. shows an overview of Fermilab. For Tevatron operation, the protons accelerated by
the Booster are extracted into the Main Injector, and finally injected into the Tevatron to
study high energy collider physics. High energy neutrinos are not required but a high-flux
of neutrinos are, so protons are extracted directly from the Booster. The Booster Neutrino

Beamline (BNB) is separated into three parts (Fig. [7.2)),

1. primary proton beam,
2. secondary meson beam,

3. tertiary neutrino beam.
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7.2. BOOSTER NEUTRINO BEAM

Figure 7.1: A overview of Fermilab. Protons accelerated in the 8 GeV Fermilab Booster

are sent to the target hall. The Main Injector and Tevatron are visible in this picture.

The details of the neutrino beam, the flux prediction and errors are available in [106) 112,
[117].

The protons are accelerated to 8 GeV kinetic energy in the Booster synchrotron, then
“fast extraction” sends all of protons in the ring to Booster neutrino beamline. The protons
collide with the beryllium target in the magnetic focusing horn, and the produced mesons

are focused by a toroidal magnetic field to collimate the neutrinos resulting from the decay

in flight (DIF) of the mesons.
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Figure 7.2: A schematic overview of the MiniBooNE neutrino beamline.

7.2.1 Primary proton beam

The Fermilab Booster accelerator is a 24 FODO cell synchrotron, but does use combined
function magnets for focusing and defocusing [118, 119]. H~ ions (of 400 MeV kinetic
energy) are injected from Fermilab LINAC, then, after passing the electron stripping foil,
the protons are accelerated at 200 GeV/s to 8 GeV kinetic energy, and the fast extraction
kicker brings 81 bunches to the Booster Neutrino Beamline. For the first MiniBooNE
oscillation data set, (run 3539 to run 12500, or a data-taking period from August 2002
to December 2005), a total of 5.579 x 102 protons were delivered to the target (called
“protons on target”, or “POT”) with ~ 1.4 x 108 beam triggers. Thus, each spill contains
~ 4 x 10'2 POT on average. The spill has a micro structure of 81 bunches in 84 RF
buckets. Each bunch has ~6 ns width with 19 ns separation, distributed over ~ 1.6us
in each spill (Fig. ) The MiniBooNE data acquisition system (DAQ) is synchronized
with the Booster cycle. Although the Booster is running at 15 Hz, typically the BNB runs
at 4 — 5 Hz, which means the DAQ window opens 4 — 5 times every second to cover the
1.6 ps spill. In practice, the DAQ window opens on a signal sent via the Fermilab ACNET
(Accelerator network) which proceeds the Booster extraction kick by 320 us [I1I]. The

timing is adjusted to open the DAQ window approximately 4.5 us before the neutrino beam
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Figure 7.3: The BNB micro and macro structure.

arrives at the detector, and it closes 19.2 us later (Fig. [7.3p). The current from the beam
protons is measured independently by two toroids, and the difference of these measurement
indicates a 2% absolute error on the POT value. Also, the effects of uncertainty of the
beam focal point on the Be target have been simulated, resulting in a less than 1% absolute

POT error.

7.2.2 Secondary meson beam

The protons interact with the beryllium target in the magnetic focusing horn to produce
mesons. The decay of mesons create the neutrino beam. Uncertainties in this processes

result in the dominant errors on the neutrino flux:

= ot Kt =t 4,

pto— e+ tve, KT —et + 70+, Kz—>ei+7r$+(u_e)'~
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The v, is the dominant neutrino species produced in the BNB (93.5%). And, the v,
are mainly produced via the 7% decay (96.7% of the 93.5%). Therefore, the uncertainty
in the 7+ production model creates the largest systematic error in the neutrino beam
predictions [106], [112]. For the v, appearance search, v, intrinsic to the neutrino beam,
are the largest background. Although the dominant contribution in v, production is pu*
decay (51.6%), since pt decay is constrained by the v, CCQE measurement in MiniBooNE
(Chapter , the next dominant channel for (1/_6) production, namely KT /K° decays, were
carefully studied. To calculate the meson production rate for MiniBooNE, high quality
external data is required. For this we have used (in addition to other data) the results
from the hadron production (HARP) experiment [112) [120] at the European organization
for nuclear research (CERN).

For the primary protons and secondary mesons, the uncertainty due to hadronic inter-

actions have been calculated, are less important.

After the mesons are created, they are focused by the toroidal magnetic field created
by the magnetic focusing horn (Fig. , running at 4 — 5 Hz with a ~174 kA current.
The horn is basically a pulsed coaxial cable, with current flowing from the inner to outer
conductors though the end cap, to create a toroidal field between the conductors. Through
this process, the neutrino flux is increased by roughly a factor of six over the case with no
focusing. The possible variation of the horn current is considered as a systematic error. The
more important error is the “skin effect” in the inner conductor. Some portion of the current
penetrates inside the conductor surface, creating a magnetic field in the inner conductor.
The simulation of this effect predicts a large uncertainty in the high-energy neutrino focusing
because small angle mesons (which are higher momentum mesons yielding higher energy

neutrinos) feel the magnetic field created inside of the inner conductor.
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Figure 7.4: The MiniBooNE magnetic horn.

7.2.3 Tertiary neutrino beam

After propagating through the 50 m decay pipe, almost all mesons decay-in-flight (DIF).
Figureshows the predicted v, flux as predicted by the MiniBooNE beam simulation. The
same v, flux is used for the v, appearance analysis [67], the NC7° rate measurement [121],
and the CCQE rate measurement [4], as well as all the analysis presented here. The flux
values as a function of neutrino energy are provided in Table of Appendix[D] This table
can be used for analyzing the MiniBooNE CCQE measurement with interaction models
under consideration. The units are neutrinos/POT/50MeV and the integrated value over

the entire energy region is 5.167 x 107! neutrinos/POT.
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Figure 7.5: Predicted v, flux at the MiniBooNE detector location. Units are neutri-
nos/POT/50MeV and the integrated flux is 5.167 x 1070 neutrinos/POT. The table is

prepared in Table of Appendix
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7.2.4 Neutrino flux error summary

In summary, we consider the following errors in the neutrino flux prediction:

absolute POT error;

meson production errors (7%, 77, KT, and K°);

hadronic interaction errors (protons and pions total, quasi-elastic, and inelastic scat-

tering with beryllium);

horn current and skin effect.

Among these errors, the dominant for v, flux is the 7 production uncertainty. This error
is estimated with two methods. First, the error is estimated from the Sanford-Wang fitting
model parameters [122] of the HARP and E910 [123] experimental 7+ production data.
In this way, because of the correlation between seven fitting parameters (one of the eight
parameters is fixed), the estimated error from 7+ production is around 15%. However most
of this error is in the normalization, so any data-MC comparison type analyses, for example
a data fit with relatively normalized MC, do not suffer much from this error. This error

estimation method was used for the result of Chapter

Recently, a second error estimation method was implemented. Since the HARP data
were collected with the same energy as the BNB and a replica of the MiniBooNE target
was used, one can extract the 7+ production rate directly from the HARP result without
using a physical parametrization. A spline fit [91] is used to extract a smooth function for
the 7 kinetic space from the data. This new method dramatically reduces the error, and

estimated error for 71 is now around 5%. This error estimation method was used for the

result of Chapter [J] and

The skin effect in the horn inner conductor is also important because of the effect on the

hight energy flux. This error dominates for the neutrino flux error above around 1.2 GeV.
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Figure 7.6: A schematic drawing of the MiniBooNE detector showing the signal and veto

regions.

Note that the absolute POT error (~2%) is only assigned for an absolute measurement,

for example the absolute cross section measurement in Chapter

7.3 MiniBooNE detector

The MiniBooNE detector consists of a spherical 12.2 m diameter tank filled with mineral
oil. Figure shows a schematic view. The inside of the tank is separated into two regions
via an optical barrier at a radius of 574.6 cm, into inner (signal), and outer (veto) regions.

Details of detector structure, simulation, and error analysis are available in [113], 116] 124].
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7.3.1 Photo multiplier tubes (PMTs)

A fiducial region is defined in the inner tank region, where an array of 1280 8” photo
multiplier tubes (PMTs) are mounted. The veto region contains an array of 240 8” PMTs. A
photo of the PMTs are shown in Fig. MiniBooNE uses 1,198 Hamamatsu R1408 PMTs
recouped from the LSND experiment and 322 Hamamatsu R5912 PMTs newly purchased.
They have different properties (dark currents, timing resolutions, saturation points, etc)
and their differences are taken into account in the analysis of the data. The PMTs are low
threshold (~ 0.2 photo electron (PE)) and high gain (~ x107). This is required for sufficient
sensitivity to low-light events. These properties were quantified [124] and in particular, the
angular dependence of the photon detection efficiency was measured and implemented in

the detector simulation.
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Figure 7.7: A photo showing the the inner (top) and outer (bottom) tank regions. Notice
that the inner tank is painted black to reduce reflections which may distort the timing
information used to reconstruct interaction vertices. The outer tank is painted white to
maximize light collection in the veto in order to reject the particles coming from outside of

the detector.
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7.3.2 Mineral oil

Cerenkov and scintillation light is emitted from charged particles traversing the detec-
tor volume. The optical photons travel through the Marcol 7 light mineral oil (from
Exxon/Mobil) Therefore, the properties of mineral oil, especially optical properties (at-
tenuation, Rayleigh/Raman scattering, re-emission spectrum and time constants, etc) are
very important to understand. In practice, the uncertainties in the optical properties of
mineral oil dominate the detector related errors. The optical properties were measured

using a number of methods, and are summarized in [116, [125].

7.3.3 Electronics

After traversing the mineral oil, photons impinge on the photo-cathode of the PMTs and
create photoelectrons (PEs). The resulting signals are routed to the electronics system
where they are amplified and digitized. The PMT signals above a set threshold are digitized
and recorded with an 8 bit flash analog-to-digital converter (FADC) sampling at 10 MHz
(100 ns). Both time and charge information are recorded within the 19.2 us DAQ window.
Since a typical single PE signal results in ~ 10 ADC counts, an ADC channel is saturated
by 20-30 PE signal. The thresholds of the discriminators are 0.1-0.2 PE, and the associated
uncertainty is propagated. Since a larger charge fires the discriminator earlier, the calculated
time depends on the charge. This slewing effect is corrected for, as well as an estimated
error in the process. The PMTs and electronics are calibrated continuously via a (3.33 Hz)

laser system in the detector tank.

7.3.4 Energy calibration

The absolute energy scale is determined from muon-decay (“Michel”) electrons, for which

decay spectrum is very well known. In addition, using a muon tracker system, consisting of
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an array of scintillator paddles above the detector combined with scintillation cubes hung

in the tank, the range of muons is made to correspond with the light seen in the detector.

7.3.5 Detector error summary

In summary, the following contributions are considered in the detector error analysis:

PMT angular efficiency;

e old/new PMT relative efficiency;
e reflections in the tank;

e 0il density and thermal expansion;
e 0il chemical composition;

e oil optical properties, including extinction length, Rayleigh/Raman scattering, re-
fractive index, scintillation yields, fluorescence yields, UV fluorescence yields, time

constant of each fluor, scaling factor for Cerenkov light, Birks’ constants;

e discriminator threshold and slewing variation.

The optical properties of oil is the largest contribution to the detector error. Correlations are
accounted for in the error analysis and a multi-simulation method (“Multisim”) is employed

which is described in Sec. [10.6l

The uncertainties in oil density, thermal expansion, and chemical decomposition propa-
gates to an error in the absolute number of target particles, so these errors are applied for

the absolute cross section measurement (Chapter , however, the effect is small (~0.4%).
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7.4 MiniBooNE cross section model

7.4.1 The nuance event generator

In order to model the neutrino signal of interest and to estimate backgrounds, a neutrino
event generator is required to estimate the event rates of each neutrino interaction type.
MiniBooNE uses the nuance event generator [126] which produces the interaction rates for
99 neutrino interaction types given an input neutrino flux. The original nuance code was
written for water Cerenkov detectors, such as Super-Kamiokande, so it has been necessary

to modify many parts of this code.

The following models are used for the neutrino interaction calculations in nuance:

e the relativistic Fermi gas (RFG) model by Smith and Moniz’s formalism for QE scat-
tering from nucleons [16] (Sec. [3.3)),

e the Rein and Sehgal model for resonance interactions [127],

e the GRV98 based parton distribution functions (PDFs) for deep elastic scattering

(DIS) cross section [128, [129].

Figure [7.8 shows the breakdown of neutrino interaction types as predicted for MiniBooNE.

The major interactions are:

39% charged current quasi-elastic (CCQE), v, +p — p~ +n;

16% neutral current elastic (NCE), v, + p(n) — v, + p(n);

25% charged current one 7" production (CClzr"), v, + p(n) — p= + 7" + p(n);
4% charged current one 7° production (CC17°), v, +n — p~ +7° + p;

4% neutral current one ¥ production (NC17%), v, + p(n) — uF + 75 + n(p);
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Figure 7.8: Event fractions predicted by nuance for MiniBooNE.

8% neutral current one ©° production (NC17°), v, + p(n) — p~ + 7° + p(n);

4% others, multi pion production (multir), deep inelastic scattering (DIS), etc.

7.4.2 Charged Current Quasi-Elastic (CCQE) scattering

CCQE scattering is the dominant neutrino interaction type in MiniBooNE, and comprises
roughly 40% of the total events. The RFG model employed here uses BBA03 form fac-
tors [130] instead of simple dipole form for Dirac (Eq. and Pauli (Eq. form
factors. But the axial current form factor is assumed to be of dipole form (Eq. , with
axial mass M4 = 1.234 GeV/c2. Although the contribution is small, the pseudo scalar form
factor, derived from PCAC (Sec. , is included. The scalar and axial tensor form factors
(second class) are set to zero as implied from G-parity conservation (Sec. . We use
220 MeV/c for the Fermi momentum and 34 MeV for the binding energy of carbon [131],
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as extracted from electron scattering experiments with associated errors of 30 MeV/c and
9 MeV, respectively. For free nucleon scattering, the RFG model is used but with the Fermi
momentum and binding energy set to zero, therefore, the RFG model employed consistently

describes both free and bound nucleon scattering.

The binding energy value of 34 MeV is modified from what is measured from electron
scattering (25 MeV), for the following reasons [132]. In electron scattering, the charge of
the target nucleon within carbon is not changed, so AT; = 0, and the nuclear transition is
the combination of total isospin changes of 0 or 1. But in neutrino CCQE scattering the

transition occurs through the A=12 isotriplet:

Ror=0) L 20" (AT =0,1 ATz =0)
2or=0 X 2B (AT =1, ATy =-1)
2o (T=0) % 2¢* (AT =1, AT; =0)

2oT=0) % 2N (AT =1, ATy = +1)

CCQE scattering is a AT3 = +1 transition which means the total isospin changes by 1, and
this is a pure Gamov-Teller (GT) transition if all forbidden corrections are ignored [17].
Since the total isospin 1 state is more repulsive, the binding energy for neutrino CCQE
is larger than for electron scattering. The energy difference between T=0 and T=1 is
estimated from the symmetry energy. Including the Coulomb energy, we decided to use
34 MeV for the binding energy of Carbon. We have also introduced an empirical parameter
“k”, to increase the effects of Pauli blocking in the model which suppresses low Q? events.

More details are provided in Chapter [§]

Since M4 and k are measured in the CCQE analysis, errors in these parameters are
not included for the CCQE analysis. However, the resultant errors from the fit [4, 39] are
considered in other analyses, including the v, /7. appearance oscillation analysis [67, (68, 133]

and the v, /7, disappearance oscillation analysis [134].
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7.4.3 Neutral current elastic (NCE) scattering

NCE scattering is governed by identical expressions as for CCQE after the replacement
of appropriate form factors (Sec. . The notable difference is that NCE scattering is
sensitive to isoscalar form factors, as can be seen in Eq. tom Especially, the Q?> — 0
limit of the isoscalar terms of axial form factors (Eq. and are proportional to the
strange quark contribution to the nucleon spin (As). This is discussed in Appendix The
error in As is accounted for in this analysis. However, since contamination of NCE in the

CCQE sample is very small <1%, the error from As is negligible.

7.4.4 Resonance interactions

The baryonic resonance interaction is the primary source of one pion production for Mini-

BooNE,

vy+p— AT —pu T4

vutn— AT —pum 4t 4, ete- -

The nuance model employs a relativistic harmonic oscillator quark model of Rein and Seh-
gal [127]. The original code of nuance was modified to take into account the pion angular
distribution due to the spin structure of the resonance states [121]. In total, 18 resonances
are used to contribute to the invariant mass W < 2 GeV, but the A(1232) resonance
dominates at this energy scale. For reactions with bound nucleons, a uniform Fermi mo-
mentum and constant binding energy are given. Therefore, Pauli blocking is implemented.
In-medium effects for the width of resonances are not taken into account. A different (from
CCQE) axial mass and error for one pion production are used, M}‘“ = 1.10 GeV/c%. The
uncertainty on M}f is one of the dominant contributions to the cross section error for the
CCQE exclusive measurement (Chapter , because CClrw is the dominant background.

This problem has been (partially) surmounted with a simultaneous measurement of CCQE

128



7.4. MINIBOONE CROSS SECTION MODEL

and CClz (Chapter @] and . A different axial mass is assumed for multi pion production

processes, M 1]4\7 ™ =1.30 GeV/c?, but the contribution from these channels are small.

7.4.5 Coherent pion production

Pions are also produced in the coherent interaction of neutrino with carbon nuclei,

v+X — p+rt+ X

m+X — y+r’+ X

Coherent scattering has a distinct features in the angular distribution of both muons and
pions. The KEK-to-Kamioka (K2K) experiment in Japan [I35], and MiniBooNE [121]
have measured the fraction of pions produced coherently. K2K found zero contribution
for coherent C'C'n° production. MiniBooNE found a non-zero value in coherent NCr°
production but ~33% smaller than model prediction. The latest result from the SciBar
Booster Neutrino Experiment (SciBooNE) supports the non existence of CC7® coherent
production [32]. The original model of Rein and Sehgal predict a sizable amount of coherent
pion production, however some models predict much smaller cross sections, for example
Fig. 2 of Ref. [32]. Because of the current confusion of both theory and the experiment,
a large error is assumed for the coherent fraction. The coherent event fraction is tuned
from data (Sec. by changing the axial mass parameter for coherent pion production,
M5 =1.03 GeV/c?.

7.4.6 Final State Interactions (FSIs)

A neutrino interaction is modeled having instantaneous contact with an incoherent nu-
cleon (impulse approximation, or IA). Then the products of the interaction are propagated
through the nucleus in the event model. The starting point is based on the measured density

distribution of '2C [136], and the nucleons have a radially-dependent density distribution
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and Fermi momentum. Through this process, hadrons in the final state may re-interact
in the nucleus (FSI). To simulate this, nuance calculates the interaction probabilities for
various processes every 0.3 fm step until the particles leave the ~2.5 fm radius spherical
carbon atom [136]. The interaction probabilities are based on external data of 7 — N and
N — N cross sections and angular distributions [I37HI39], as well as the carbon nuclear

density. To mimic A de-excitation by A — N interactions,
A+N—N+N,

a constant probability of de-excitation is applied for every A — N interaction. We use 20%
for AT+ N and A°+ N, and 10% for AT+ N and A~ + N. These values were chosen from
data-MC comparisons in the K2K experiment [140]. Thus there is no energy dependence
of the A — N cross section for the de-excitation considered. After the re-interaction, the
first step is changed to 1.0 fm and the density distribution is modified to prevent too much

re-scatterings [141], [142].

Among all the FSI, pion absorption and pion charge exchange are the important pro-

cesses contributing to the uncertainty in the CCQE analysis:

T+ X - X

T+ X > 74+ X

Because they result in the same final state as CCQE, CCl7 interaction with pion absorption
and pion charge exchange are intrinsic backgrounds. Figures show a comparison of data
and the MiniBooNE-tuned nuance model for pion absorption and charge exchange total
cross sections as a function of pion momentum. As is evident from the figure, nuance

describes data within its errors. These errors are taken into account for the all analysis.
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Figure 7.9: Data [143H146] and MiniBooNE-tuned nuance comparison for pion absorption

(left) and pion charge exchange (right) cross section as a function of the pion kinetic energy.

7.4.7 Re-interactions in the detector

Although nuance is used to quantify errors from pion absorption and charge exchange in
the nuclei, we need to take into account additional errors from these processes in the prop-
agation of pions in the detector media. Figure shows a comparisons of data [143] with
results from two different hadronic interaction packages used in the GEANT3 [147] based
detector simulation. Although the default hadronic interaction package is GFLUKA [14§],
we decided to use GCALOR [149], because it utilizes more realistic total cross sections for
these processes for almost all pion energies. The errors from pion absorption and charge
exchange uncertainties in the detector media were estimated from the difference of data and

the GCALOR model.
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Figure 7.10:

absorption (left) and charge exchange (right) cross section.

7.4.8 Cross section error summary
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In summary, the following parameters and processes were considered for cross section errors:

CCQE axial mass (M4) and Pauli blocking parameter (k);

Fermi momentum (Pr) and binding energy (Ep) of carbon;

strange quark spin contribution in a nucleon (As);

axial mass for one pion (M}) and multi pion (M}™) resonance production;

CC1r shape error;

pion absorption, charge exchange, and A de-excitation in the carbon nuclei;

pion absorption and charge exchange in the detector media;

axial mass for CC and NC coherent pion production (Mf‘Oh);

DIS scale parameter;
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o v, flux estimation error from v, CCQE measurement;

e necutral current 7° production related error (coherent fraction, A radiative decay, etc).

The errors resulting from M4 and k are important for other analyses, but they do not
contribute here because they result from the measurements. The errors on Pr and Eg are
rather large, 14% and 26%, but the contribution is relatively small. The 25% error on M}
gives large variation in the background of CCQE. This is the biggest cross section error for
CCQE analysis in Chapter [§, but was not applied for the analysis of Chapters [9] and [I0}
Since the M}‘” error practically effects only normalization of pion production events, an
additional error for the shape of CClm background to CCQE was applied in the analysis
of Chapter [8 but not in that of Chapters [9] and [I0] since the background was determined

from the measurement.

We assume 25% and 30% error for pion absorption and charge exchange, as well as
100% for A de-excitation in the carbon nuclei. Strictly speaking, some part of the error
of pion absorption and A de-excitation are double-counted, the the conservative approach
was chosen. In addition, the error from pion absorption and charge exchange was included

in the detector simulation at 35% and 50% respectively.

The error on Mff{’h is 14% for the methods of Chapter |8, but was increased to 100%
for Chapter [9] and [I0] to take into account recent results from K2K, MiniBooNE and Sci-

BooNE [32, [121], [135]

MiniBooNE used a blind analysis for the v, appearance oscillation results. Therefore, the
error on v, was minimized as much as possible without using actual data. Since the v, flux
or ,CCQE measurement is constrained from the measurement of v, CCQE (Chapter, any
disconnection between those two channels must be accounted for with additional errors. An

energy-dependent difference error between v,CCQE and v,CCQE and an energy spectrum
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error for v, CCQE itself were employed. Of course, these errors are not applied to any cross

section analyses.

Since neutral current 7° production (NC7°) events are the single biggest error for the
when identifying isolated electrons (the signal for v, appearance oscillation), errors on this
process must be carefully set. These are determined from the measured 7° spectrum [121],

but again, these errors are not applied (and are negligible anyway) for the CCQE analysis.

7.5 Event reconstruction

The details of event reconstruction are available in [I13].

7.5.1 Hits

Although the information about particle energies is conveyed by the charge measured by
each PMT, the number of PMT fired in each event, called hits, is a simple yet very powerful
proxy for the total energy deposited in the tank. For example, by requiring that the number
of hits in the veto region (veto hits) is less than 6 rejects 99.99% of the particles that leave
the fiducial volume for the CCQE analysis. And, since the end point of Michel spectrum
is ~ 53 MeV corresponding to ~ 100 hits in the signal region (tank hits), requiring tank
hits greater than 200 eliminates most of the Michel electrons and is a powerful cut to select

muons.

7.5.2 Subevent

One event in the data stream corresponds to one beam trigger, or the sequence of the
time and charge information from all PMTs in the 19.2 us DAQ window. Since individual

particle events in the tank create a group of hits with clustered time values, it is convenient
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to define a “subevent”, or well-separated timing cluster, to sort out a particular data event.
Figure [7.11| shows an example where three subevents can be observed. This is a typical
charged current one pion production (CCl7) event candidate:
1 2 3
vy +pn) —p~ 47T +p(n) —p + ;[" + vy +p(n) —e” +0e + v+ et +u. + Uy + v+ p(n)
The first subevent corresponds to the primary = Cerenkov emission. Then there are two
subsequent subevents, corresponding to Cerenkov emission by either e~ or et from a pu~
or u decay. Also notice that the first subevent contains more than 200 tank hits — this
means this subevent is likely to be made by an energetic charged particle, like a muon. The
second and third subevents have less than 200 tank hits, likely to be made by low energy
charged particles, for example, Michel electrons. For the analysis of MiniBooNE data, the
total number of subevents is used to classify events into physics categories. For example,
an event with 3 subevents, like that shown in Fig. [7.11] is a CClr event candidate. If
it contained 2 subevents, most likely, is was a charged current quasielastic (CCQE) event
candidate,
1 2

Vy+n—pu- +p—e +le+ v, +p. (7.1)
Events are mis-classified when subevents are lost. For example, the = capture [I50] process
reduces the total number of subevents in a particular event, because a captured muon decay-
in-orbit (DIO) does not emit a Michel electron. This process is well known and measured
to occur for approximately ~8% of p~ stopping in mineral oil. Other example is the pion
absorption process. Again, the absorbed pion does not decay to a muon, and hence there
is no Michel electron emission. This process is also modeled in the detector simulation,
however large errors on pion absorption results in large errors on the estimated number of

2-and 3-subevent events. This problem is considered in Chapter [9}
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Figure 7.11: Number of tank hits as a function of time in a CClw candidate event.

7.5.3 Particle track fitter

So far, the MiniBooNE detector has been explained as a calorimeter. However the charge
and time information as well as topological information from individual PMT hits provides
particle track information as well. Each PMT provides five quantities for each event which

can be used to find particle tracks,
{(zF,y", 25),t* ¢F}, k=1,---,1280 (number of PMTs).
To specify a single particle track, we need the following parameters,
e position(z, y, 2);
e time (t);
e direction (uz, uy, uz);

e energy (E).
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{5 ¥, 29, 1 g

Figure 7.12: An illustration of the particle track fitter. A particle is moving in direction
(ux,uy,uz). Cerenkov light emitted from the point (x,y,z) at time t, in direction 6, is
observed by k*" PMT with angle n with respect to the normal vector. Under the point-like
approximation, this (x,y,z,t) can be regarded the track center. However, in the reality,

emission density p(s) is a function of s along the track.

We use the vector x to denote this parameter set. Since the charge and time information
predicted for the k" PMT is a function of x, one can form a likelihood function to find x
from PMT charge and time information. Figure shows the situation for a simulated
track. Since Cerenkov emission is directional, we can use this information from all PMTs

to find a particle position, time, direction, and energy.

The surprising fact is that most of Cerenkov light goes into a limited solid angle with
respect to the particle track. Furthermore, the Cerenkov emission is an instantaneous
process, so most of emission goes into this narrow solid angle in a limited time period.
Figures and show the solid angle and time distributions of Cerenkov light. This

implies that one can approximate an event with all Cerenkov light emitted from single point,
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Figure 7.13: Emission power from an electron track as a function of the solid angle along
the track. The red curve shows the power of the strong directional Cerenkov emission, and

the blue curve shows the power of the isotropic scintillation emission.

represented by the track center. From this, the particle track position (called track center),
time, direction, and energy, may be determined ( after some corrections about delayed and

isotropic scintillation light).

Of course this point-like approximation is broken at some level, instead, we can introduce
the emission density p(s) as a function of s along the particle track. This track-based fitter

dramatically improves angular resolution [113].

The point-like approximation fitter was used in the analysis of Chapter 8 and track-
based fitter for that of Chapter [9] and
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Figure 7.14: The corrected time for the emission of light from an electron track. The

corrected time ¢° is defined by measured time ¢*, emission time ¢, and photon propagation

k

time %, (here ¢, is the speed of light in the oil (=19.5 cm/ns)). Then, t¢ = tF —t — =~

cn”

The peak corresponds to the Cerenkov emission, and the tail is delayed scintillation light.
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7.5.4 Particle ID

The particle identification (PID) is done by using track features, which is the integrated
information from all PMTs (Fig. [7.15). Fig. is an example of actual event display of a

stopping muon candidate event.

In particular, the likelihood ratio is simple, yet powerful estimator for particle ID under
a hypothesis. The electron-to-muon (£(e/p)) and electron-to-7° (L(e/n°)) likelihood ratio
are constructed [I13] for v, appearance oscillation analysis to reject muon and 7° like tracks.

In this thesis, we used the negative of log £(e/p) to select muon like tracks (Chapter [9)).
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Figure 7.15: A cartoon illustrating PID. PID is done utilizing the features of tracks,

originated in the charge, time, and the topological information from all PMTs.
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Figure 7.16: An event display for a muon candidate event. Each sphere represents a hit
from a PMT, and the size and the color show charge and time information. As described

in Fig. a stopping muon is characterized with sharp edge and filled circle shape hits.
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Chapter 8

CCQE measurement for

MiniBoolNE oscillation physics

8.1 v, appearance oscillation analysis

The results from and the details of the oscillation analysis are available in [67], TT12-114].

The goal of MiniBooNE experiment is to test the observed LSND 7, appearance sig-
nal [69]. However, because of the blind analysis constraint, v, appearance signal candidates
are forbidden to be analyzed. The muon neutrino charged current quasielastic (v, CCQE)
sample is a completely exclusive set from the electron neutrino CCQE (v.CCQE) sample,
which is the signal of v, appearance search. Thus, v, CCQE sample is very useful to check
our machinery under the the blindness constraint and, therefore it is important for the v,

appearance search.
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8.1.1 The blind analysis

MiniBooNE employed a blind analysis for the v, appearance oscillation analysis. Fig-
ure [8.1] shows schematically the concept of the blind analysis. The data are points in an
N-dimensional space. For example, each event has associated quantities for number of
veto hits, average time of hits, estimated particle energy, etc. Here, the data is shown in
3-dimensional space for the illustration. Then, the complete data set is divided into data
subsets with various cuts. Each subset is called a “box”. These boxes, specifically called
“open boxes” contain various event types (CCQE candidates, NC7° candidates, cosmic
muons, etc.) and are designed to not contain oscillation candidate events. Then, the “open
box” data are analyzed to understand and to tune the simulation and analysis tools. These
results are then used for the analysis of the “closed box” events. This “closed box” uses cuts
to select oscillation candidates, and has been defined as a signal box from the beginning of
the experiment. This works well for MiniBooNE, because the definition of signal events are
single isolated electrons,
) 1
Vy — Vet+n —e +p.

So, the oscillation candidate events are exclusive and easily separated from other event
types. Note, the boxes are not exclusive in general, so open boxes often overlap each other,
but the closed signal box is completely exclusive. In the end, MiniBooNE used more than
99% of the data for these studies. In order to double-check the final results from the
blind analysis, two independent oscillation analyses were used based on different particle
reconstruction and identification algorithms. The closed box was finally opened in March,

2007 [67].
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Figure 8.1: A schematic figure illustrating the MiniBooNE blind oscillation analysis. Note,

the open boxes are not exclusive set in general, but the closed box is completely exclusive.

8.1.2 Flux normalization and error constraint by v, CCQE

The v, oscillation signal was determined with a simultaneous fit of v, and v, CCQE candi-

date events. This combined fit method [I12-115] has great power for two reasons.

The first is flux normalization. Since MiniBooNE is single detector oscillation experi-
ment, unlike K2K [81] or MINOS [82], we have a large uncertainty in the beam neutrino
flux, large enough to hide at the ~1% level any oscillation signal. This problem is solved by
using the high statistics sample of v, CCQE candidates to make an independent flux mea-
surement. Figure shows the general scheme. Since the combined fit technique fits both
v.CCQE and v, CCQE simultaneously, v, oscillation candidate events (v, — v.) cannot be
interpreted as an incorrect v, flux prediction. If events were interpreted as v, oscillation
events but were due to an incorrect v, flux prediction, we would not see a good fit for
v,CCQE events. Therefore, a measurement of the v,CCQE rate works as a flux monitor

for the oscillation analysis.

The second reason is that the fit constrains the number of intrinsic v, events. The
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possible v, backgrounds are either misidentification of events or an incorrect estimation of
(intrinsic) v, created in the beam. And, the majority (~50%) of intrinsic v, arise in u™

decay,

7r+—>,u++uu—>e++l/e+17u+uu.

(8.1)

The fact that every v, is accompanies by a v, connects the v,CCQE measurement to the
ve prediction. Again, an incorrect prediction of intrinsic v, would imply an incorrect v,
flux prediction, or an incorrect prediction of the v,CCQE rate. Therefore, the intrinsic v,
flux from p* decay is measured via the high-statistics v,CCQE event sample. Then, the

intrinsic v, background with the largest uncertainty is that from K decay.

8.1.3 Kinematic reconstruction test by v,CCQE

To understand neutrino oscillations, it is necessary to know the energy of the candidate
neutrinos. Since v, are measured via v,CCQE, the neutrino energy must be reconstructed
from CCQE kinematics. However, because of the blindness procedure, it was not possible

to look at v, CCQE sample before the analysis was complete.

The v,CCQE sample is the most abundant sample ( 40% of total neutrino events)
and was used to understand various features of the data. For example, the kinematic
variables are important for the selection of v, candidate events, and so the validity of
kinematic reconstruction must be demonstrated using v,CCQE events. Especially, the
study of v,CCQE revealed a number of inadequacies in the nuclear model used, and the
relativistic Fermi gas (RFG) model was tuned using the v, CCQE box. This (tuned) model

was then used for v, oscillation search [67] for better v, kinematic reconstruction.
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Figure 8.2: An example plot from the combined fit. The top plot shows 1, CCQE candidate
data and the prediction. The bottom plot shows the v, CCQE candidate data along with
signal and background predictions, including the oscillation hypothesis. A good fit with
high-statistics v, candidates does not allow large variations in the v, flux. Thus, (1) a

large variation of v, appearance from v, variation (v, — v.) is not allowed, and (2) a large

variation of intrinsic v, from u* decay is not allowed.
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8.2 vy, CCQE measurement and tuning of relativistic Fermi

gas (RFG) model

In this section, we present the details of v,CCQE box and the tuning of the RFG model

which took place before v, box opening.

8.2.1 CCQE event selection in MiniBooNE

The MiniBooNE detector, a spherical tank filled with mineral oil, detects Cerenkov light
from charged particles. The identification of 1v,CCQE interactions relies solely on the
detection of the primary muon Cerenkov light and the associated decay electron Cerenkov
light in these events (Fig. [8.3):

1 2
Vp+n—ps +p—e v, + v +p. (8.2)

By avoiding requirements on the outgoing proton kinematics, the selection is less dependent
on nuclear models. The scintillation light from the proton, although not used directly
in the v,CCQE analysis, was studied using neutral current elastic scattering events in

MiniBooNE [I10].

To define CCQE candidates, we applied the following cuts:

1. (54.2%) 2 total subevents;

2. (52.9%) 1st subevent average time T is 4400<T(ns)<6400;

3. (46.4%) veto hits for both 1st and 2nd subevent <6;

4. (41.6%) tank hits for the 1st subevent >200, and the 2nd subevent <200;

5. (41.3%) reconstructed track center <500 cm;
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Cherenkov 1
12C

n Cherenkov 2
P
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Figure 8.3: Schematic figure of a CCQE interaction. The primary Cerenkov light from the
muon (Cerenkov 1, first subevent) and subsequent Cerenkov light from the decayed electron
(Cerenkov 2, second subevent) are used to tag the CCQE event. For most events, protons

only emit scintillation light, and our selection is insensitive to this information.
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6. (35.0%) Michel distance AR<100 cm.

The numbers in parentheses are the calculated efficiency after each cut. Cut (1) selects
2 timing cluster as CCQE candidate, (2) is the beam window cut, (3) rejects incoming
particles, (4) requires the 1st subevent to be MIP-like and the 2nd subevent to be Michel
electron-like, (5) is the fiducial volume cut, and (6) requires the Michel electron to be near

the endpoint of the muon track.

The Michel distance AR is defined [115] by,

AR = /(X1 - X0)2+ (Y1 —Y3)2 + (Z1 — Z5)2. (8.3)

Here, (X2,Y2,75) is the electron track center, and the muon track endpoint (X1,Y7,7) is
defined from the muon track center X, and direction UX®, and the % measured from
polyethylene Range(E*),

Range(ET)

X, =XP4rUuxtx 5

Y- (8.4)

A total of 193,709 events pass these cuts from 5.58 x 10?° protons on target collected
between August 2002 and December 2005. The cuts are estimated to be 35% efficient at
selecting v, CCQE events in a 500 cm radius, with a CCQE purity of 74%. The predicted
backgrounds are: 74.8% CC 17+, 15.0% CC 17°, 4.0% NC 17+, 2.6% CC multi-7, 0.9% NC
elastic, 0.8% v, CC 17—, 0.8% NC 17, 0.6% n/p/K production, and 0.5% deep inelastic
scattering and other events. Because pions can be absorbed via final state interactions in
the target nucleus, a large fraction of the background events look like CCQE events in the
MiniBooNE detector. “CCQE-like” events, all events with a muon and no pions in the final

state, are predicted to be 84% of the sample after cuts.

8.2.2 MiniBooNE CCQE events

Figure|8.4]shows the ratio of data to Monte Carlo (MC) CCQE events as a function of muon

kinetic energy 7),(GeV) and muon scattering angle cos,,. Note the muon energy and muon
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scattering angle are the observables and the basis of all reconstructed kinematic variables

in the v,CCQE channel. One can immediately see that the data-MC agreement is poor.

We can only measure the interaction rate, which is the convolution of flux and cross sec-
tion (R = [ ® x o). So, when data-MC agreement is poor, without knowing flux prediction
is perfect, one cannot tune the cross section model from the measured interaction rate. We
show our observed data-MC mismatching is not the effect of mismodeling of neutrino flux,

but is really a cross section model problem, by the following approach.

There are 6 auxiliary lines: (a), (b), and (c) are equal neutrino energy lines, 0.4, 0.8,
and 1.2 GeV respectively, while (d), (e), and (f) are equal Q? lines of 0.2, 0.6, and 1.0 GeV?
each. The data-MC disagreement follows the lines of equal @2, not equal neutrino energy.
This indicates that the data-MC disagreement is not due to the neutrino flux prediction,
but due to the neutrino interaction prediction, because the former is a function of neutrino

energy and the latter is a function of Q2.

R= /@ xo — R[E,,Q% = /@[E,,] x o[Q?] (8.5)

So we assume that the data-MC disagreement comes from our neutrino interaction model
and we adjust the model to describe the data. This is a critical task for MiniBooNE since
the goal is to measure v,CCQE events, but the MC and all reconstruction tools must be
reliable and tested with the copious v, CCQE events due to the blind analysis constraint on

the v.CCQE channel.

The data-MC disagreement is classified in 2 regions in this plane (Fig. ,

1. data deficit at low Q? region, light gray band near the top left corner

2. data excess at high Q2 region, black band from the top right to the bottom left

Since we are employing the relativistic Fermi gas (RFG) model [16] in our MC, we wish

to fix these problems within the RFG model. The low Q2 physics is controlled by the
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nuclear model, so we decided to tune the model, especially the strength of Pauli blocking,
to fix region (1). This is justified because electron scattering data has not provided precise
information for Pauli blocking in the low Q? region in terms of the RFG model [45]. For (2),
we need to increase axial mass M4, to increase the cross section at high Q2. Here, the axial
mass is understood to be an experimental parameter in the axial form factor (Eq. .
This treatment is also justified because elastic electron scattering cannot measure the axial
mass precisely. Interestingly, this higher axial mass than world average (=1.03 GeV /c? [38])

is also observed by the K2K experiment in Japan [31], 37], as we see in Sec.
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Figure 8.4: Ratio of MiniBooNE v, CCQE data/simulation as a function of reconstructed
muon angle and kinetic energy. The prediction is prior to any CCQE model adjustments;
the x2?/dof = 79.5/53. The ratio forms a 2D surface whose values are represented by the
gray scale, shown on the right. If the simulation modeled the data perfectly, the ratio would

be unity everywhere. Contours of constant F, and Q? are overlaid.
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8.2.3 Pauli blocking parameter

Currently, MiniBooNE is using the nuance neutrino interaction generator [126]. In nuance,
CCQE interactions on carbon are modeled by the Relativistic Fermi Gas (RFG) model [16].

To achieve our goal within the RFG model, we introduced a new parameter, %, in the phase

space integral of nucleon distribution (Eq. and ,

Eni = k% + M2,
E, = H(\/k’%—i-Mg—w-i-EB),

where M, is the target neutron mass, M, is the outgoing proton mass, kr is Fermi mo-
mentum (=220 MeV), Ep is binding energy (=34 MeV), and w is the energy transfer. In
the RFG model, Ej; is the energy of an initial nucleon on the Fermi surface and FEj, is
the lowest energy of an initial nucleon that leads to a final nucleon just above the Fermi
momentum. The function of parameter  is to reduce the phase space of the nucleon Fermi

sea, especially when the energy transfer is small (Fig. [8.5]).

Figure [8.5| shows how this works. Here, E}; is the upper limit of Fermi sea, and FEj, is
the bottom of Fermi sea relevant for a particular scattering event. Increasing s reduces the

nucleon momentum space, and the scattering rate when Q2 is low (< 0.3 GeV?).

Figure it can be seen that this parameter controls the Q2 distribution only in the
low Q? region. This is complementary to the role of My, since M4 mainly controls the Q>

distribution in the high Q2 region.

We vary these 2 parameters in a grid search to find the values that minimize x2. We
discuss the detail of fit procedure (Sec. |9.7) and error matrix construction (Sec. [10.6)) in

later chapters.
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Figure 8.5: Schematic view of nucleon momentum space. In the RFG model, nucleon states
are filled from Ej, to Ej;. The parameter s reduces available momentum space to reduce

the interaction rate for low ()2 interactions.
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Figure 8.6: Effect of M4 and s variations on the MiniBooNE, flux integrated Q? distribu-
tion. The top plot shows various M4 with fixed x, and bottom plot shows various x with
fixed M4. Note, the M4 variation has large impact at high Q? while the  variation has a

significant impact only for Q2 below < 0.2 GeV?2.
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8.2.4 Fit result
My — &k fit
Finally, the parameters extracted from the MiniBooNE v, CCQE data are:

My = 123+0.20 GeV/c?;
k = 1.01940.011 ;

x2/dof = 32.8/30.

Table shows the contributions to the systematic uncertainties on M4 and k. The
detector model uncertainties dominate the error in M4 due to their impact on the energy
and angular reconstruction of CCQE events in the MiniBooNE detector. The dominant

error on  is the uncertainty in the Q2 shape of background events.

The result of this fitting, including all sources of systematic uncertainty, is shown in
Fig. Since the background error dominates at low Q?, and it drives the large error bars
at low Q2. Note that, the shape uncertainty of the background, namely the Q2 distribution
shape uncertainty of CC'17T events, is included in these error bands not in the 1 —o contour.
From the data, we found the predicted Q2 shape of CC1xrt events has a large uncertainty.
To quantify this uncertainty, we extract a Q? shape weighting function for CC1r* events
(Fig. [8.8]). The extracted shape information from the data is implemented in the MC, and
the fit is performed again. The result of those 2 fits, one using the MC predicted CC1z+
distribution, and the other using MC tuned on CC1z+ data, are shown with the star and
the triangle in the inset plot of Fig. The difference is interpreted as the background

shape error and added to the error on the extracted parameters.

Figure shows the agreement between data and simulation after incorporating the M4
and x values from the Q? fit to MiniBooNE v,CCQE data into the nuclear model. Compar-

ing to Fig. the improvement is substantial and the data are well-described throughout
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Figure 8.7: Reconstructed Q2 for v,CCQE events including systematic errors. The simula-
tion, before (dashed) and after (solid) the fit, is normalized to data. The dotted (dot-dash)
curve shows backgrounds that are not CCQE (not “CCQE-like”). The inset shows the lo
CL contour for the best-fit parameters (star), along with the starting values (circle), and

fit results after varying the background shape (triangle).
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Figure 8.8: CClm weighting function used for CClw background tuning. The data-MC
ratio of CClw event is used to extract the weighting function for correct the shape of CClmw
background for CCQE. Note, the extracted weighting function is normalized, so we only

take into account the shape of measured CClw event.

error source OM 4 0K
data statistics 0.03 0.003
neutrino flux 0.04 0.003
neutrino cross sections 0.06 0.004
detector model 0.10 0.003

CC 7+ background shape 0.02  0.007

total error 0.20 0.011

Table 8.1: Uncertainties in M4 and « from the fit to MiniBooNE v, CCQE data. The total

error is not a simple quadrature sum because of the correlation between the two parameters.

159



CHAPTER 8. CCQE MEASUREMENT FOR MINIBOONE OSCILLATION PHYSICS

1 1.2
T ol
a U.E_—
5 : 1.15
0.6
- 1.1
0.4F-
02f- 1.05
-0f- 1
0.2} e
0.4F
. —log
0.6F
0.8 —0.85
— | | |
:L_A_A_lL Ll | A B | I B | - | [N A _U_E

o

02 04 0B 08 1 1.2 14 16 1.8 2

T, (GeV)

Figure 8.9: Ratio of data/simulation as a function of muon kinetic energy and angle after

the CCQE model adjustments; the x?/dof = 45.1/53. Compare to Figure

the kinematic phase space. Since the whole kinematic space is fixed, not surprisingly, all of
the individual kinematic variables exhibit good data-MC agreement. Figures 8.11} and
show that data and MC agree well within error bars for reconstructed muon neutrino

energy, muon kinetic energy and muon scattering angle.
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Figure 8.10: Reconstructed muon neutrino energy, line notations are the same as Fig
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Figure 8.11: Muon kinetic energy, line notations are the same as Fig
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Figure 8.12: Measured muon angle, line notations are the same as Fig
M4 only fit

In general, varying M4 allows us to reproduce the high Q? behavior of the observed data
events. A fit for My above Q% > 0.25 GeV? yields consistent results, My = 1.25 +
0.12 GeV/c? (Figs. . However, fits varying only My across the entire Q? range leave
considerable disagreement at low Q2. This data-MC disagreement at low Q? would even-
tually reflect in data-MC disagreement in reconstructed neutrino energy, because data-MC
disagreement in Q? spreads out in the kinematic plane and would affect the energy re-
construction across a wide region. The Pauli-blocking parameter « is instrumental here,

enabling this model to match the behavior of the data down to Q2 = 0.
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Figure 8.13: Reconstructed Q? for v, CCQE events and data-MC ratio in the kinematic
plane. The analogous plots with Fig. and but the fit is performed using M4 only,
with fixed x (=1.0, no enhanced Pauli blocking).

8.2.5 Conclusions

As described above, we tuned the RFG model to yield a good description of the MiniBooNE
v,CCQE data. This tuned RFG model was then used for the v.CCQE interaction in the

search for v, — v, oscillation [67].
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Chapter 9

simultaneous CCQE and CCl1r Q2
fit

Charged current quasielastic (CCQE) event candidates are charged current (CC) candidate
events with 2 subevents. Charged current one pion production (CClw) candidates are CC
candidate events with 3 subevents. Since CClr is the biggest background contribution to
the CCQE candidate sample, a simultaneous measurement of both CCQE and CClxw is

used to constrain the CClm background in the CCQE sample.

The challenge is that nearly 90% of CClw background events in the CCQE sample are
“CCQE-like” events for MiniBooNE. That is, the second Michel electron resulting from the
pion-decay muon are absent, mainly due to pion absorption (or pion charge exchange) in
the nuclei or in the detector media. Also, the uncertainty on the pion absorption is large
(~20%), and hence it is not immediately clear how to apply the CClm candidate information

measured in the 3-subevent sample to the 2-subevent sample.

The goal of this part of the CCQE analysis was to determine the CClw background in

the CCQE sample via a measurement in four-momentum transfer, Q2. The basic principle
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is that the shape and normalization measurement of the 3-subevent sample in Q? deter-
mines the background for 2 subevents. A measurement of the 1- and 2-subevent samples
determines the normalization for the CCQE sample, which has only a small impact for 3
subevents. The shape of CCQE events in Q? is found in a later fit for M4 and . In this

way, we maintain self-consistency.

The extracted CClm @Q? distribution is used to re-weight all events to produce new
central value (cv) MC. This new cv MC is used to estimate background contents from all
kinetic measurements in CCQE sample. This new background prediction is used in the next

chapter, to measure the CCQE absolute cross sections in MiniBooNE.

9.1 Subevent correction

In this chapter, we are only interested in the muon kinematics, so when we say “2 subevents”,
we mean not the information from the second subevent, but the event information for the
muon when the total number of subevents is 2, which are CCQE candidates. Similarly,
“3 subevents” selects a muon with two additional Michel electrons, i.e., CClw candidates.
However, when we say the ordinal number, for example the second subevent, it does means

the second subevent information, for example, the energy spectrum of Michel electron.

The total number of subevents is one plus the number of Michel electrons, and this is
the most crucial information for this analysis. Since we need good selection criteria for
the total number of subevent, or Michel electrons, we need to remove as many subevents
as possible that are caused not by Michel electrons but by other detector activities. In
general, there is much activity in the tank and sometimes this activity can exceed the time
and charge threshold for the default subevent algorithm to count these as subevents. To
eliminate these subevents, we apply a “subevent correction”. That is, when tank hits<20,

this subevent is eliminated as a candidate Michel electron and removed as a subevent. For
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data MC

before after change | before | after change

Ist subevent | 77470 | 82564 | 6.58% | 96489 | 103531 | 7.30%

2nd subevent | 217540 | 215908 | -0.74% | 408451 | 405098 | -0.82%
3rd subevent | 53748 | 50883 | -5.33% | 72158 | 68910 | -4.50%
4th subevent | 2036 1478 | -27.41% | 1283 951 -31.24%

Table 9.1: Data-MC comparison before and after the subevent correction.

example, 3-subevent candidates can become 2-subevent candidates. Table shows the
number of events for the data and MC samples before and after the subevent correction.
The fraction of events migrated before and after the subevent correction are consistent

between data and MC. So we can validate that our MC correctly simulate low hits events.

9.2 CC cut

For this analysis, we used the track-based fitter for the reconstruction of the muon kine-
matics (Sec.[7.5.3). Then, we defined the following “CC cut” to select CC inclusive events

with 1, 2, and 3 subevents total:

1. (58.1%) number of veto hits for 1st, 2nd, and 3rd subevent <6;

2. (57.7%) 1st subevent average time T is 4400<T (ns)<6400;

3. (56.4%) reconstructed track center <500 cm for the 1st subevent;

4. (49.9%) kinetic energy of the 1st subevent particle (muon hypothesis) is >200 MeV;

5. (45.6%) —logL(e/p) is >0.02 for 1 subevent, and >0.0 for 2 and 3 subevents.
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The numbers indicate the efficiency (as calculated by the simulation) after these cuts. Here,
(1) is a veto cut to reject incoming particles, (2) is the beam window cut, (3) is the fiducial
volume cut, (4) requires the 1st subevent particle to have enough energy, and (5) is the

likelihood cut to select muons (Sec. [7.5.3)).

To avoid the region where data is poorly described and the background contribution
is expected to be large, the likelihood cut has different criteria when the subevent total
is 1 (Fig. 9.1). The red line is CCQE, blue line is CClm, and other colors show other
background channels. Notice that this cut is not designed to remove CClw events, since
we want to determine the CClzm background in the CCQE sample from the data. Instead,
this simultaneous fit assumes that we understand the other background channels, and it is

important to remove these.
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Figure 9.1: Data-MC comparison of muon likelihood function. The positive x direction is
the muon likelihood. From top left to bottom right, total events, 1 subevent, 2 subevents,
and 3 subevents. Notice all likelihood here is defined for the first subevent. The red line is
CCQE, blue lines are resonance CClz with pion (solid), and without pion (dashed), green
lines are coherent CClz with pion (solid), and without pion (dashed), turquoise line is for

NCm and gray line is for other channels.
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9.3 CCQE cut

From the CC inclusive sample, one can find the background in the 2 subevent sample.
Then this background-subtracted 2 subevent sample is the final sample used for the CCQE
analysis. For this purpose, we apply further cuts (only) to the 2 subevent sample to define

CCQE sample:

6. (36.7%) 2 subevents total,

7. (33.5%) the distance between the first and second subevent vertices, d (cm), and
the muon kinetic energy E (MeV) satisfy the following relationship, d > 100.0 and
d> 0.5 x E—100.0.

This CCQE sample is a subset of the CC inclusive sample, and used in the simultaneous
fit (Sec. [0.6). The region selected by this cut is illustrated in Fig. Again, this cut is
not designed to reject CClm events. Instead, this cut removes other event types and CClx

events where the muon reconstruction has failed.

After these cuts, 142948 events survived in the data corresponding to 5.58 x 10?° protons
on target collected between August 2002 and December 2005 within 0.0 < Q?(GeV?) < 2.0.
Table shows a summary of event totals from the standard MC. The CCQE cut has an
82% purity and 33.5% efficiency at selecting v, CCQE events in a 500 cm radius. The
events are classified for later use. Here, the CClm events are split into “with #” and
“without 7” samples based on the existence of a second Michel electron. CClz events

“without n”.

with pion absorption by either the nuclei or by the detector are classified as
“res” and “coh” indicate the the pion is created by the resonance reaction or by coherent
scattering. More specifically, resonance pion production occurs in nuance channels 3 and 5,

and coherent pion production from nuance channel 97. Other backgrounds, neutral current

elastic (NCE), CCr®, neutral current 7 /m° productions are less important in this analysis.
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Figure 9.2: Distance-muon energy relationship. The x-axis is the muon kinetic energy
(GeV) and the y-axis is the distance between muon vertex and electron vertex. Red dots
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dots are other channels. The arrows show the region selected by this cut.
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total | 1 subevent | 2 subevents | 3 subevents
data 204171 27959 142948 33264
MC total 516262 72338 365799 78125
CCQE 360544 54883 300076 5586
NCE 2833 2668 134 30
CClm with 7 (res) 71391 659 6507 64225
CClm without 7 (res) | 50681 7332 43274 74
CClz with 7 (coh) 6402 78 580 5744
CClm without 7 (coh) | 3307 502 2794 11
CCre° 11683 1695 9045 943
NCr™ 1632 1455 162 15
NCr° 3820 2445 1311 64
others 3969 622 1915 1432

Table 9.2: Event totals summary after the CCQE cut as determined by the MC with an

arbitrary normalization

Here, we can see a clear dominance of the CCQE channel in 2 subevents and CClzm with
7 (res) in 3 subevents. Next, we need to determine the amount of CCln without 7 in 2

subevents sample, which is the biggest intrinsic background for MiniBooNE CCQE analysis.

9.4 The theoretical model

If good muon reconstruction is available in all 1, 2, and 3 subevent candidates, the difference
between the three samples is only the number of Michel electrons. The following argument
is applied to any given i** bin of muon kinematics, and we consider the connection of a

given bin beyond each subevent. Naively, this exercise precisely determines the background
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contribution to the 2 subevent sample from 1 and 3 subevent samples, and we can avoid all

errors from associated background. This is not completely true as we will see later.

In the perfect world (where all Michel electrons are detected with 100% efficiency — no
muon capture, no pion absorption, etc), 1, 2, and 3 subevent samples are described by the
CCQE, CClw, and other channels. In a given bin of muon kinematics, we can apply the

following simultaneous equations,

S1 = Gi,
S2 = A+G2,
S3 = B+G3.

Here, S1, 52, and S3 represent 1, 2, and 3 subevent CC data, A is CCQE prediction, B is
CClm prediction, and G1, G2, and G3 are other (background) channels. Since we do not
have enough information to determine the number of events from other channels, we simply

use the MC predictions and subtract from the data with scaling factor (~ 1.4, Sec. ,

ST = 0,
S22 = A, (9.1)
S3 = B.

Now, in the real world, we have many processes that can cause the migration of events into
different subevent candidates. The key is that the probability for this to occur is either

known or small, excepting pion absorption and pion charge exchange.

We introduce the following five processes to migrate an event to different subevent

sample:

a muon capture (~8%);

b Michel electron detection inefficiency (~10%);
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¢ accidental electron from cosmic rays and other processes (small);

d pion absorption and pion charge exchange (large and not well known);

e pion production in the detector (small).

For two set s and ¢, we write union and intersection by s Ut and s N¢t. Then, Eq. 0.0]

becomes,

ST = (aUb)-A+ (aUb)n(bUd)- B,
S2 = [1—-(aUb)—(cUe)]-A+ (aUbUd)-B—(aUb)N(bUd) - B, (9.2)

S3 = (cUe)-A+[1—(aUbUd)]- B.

We then assume all the physics processes resulting in the migration of CCQE are correctly

modeled with the MC,

=
Il

(aUb) - A,

&
I

[1—(aUb)—(cUe)]- A, (9.3)

As = (cUe)- A

We can check this a simple numerical check. From Tab. Ay ~ 55000, Ay ~ 300000,
and A3z ~ 5500. Since aUb=a+b—a-b~ 17%, number of A; is roughly correct. Also,

cUe~ 2%, so ¢ and e are both of order 1%.
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Next, we can rewrite the CClw parts,

(aUb)N(bUd)-B=(aUb) - (b+d—bd)-B=(aUb)b-B+ (aUb)(1—-10)-dB,
= B; +dD1

(aUbUd) - B—(aUb)N(bUd)-B=[(aUb)Ud]-B— By —dDx,

= [(aUb)+d— (aUb)d]- B— B; —dD;

= (aUb)-B—By+[1—(aUb)]-dB — dD;

= By + dDy — dD; (9.4)
[1—(aUbUd)] -B=[1—(aUb)]-B—[1—(aUb)]-dB

= B3 —dDs.

Then, combine Egs. [9.3] and

S2 = As + By +dDy — dDn, (9.5)
S3 = Az + B3 — dDs.

Thus, the contribution from CClw can be split into two parts, the first part is independent
of pion absorption (Bi, Bs, and Bs), and the second part is caused by pion absorption (D
and Dg).

Since we want to determine the shape (in Q?) of CCQE later, we introduce a scaling
factor o for CCQE events in order to take account the normalization without modifying
the shape. For CClw, we scale and modify the shape with a 5 order polynomial function

0. Finally, we also let the pion absorption rate, d, vary:
A—all]A, B— p[5|B, D— B5)D, d— dl].
The number in the bracket shows the number of parameters contained in each function.
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Then,
S1" = adAi+ B+ 66Dy,
52 = Ao+ BBy + 06Dy — 05D, (96)
R aAs + fBs — 66Ds.

An additional complication is that the fraction of coherent events in CC17 is not well known.
Then coherent fraction changes the connection between the 1, 2, and 3 subevent samples
in a way we cannot achieve with only 8 and 6. To account for this, we separate coherent
fraction of CClzw from the resonance CClw, and we introduce new parameter € to change

the fraction of coherent event,
B—-B+eE, D—D-+¢€F.

Here, B and D are newly defined to be the resonance CClzm events with and without a

pion, and F and F represent the coherent CClz events with and without a pion. Finally,

Egs. [9.6] become,

ST = Ay + BBy + €BE1 + 06D + €6 F,
S2 = ads+ BB + €BFEs + 08Dy + €6 BFy — §3D1 — €05 FY, (97)
S3 = Az + B3 + €BFE3 — 03Dy — edBF5.

Remember that these are simultaneous equations for a given bin of any muon kinematic
variables. There are four parameters among three coupled equations, so the solution is not
possible analytically. In fact, even if § and € are fixed, the ambiguities in the background
(denoted as, G1, G2, and G3) and shape uncertainty of CCQE (which we will measure
later) give additional freedom and the equations are not analytically solvable. Therefore,
instead of an analytical solution, a fitting technique is used that minimizes the data-MC

disagreement to find parameters o and (3, with fixed J and e.
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9.5 simultaneous fitting of the 1,2,3 subevent samples

In this section, we describe the technique to find the CC17m background in the CCQE sample
via a simultaneous fit of the reconstructed Q2 distribution for the 1, 2, and 3 subevent
samples. The result of this fit is a CClm weighting function in reconstructed Q? and a new
cv MC sample is created by weighting the events with this function. This new cv MC may
be used to estimate background in other kinematic variables, for example, muon kinetic
energy, muon angle, etc. Finally, the background is subtracted properly to estimate the

absolute cross section. The cross section measurement is described in detail in Chapter

Under the assumption that the muon kinematic reconstruction is perfect, all errors as-
sociated to CC1m event prediction for CCQE measurement are zero, except pion absorption
and pion charge exchange. The errors which disconnect the 1, 2, and 3 subevent samples

are the systematic errors which do not cancel. All errors are summarized in Chapter

Here, we apply a normalization factor of 0.94 for neutral current elastic (NCE) events
extracted from NCE analysis in MiniBooNE [I51], and 1.4 for other channels (which is
roughly the same normalization of CClw ~1.4 after the fit). We use the absolute normal-
ization measured from NCz° sample to our NC7° events which is based on the NC7° rate

measurement in MiniBooNE [121].

Figs. and show the data-MC agreement before the simultaneous fit. Fig.
shows the @? distributions for data and MC broken into physics channels. Here we apply
a normalization factor of 1.3 for the CCQE and CClr channels (Fig.[9.4), and obtain good

data-MC agreement for the 1 and 2 subevent samples, but not for 3 subevents.

Note that:

1. CCQE is dominant in the 1, 2 subevent samples;

2. CClw resonance is dominant in 3 subevent sample;
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3. CClm resonance without pion is the dominant CCQE background in 2 subevent sam-

ple;

4. CClr coherent makes sharp peak at low Q? in 3 subevent sample.

From bottom left plot in Fig. we can determine the shape in Q2 of the correction needed
for CCl7 resonance events. Then, under the assumption that our pion absorption rate and
Q? reconstruction is correct, we can find the background to 2 subevent events, both in shape
and normalization, even though the dominant background CClw events have undetected

pions.

Figs. and shows the situation after the fit. Now, all 1, 2, and 3 subevent samples
show good data-MC agreement except for the lowest Q2 bins. This can be interpreted that
our choice of kappa (=1.022) from the previous analysis is too large and we need to re-fit to
determine a new value. The shape of the CClm weighting function (Fig. top right plot)
extracted from the 3 subevent sample is similar to that used to determine the CC1lw shape
uncertainty [4] (Fig. [8.8]). However, the weighting function determined here also contains
normalization information that was ignored in the previous analysis. And hence, this fit
result changes the normalization for both CCQE and CClw. This change increases the
CClr fraction by about 15%, and it corresponds to a 3% increase in the background to the

CCQE sample. Therefore, the CCQE fraction decreases by 3% from our standard nuance

prediction (Sec. .

The fit is performed by minimizing x? considering statistical error only. The fit is per-
formed by considering the different subevent samples iteratively. Two iterations is sufficient
to find a solution. The first four Q? bins are omitted (corresponding to Q*(GeV?) < 0.1)
to avoid the low Q? data-MC disagreement as this will be rectified by determining the best
values for M4 and x with the new background contribution. So, effectively, the 3 subevent

sample is used to find the Q? shape and normalization for CC17 events, and, the 1 and 2
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CHAPTER 9. SIMULTANEOUS CCQE AND CClrx Q? FIT

subevent samples are used to determine the CCQE normalization, which has a little impact
on the CCl7 shape and normalization because of the small CCQE fraction in the 3 subevent

sample.
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Figure 9.3: Data-MC comparison for Q2 plots before fit. From top to bottom, 1, 2, and
3 subevents (left) and data to MC ratio (right). The red circles are data, and black dots
are MC after fit, and the black lines are MC before fit. For colored lines, red is CCQE,
blue is CCl7 resonance, with pion (solid), and without pion (dashed), green lines are CClx

coherent, with pion (solid), and without pion (dashed), and gray lines for for others. All

colored lines are after fit.
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Figure 9.4: Weighting function of each channel before fit. From top left to bottom right,

CCQE, CClm, pion absorption, and coherent fraction of CCl.
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Figure 9.5: Data-MC comparison for Q2 plots after fit. The notations are that same as
Fig. Note x%s shown here come from all Q2 bins, but for 1 and 2 subevents, the first

four bins are not used in fit.

181



CHAPTER 9. SIMULTANEOUS CCQE AND CClrx Q? FIT

EF T
o 14 =
g 13 g 18
1z 15
11 14
1 12|
osf 1
osf o8
arfE o
osf o4
-..I...I...I...I...I..-I.-.I-..I...I... oz
a oz o4 o& o8B 1 12 14 18 48 - a oz o4 [=T- I =T 1 12 14 18 RE=)
alpha (CCQE weight) beta (CCpi weight)
- 2 =
kS F = 14
[=1] L [=]
‘w18 ‘m 1_2E
2 g =
13 -
o g
14
F os
1z o4
1k 0z
o [
osf
3 oz
(=11
L 1 1 1 1 I! 1 1 1 1 a4 1 1 1 1 1 I! 1 1 L
a oz o4 o& o8B 1 12 14 18 48 a oz o4 [=T- I =¥ 1 12 14 18 18 2
delta (pi-absicax waight) ops=ilon (coherant pi weight)

Figure 9.6: Weighting function of each channel after fit. The notations are the same as

Fig. 0.4

182



9.6. PION ABSORPTION AND COHERENT FRACTION TUNING

9.6 Pion absorption and coherent fraction tuning

Although the work of the previous section resulted in good data-MC agreement in @2,
unfortunately that is not the end of story. Since different hypotheses for pion absorption and
pion coherent fraction also provide good fits, we need these uncertainties into account in the
errors. For example, if the pion absorption scaling factor is one of the fitting parameters, the
entire Q? region may be well-fit by increasing pion absorption by ~30%. Another example
is, if the fraction of coherent CClm events is zero as suggested by results from K2K and
SciBooNE [32, [135], the fit then provides a different CClm background shape for the 2

subevent sample.

Fig. m shows the data-MC ratio for the 3 subevent sample as a function of Q? with
various cross section models. These plots correspond to bottom right plots of Fig.
From top to bottom, pion absorption is increased 0%, 15%, and 30%, and from left to right,
the coherent fraction is decreased from default (100%), 50%, and 0%. Top left plot is our
default solution. As we see, any of these parameter combinations nicely reproduce data
in Q2. However, if data-MC agreement is examined in the two dimensional muon kinetic
energy (7,) and muon angle (cosf,) plane (Fig. , the models may be differentiated.
This plot is analogous with Fig. [8.4] although Fig. [8.4]is the data-MC ratio, however here is
the distribution of pull (= ——4ata—MC__y iy 3] bins. Clearly, the x? value shows that some

statistical error

of the parameter choices are better than others to reproduce data. The general trends are:

1. Larger pion absorption is preferred, but not too large;

2. Lower coherent fraction gives better fit.

We chose to use a compromise solution, that of the central plot in Figs. and where
the pion absorption is increased by 15% and coherent fraction decreased by 50%. This was

selected as our new central value (cv) MC, with the remaining parameter values as possible
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Figure 9.7: Data-MC ratio of Q? (0 — 2 GeV?) in the 3 subevent sample with various
cross section models. Numbers in the plots show statistical error only data-MC reduced 2.
From top to bottom, pion absorption is increased 0%, 15%, and 30%. From left to right,
coherent fraction is decreased from default (100%), 50%, and 0%. Top left plot is old cv,

and the middle plot is the new cv.
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coh frac=0.5

N

Figure 9.8: Data-MC pull (= %) distribution in two dimensional muon kine-
matics (0 < T,(GeV) < 2 and —1 < cosf, < 1) for 3 subevent sample for the various
cross section models. Numbers in the plots show statistical error only data-MC reduced x?.
From top to bottom, pion absorption is increased 0%, 15%, and 30%. From left to right,
coherent fraction is decreased from default (100%), 50%, and 0%. Top left plot is old cv,

and the middle plot is our new cv.
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excursions accounted for in the error. Trend (1) above suggests the a 15% increase of pion
absorption is a reasonable choice. Also the magnitude of this change is within the range of
both nuclear pion absorption (25% error, Fig. and detector pion absorption (35% error,
Fig. . Trend (2) suggests zero coherent fraction is the best choice, but to make a more
conservative choice, a 50% decrease of coherent fraction was selected with an error of 100%
on this value (Sec. . This value is rather close to the MiniBooNE-measured NCm°
coherent fraction (~65% of the predicted value [121I]). This democratic choice covers both
0% (the K2K/SciBooNE prefered value) and 100%(the MiniBooNE default value) coherent

fraction within the error.

With the pion absorption increased by 15%, the background in the 2 subevent sample
increases the signal in the 3 subevent sample decreases. This last change further increases
the CClr fraction in the CCQE sample to around 21%, for a total increase of 39%. This
corresponds to 6% increase in the background of the CCQE sample and the CCQE fraction

decreases by 6% from our standard nuance prediction (Sec. [7.4)).

Figs. and show the prediction of this new cv MC compared to data. The low
Q? data-MC disagreement is left to be understood with the CCQE model (parameters M4

and k).
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Figure 9.9: Data-MC comparison for Q2 plots after fit with new cv MC. The notations are
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the first four bins are not used in fit.
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9.7 My — k fit

9.7.1 the standard fit result

We vary two parameters, M4 and s in a grid search to find the values that minimize x?
of data compared to the normalized model prediction as a function of Q2. This fit uses
the inverse of error matrix including all systematic errors. Here, we take into account all
possible correlations between systematics by using the inverse of the full error matrix, not
by adding systematics as pull terms. All fitting MC samples with different M4 and x are
normalized with data (shape-only fit). We use 40 bins, from 0 to 1 GeV? (38 d.o.f.) for the

standard fit.

X2 = (data — MCY'M! (data — MC),

total

Mtotal _ Mpp+Mpm_|_Mkp+Mk:0+Mbe+M$5+Mp0+Mom+Mun+Mpi+Mdt+Mmc'

Where the M are the error matrices resulting from various sources of uncertainty,

MPP (4.5%) =t production spline fit,

MP™ (0.3%) 7 production Sanford-Wang fit,
M* (0.2%) K™ production Feynman scaling fit,
M*® (0.0%) K° production Feynman scaling fit,
M® (4.5%) beamline and horn models,

M*s (3.1%) cross section models,

MP (0.0%) 7° yield,

Mo™ (3.3%) detector models,

M"" (2.5%) electronics models,
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MP? (1.0%) pion absorption and coherent fraction model error,
M (0.3%) data statistics,

M™¢ (0.2%) MC statistics.

Each error matrix is created using either a multisim or unisim method, as described in
Sec. [10.6] The numbers in the parentheses show the resulting total normalization error,

also defined in Sec.

The total normalization error is equivalent with the error on a single bin histogram.
Note that this number contains no information about the Q? shape uncertainty, so a “big”
error matrix does not necessarily have to a large effect on the uncertainty in the fit. But,

nevertheless, it shows the rough size of each error matrix.

The result of the final fit is shown in Fig. The best-fit values are:

My = 1.3240.17 GeV/c? ;

k = 1.007 £0.009 ;

x?/dof 44.3/38 .

Fig. [9.12] shows in more detail the best fit point and associated contour. Since the new fit
result (solid star) is barely the outside of the 1 — o contour of the old fit (olive contour).

We conclude the new fit value of M4 and k are consistent with our previous fit.
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Figure 9.11: The plots for M4 — & fit. Top left plot shows data-MC comparison before and
after the fit. Blue dots are data with total error (yellow) and shape only error (turquoise),
and red dashed line and solid lines shows before fit and after fit. Top right plot is correlation
matrix within fitting region of Q2 plot, bottom left plot shows x? surface in M4 — x space.
Bottom right plot shows the best fit point and 1 — o contour, defined Xgm'n + 2.3, here “2.3”

is the x? value to have 68.3% cumlative probability for x? distribution with 2 d.o.f [89, ©0].
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Figure 9.12: The detail of contour plot. Here the solid star marker represents the best fit
point and the green region is the 1 — o contour. There are nine open diamond markers, they
represent the best fit points of cv MC and other eight cross section models without pion
absorption model error (MP?). The 1 — o contour covers all these possible solutions. The
open circle marker indicates the original parameter set from nuance. The open star marker
and ocher contour is the best fit point and 1 — ¢ contour from Chapter (8| In Chapter |8, the
CCl7w background shape error was treated slightly differently from the other errors. The
result, open triangle marker, is added in quadrature for the final M4 and k errors. In this
plot, to indicate a contour that takes into account all errors, the 1 — ¢ contour has been
expanded such that s error becomes the size of total error in our previous work. Then
this olive contour is better representative of 1 — ¢ contour with total systematic error in
Chapter [8l Right column shows the best fit x? and the best fit parameter values for M4

and k, as well as systematic contributions (total normalization error) described in Sec.
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9.7.2 The systematic errors

Figs.[9.13}[9.14} [9.15, and [9.16|show the fit results with (respectively) statistical error only,

flux error only, cross section only, and detector error only.

The statistical error only fit (Fig. 9.13) and flux error only fit (Fig. [9.14]) plots have
a same structure, which means that, although the flux error contributes strongly to the
normalization error, its contribution to the shape, which is important for the shape-only

fit, is weak, and gives same result with statistical error only fit.

The cross section error only fit (Fig. plot shows an elongated contour along the s
direction. This is due to the ambiguity at low Q?, for example from the coherent fraction,
and yields a large error on . For practical reasons, we simulate the pion absorption and
the pion charge exchange in the nuclei within the detector model simulation, so they are
not included in this plot, however, the number shown in Tab. includes all cross section

model errors.

Fig. shows the error from the detector modeling. This plot has not only a large
contour, but also has a different best fit point from the others. Note that all of the optical
model multisim histograms and detector unisim histograms are numerically smoothed to
eliminate MC-statistics noise [I12, 113]. To do this, we take a ratio of each histogram
with cv MC histogram, then this ratio is fit with 4 order polynomial function. The
products of this extracted function and cv MC histogram replaces each original histogram.
The large errors of both M4 and x are explained by the large background fractions. 1,2,3
subevent fitting (Sec. , together with the pion absorption correction (Sec. , increases
the background fraction by around 6%, or the CClz fraction in the background channels
increases by nearly 40%. Since 90% are pion-absorbed events, the error on pion absorption
gives large uncertainties for both M4 and k. Note, because of a technical reason, we include

the nuclear pion absorption error in the detector model error.
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error source OM 4 0K
data statistics 0.05 0.004
neutrino flux 0.04 0.003

neutrino cross sections 0.03  0.007

detector model 0.13 0.007

total error 0.17 0.009

Table 9.3: The systematic error summary for M4 and k. The total error is not a simple

quadrature sum because of the correlation between the two parameters.

Tab. summarizes the contribution from each of the major systematic errors. As
expected, the detector model uncertainty is the largest contribution to the M4 error, and

the cross section model and the detector model give the largest error on k.
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Figure 9.13: The plots for statistical error only M4 — & fit. The notations are same with
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9.7.3 The My -only fit

Table shows the fit result with M4 as the only free parameter. Unlike the fit from
Chapter [§| (Fig. , the fit is reasonable over 0.0 < Q?(GeV?) < 1.0 without . Also, the
change of reduced 2 from the fit with x is very small. This is due to the new background
measurement (as compared to that used in Chapter. The shape modification of the CClx

measured background to the 2 subevent sample better fits the data in the low Q? region.

9.7.4 (? distributions with the fit M, and x

Figure is the analog Fig. but with the fit M4 (=1.32 GeV) and x (=1.007) from
the procedure described in this chapter. As expected, all of 1, 2, and 3 subevent sample Q>

plots show good data-MC agreement.

9.7.5 Conclusion

In this chapter, we measured the CClw background in CCQE sample using data. The
majority of the background events are CCl7 events without pions. We determined their Q?

behavior using a CCl7w sample with pions and applied to CCQE sample. This background-

Q? (GeV?) do.f x? My (GeV/c?)

000<Q?<1.00 39 452 1.3240.12
0.05<@?<1.00 37 435 1.2640.13
010<Q@Q*<1.00 35 408 1.31+0.14
015<Q?<1.00 33 386 1.314+0.14
020 < @Q?<1.00 31 367 1.3140.14

Table 9.4: My only fit results with limited Q2.
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Figure 9.17: Data-MC comparison for Q2 plots after fit with new M4 and . The notations
are same with Fig. [0.3]
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subtracted CCQE sample is used to measure the absolute cross section, as described in the

next chapter.
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Chapter 10

CCQE double differential cross

section measurement

In this chapter, we present the absolute CCQE cross section measurement in MiniBooNE.
First, we define our cross section formula and all systematic errors carefully. Then, using
the result from Chapter[J] the backgrounds are subtracted from the data. This background-
subtracted data is unfolded by the direct transformation matrix from reconstructed variables
to true variables. We use iteration to improve our result. Finally, efficiency and target

numbers are corrected.

The cross sections are shown in three ways, (1) flux-folded double differential cross sec-
tion (Hﬂfﬁ (em?/0.1/0.1GeV)), (2) flux-folded differential cross section (% (cm?/0.1GeV?)),
and (3) flux-unfolded total cross section (o (cm?)). The measured total cross section at flux
peak is, 07003?5)0 Mev bin = 1.058 £ 0.111 x 10738 ¢cm?. The error is dominated by the

systematic error. The measured error is ~20 % higher than the original nuance prediction,

however, it agrees with the new M, (1.32 GeV/c?) and # (1.007) found in Chapter [9}
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10.1 Introduction of cross section measurement

Theoretical physicists want experimental data to test theories. Since the effects of experi-
mental smearing are not easily calculable by the theorists, they need data after experimental
effects are removed. We formulate the cross section formula rigorously in next section, in-
stead, here, we want to show how experimental effects are unfolded to produce the final
results. We call D our measurement, namely all experimental-effect-corrected data, and
this is binned with variable T' (muon energy, neutrino energy, interaction vertex, etc), then

it" bin of data (%)i is written,

/ (daé?ﬁ)i - ¢(B,)dE, = <ZZT)>i +§ (?;)i. (10.1)

The left side is calculated by theorists, and they compare their calculation with the right

side, that is the result from the experimentalists. The data points have an associated error
for each bin, and there are correlations between bins. These errors include all experimental
effects such as uncertainties in flux, background cross section model, detector effects, etc.

The various source of errors contribute to both shape and normalization errors.

Traditionally, experimentalists provide their results in the form of a so called “flux-
folded differential cross section”. The flux-folded cross section is defined as a cross section

averaged over the neutrino flux (E, = ES : const), then,

<dac§;35)>i B @(]15’5) ' <le1:;>2. ' (10.2)

Here, ®(E;) = [, ¢(E,)dE, is the integral of neutrino flux with mean energy ES. The

special case is considered when the experimental measurement is a function of neutrino

energy. Then we can calculate the total cross section for each neutrino energy bin,

o(E,)i = <¢£)> (10.3)

We call this the “flux-unfolded total cross section”. As we see in Sec. this expression

depends on nuclear models and reconstruction method. We provide our data in a nuclear
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model independent way, however it still suffers dependence on the energy reconstruction

(Fig. [10.12).

10.2 Neutrino energy and ? reconstruction

Throughout this chapter, the neutrino energy, E,, and the 4-momentum transfer, Q?, are
always defined as "reconstructed” E, and Q2. For example, for the unfolding process, we
defined true neutrino energy as, not MC true information neutrino energy, but the neutrino
energy reconstructed from MC true muon energy and MC true muon angle. In this way,
true neutrino energy is nuclear model independent. Reconstructed neutrino energy E, and
Q? are defined as followings,

2(M,, — B)E, — (My, — B)* +m?% — M2)

1
2 (My, = B) — Ey + /E2 — mZcos0, ’

Q*(recon) = —mi +2E,(E, — y/E2 —m2cost),,). (10.5)

And, we use = 34 MeV as a binding energy (Sec. .

E,(recon) = (10.4)

10.3 Absolute cross section formula

10.3.1 The absolute cross section formula

For a given data set, the amount of background is estimated using MC. Using the central
value (cv) MC background prediction, one can subtract background content from the j**

bin of data,
dj — b3".

Here, the central value (cv) MC is the our standard MC used to compare with data. d

and b are data and cv MC background histograms (in bin j) and are, generally, functions
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of reconstructed variables, for example visible energy, measured angle, etc. Since the data
are always a function of reconstructed variables, which is the experimentalist’s language,
we need to transform to function of physical true variables. This process is generally called
unfolding. Unfolding has two parts, unsmearing, and efficiency correction. For unsmearing,
our standard method is to use the normalized reconstructed to true transformation matrix,
instead of inverting the smearing matrix, which is true-to-reconstructed transformation.

The corrected data are calculated with

n

§ : cv R Xe
J
For a given reconstructed to true transformation matrix U7, the normalized matrix w;; is

defined by normalizing in true index ¢,

cv
o _ Ui

(Y cv?
>k Ui

u

then, w7 is the probability of events in the j** reconstructed bin to come from i** true bin

and,

n

cv
E u; = 1.
i

After this procedure, the data may be binned using the ”true” variables. However, unfolding
is not finished. Since the detector efficiency biases the data, we need a correction for that.
The meaning of this process is to “recover” the events eliminated by series of cuts using the
MC generated event information. The efficiency is corrected by the number of events after

cut (accepted) divided by the number before the cut (generated). Then,

S gy - (ds — b5")

N ace;cv

A
gem,cu
N;

Finally we need to correct for flux, the number of protons on target (POT), and the target

number by dividing by the flux factor ®, the POT delivered in data taking period P, and
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the number of target nucleon in the fiducial volume T, Therefore,
n
O_Zflu:cffolded _ Ngijcvufjv ) (dj B ij) (106)

N}]en,cv ° @C’U ° PC’U : TCU
i

This is the standard flux-folded differential cross section formula as function of some true

variables.

The special case is considered when the cross section is written as a function of neutrino
energy. First of all, neutrino energy is a reconstructed variable. For the unfolding process,
we defined the true neutrino energy as, not the MC true information neutrino energy, but
the neutrino energy reconstructed from MC true muon energy and MC true muon angle.

In this way, the true neutrino energy is nuclear model independent.

Unfortunately this choice is not perfect neither. As can be seen from Fig. [I0.1] recon-
structed neutrino energy is never the same (with scattering from carbon) with the true
neutrino energy across the entire energy region. True neutrino energy defined from true
muon energy and true muon angle suffers (1) a bias from the nuclear binding, and (2) a
smearing due to Fermi motion. To take account the bias of neutrino energy reconstruction,
we measured systematic shift and smearing from the difference between MC true neutrino
energy and reconstructed true neutrino energy for each 0.1GeV energy bin. Then, we assign
horizontal error bars for each flux-unfolded total cross section bin. We can divide this by
predicted neutrino flux histogram ¢$” to remove neutrino flux shape, bin by bin of neutrino
energy, and the difference of reconstructed true neutrino energy and MC true neutrino en-
ergy are within vertical and horizontal error bars. Finally, the flux-unfolded total cross

section formula is,

n
O_lfluz—unfolded _ Zj uZCJU ) (d] — ij) (107)

N ace;cv

N?en’w . (bgv . pcv . ev
K2

For our case, the effect of neutrino energy reconstruction bias is within the error (Fig.|10.12]),

so it is not a big problem.

204



10.3. ABSOLUTE CROSS SECTION FORMULA
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Figure 10.1: Plot of MC true neutrino energy and reconstructed true neutrino energy. The
top plot shows MC true neutrino energy (solid) and reconstructed true neutrino energy
(dashed) from Eq. with B = 34 MeV, with MiniBooNE flux prediction. The bottom

plot shows their ratio. The ratio is flat in the region our data is presented (0.1 to 1.4 GeV,

see Fig. (10.12)).
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10.3.2 Three normalization factors
The cross section formulas (Eq. and [10.7)) have the following three normalization terms:

e & =5.167 x 107'%neutrinos/POT), POT normalized integrated v, flux;
e P =558x10% (POT), POT collected between August 2002 and December 2005

o T =1.5134 x 103 (nucleon), 37(550cm)? - 0.845g/cm? - 6.02214 x 10% - 50

The ® error is accounted for in the fluctuations on number of generated events (Sec. [10.7]).
The error on P is 2% from the absolute POT number and 1% from the beam optics [117].

Finally, the error on T is calculated from its components; volume, density, Avogadro’s
number, and chemical composition. The error associated with volume is important to

correctly estimate the uncertainty in target number. The relevant considerations are:

1. error on the reconstructed data vertex and the reconstructed MC vertex;
2. error on the reconstructed MC vertex and the true MC vertex;

3. error on the true MC vertex and absolute calibration.

Here, we do not quantify (1), because this is the topic of reconstruction performance dif-

ference between data and MC, and that is taken care by the detector simulation error in

Sec. 0.9

For (2), the inherent difference between reconstructed MC vertex and true MC vertex

is corrected for in the efficiency correction, so we do not assign any additional errors.

Number (3) depends on the choice of target region. We decided to use a 550 cm sphere
as a target volume. Since we use 550 cm radius sphere to generate MC event, there is no

uncertainty related with the detector edge effect (optical separation, PMT configuration,
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eccentricity of the tank, etc), and we can safely trust that the 550 cm sphere in MC is 550 cm
in the real world. For example, a 2 cm uncertainty of the wall location (610.6 cm—608.6 cm)
results in a 1% uncertainty in volume, so it is better to avoid this kind of error. Also, events
with MC true vertex >550 cm make 0% contribution to reconstructed events within the
500 c¢m fiducial volume, so limiting the region to generate MC events to <550 cm removes
no events and results in no change of efficiency. So, no additional errors are assigned for

this consideration.

The density error (£0.001g/cm?) is around 0.1%. The thermal expansion (~ 1075 /K) is
negligible [116], and the error on Avogadro’s number is also negligible [8]. For the chemical
composition of the mineral oil, we used (CH206)n as a model of oil [I52], another model

is (Cy,Hap+2) with n ~ 30 [I53]. They are consistent and the difference with simple model
(CH3), is 0.3%.

From these studies, we decided to assign 2.26% total error matrix on top of all other
errors (2%+1%+0.1%40.3% in quadrature sum). This error is only applicable for the
absolute cross section measurement, thus we did not use this error contribution for the

M, — & fit (Chapter [).

10.4 Background accounting

Given data and MC, one can estimate the number of background and signal events. How-
ever, the MC prediction always has some discrepancies with data, and so, ideally speaking,
our prediction for background should not be sensitive to the details of the background

subtraction process. However this must be checked.

Let’s assume that our background prediction is perfect, for example when some reli-
able external measurements are available. This is true for the CCQE interaction, because

the background to CCQE is almost all charged current one pion production (CClw) with
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pion absorption (and pion charge exchange), and this is measured from CClzw data sample
(Chapter [9).

Then, there are two ways to remove background from j* bin of data: a background
subtraction method, Eq. and a signal fraction method, Eq.

225 iy - (dj — b5")

0.7:971/17 - Nacc,cv Y (108)
i PCv . pev . Tev
Nigen,cv
n, cv sjc'v
rac VY ( T 87U+ )
O'Zf = Nace.ev : ’ (]‘09)

N?]en,cv N @C’U N PCU N ch
@

Notice that the background subtraction method is independent of cv MC signal histogram

55, and only depends on cv MC background histogram b5".

To compare the difference of these two methods, we define the difference of data and

MC prediction, both for signal and background [151],

R true true
dj = s;7"+b",
true  __ cv .
s, = 85" +dsj,

true (]

Here, the data histogram d is split into a true signal histogram s'"“¢

and a true background
histogram b"“¢. Then, the discrepancy between the j** bin of the true signal histogram and
the cv MC signal histogram is defined to be ds;. For background, the similar discrepancy

is defined to be 0b;.

Now, Eq. is rewritten,

v . . pev T CY . (glrue S . .
sub _ J uZ] (d] b_y ) _ Z] uz] (Sj ) + J U’zj 6b]
i Niacc,cv Nace.ev ace.cv

e - @Y P TV S - B P TV Sy - B P T

i i i
n _ cv .
_ true Zj u’ij 6b]
= 05 + acecy .
Nzgen,c'u ° (I)CU N PC’U . ch
i

(10.10)
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Similarly, Eq. is rewritten,

Ccv
n ., cv Sj )
frac ZJ J ( T 855"

i N ace;cv

W . pev . pev , Tev
K2

cv
n_cv . S5 +(055+0b5)
> ugg - (s5) D U ( STUHDTY
aceev + aceev

Néen’cv . pev . pev ., Tev N?;en,cv . pev . pev , ev
K2 k2

cv cv (&3}
n e 55V+(0s540b;)—0s;(s5”+b5")
Srug-) | Ti e (e
- N.G(CC’C’U + NGCC,C'U

N?qen,cv . pev . pev , ev N;]en’cv . pev . pev , Tev
1 K2

Sy (M)
j Ui STUEb
= 0"+ —jawee e (10.11)
Néen’w . Pev . pev | Tev
k3

Note that Eq.[10.10| has no bias from cv MC signal prediction, while Eq. [10.11| does depend
on cv MC signal prediction. Clearly, Eq.[10.10|gives less biased result when we are confident

with our background prediction, but not for our signal prediction.

From Fig. [10.2] you can see the differences of these two methods applied to that CCQE
data are largest at low Q2 or high UZ, where the cv MC signal prediction is poor. Here, red
lines are for background subtraction method and blue lines are for signal fraction method.
For the CCQE sample, since our Pauli blocking parameter  in the default MC (=1.022) is
stronger than the new preferred value (=1.007), found after CClm background correction
(Chapter E[), we expect that our cv MC signal has lower values than data at high UZ and
low Q2. As you can see from Fig. blue lines have lower values for high UZ and low Q?
than the red lines, which is an indication that signal fraction method biases data to agree

with cv MC signal. Since data-MC disagreement may be a discovery, it shouldn’t be biased.

However, if one is not confident with the background prediction, the situation is different.
In this case, Eq. may make negative values in some bins, which is obviously unphysical.
On the other hand, Eq. is positively defined for all bins. Therefore, the choice of

background accounting is based on our knowledge of signal and background channels.
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Figure 10.2: The background-removed data comparison for CCQE kinematics. The red
lines are for background subtraction method, and the blue lines are for signal fraction
method. From top left to bottom right plot, muon kinetic energy, muon angle, reconstructed

E,, and reconstructed Q2.

For our CCQE case, since we have reliable background prediction based on our mea-
surement (Chapter @, we use the background subtraction method in order to keep the

background subtracted data independent from the signal prediction as much as is possible.

10.5 Unfolding error

Unfolding is based on a given cv MC signal. By construction, the transformation from
reconstructed variables to true variables is perfect for cv MC signal histograms. However,

in any realistic situation, unfolding process suffers from bias, because background removed

210



10.5. UNFOLDING ERROR

data are never exactly equal with cv MC signal. In such case, the unfolded result can be

improved in an iterative process.

The unfolding process is based on the G-matrix,

cv Oth
oot _ Y _ Uij
1] T -

acc,cv acc,cv *
N N

NI Zk U,?;h © NgeTmeT
2 3

Here we explicitly write the transformation matrix and we define this as the 0 iteration

of G-matrix.

This G-matrix transforms background subtracted data histogram d; — b; to the (0

iterated background subtracted data (d; — b;)",

(di = b)) =" GYM(dj — b))

J

Here, our unfolding process "restores” the background subtracted data d; — b; to the
unknown true distribution. If we assume that our unfolded background subtracted data
(d; — b;)"" is closer to the unknown true distribution more than the generated cv MC signal
prediction N7“"“" we can correct the G-matrix so that it transforms the reconstructed
distribution of MC to (d; — b;)?" where the reconstructed MC was originally transformed
back to generated cv MC signal N7’ After this correction, the background subtracted
data d; — b; will be unfolded to a distribution closer to the unknown true distribution. The

corrected transformation matrix is defined,

—1

Ulst_ d?th UOth

i Ngen,cv Y
i

then, the 1¢ iterated G-matrix, Gzljt is defined,
1st
Glst _ Uij
2] - Nacc,cv .
Z Ulst L
k k‘] Niqen,c'u

And then, the 1% iterated unfolded background subtracted data is,

(di — bi)" =) Gis'(d; — by).
j
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Figure 10.3: The unfolded background removed data for CCQE kinematics (same with
Fig. [10.2). The black lines are for 0" iteration, the red lines are for 8 iteration, and
the blue lines show cv MC signal generated. The 8" iterated data is our result, and the

difference of these two histograms gives the unfolding error.

The iteration process for G-matrix is based on the assumption that the solution is converging
to the true distribution. However, there is some uncertainty in this and we introduce an
unfolding error to quantify. It is estimated from the difference between the 0" and the n‘*

iterated background subtracted data.

Fig. m shows unfolded kinematic distributions for 0*”(black) and 8" (red) iteration,
with cv MC signal generated (blue). Although higher order iterations were considered, it
was determined that the 8" iteration has converged. Thus, we chose the 8" iterated data

Sth

as our official central values and the difference of 0 and iterated data as the unfolding

error.
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10.6 The error matrix formation and error bars

Before explaining each source of systematic error, our method to calculate the error matrices

and the error bars is presented.

10.6.1 The unisim method

In MiniBooNE, a systematic error for a given uncertainty is calculated with either a
unisim or a multisim method [I12HIT4]. For the unisim method, a new set of MC events
“MCuisim? for particular systematic is created by changing a particular parameter to a
1—o0 excursion value, and an error matrix may be constructed by combining with the central

value MC data set, “MC”,
Mgmszm — (Nlumszm _ Nzcv)<N]unzszm _ Njcv)

Here, Niumsm and N7 are number of events in the it" bin of a given histogram from
the unisim MC (MC*"™) and cv MC (MC®), respectively. All unisim parameters are
assumed independent, so the total error matrix considering all unisim parameters is the

simple sum of all unisim error matrices.

10.6.2 The multisim method

The unisim method cannot estimate the systematic error correctly if there are correlations
between different parameters. Some systematic errors are highly correlated, for example,
the errors of M4 and k are negatively correlated. So when M4 is fluctuated to larger value
within its error, x needs to be changed to a smaller value within its error, to be consistent

with what the data tells us.

The multisim method correctly handles this effect. First, we classify parameters into

G groups. The g group consists of v parameters. These parameters are dependent upon
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each other, but independent from the parameters in other groups. So, in the end, we can
form G independent multisim error matrices and the final total error matrix will be the
simple sum of all matrices. For our case, first eight error matrices in Sec. are based on

multisim (G=8).

We will use the cross section error matrix for an example of one of G groups. To
simplify the explanation, we assume only three systematic parameters, My, k, and As
(Sec. . Since M4 and k are simultaneously extracted by fit, they have covariance values
(actually negative correlations), not only variances. However, the error of As is assumed
to be uncorrelated with the other two parameters. Then, we can define the following cross

section input error matrix,

var(Ma)  cov(Ma, k) 0
My = cov(Ma, k) var(k) 0 . (10.12)

0 0 var(As)

Fig. illustrates the parameter space defined by this cross section input error matrix.
Since parameter distributions are assumed Gaussian, the parameter space has an ellipsoid
shape with a fuzzy edge. If there were no correlations, ellipsoid aligns symmetrically on
the three axes. Here, since M4 and k are correlated, the ellipsoid is tilted in the M4 — k
plane. Then, we randomly pick a point from this parameter space, for example My =
1.1 GeV/c?, k = 1.001, As = 0.01, etc. Then, a new MC data set is created with this
parameter set. We do this ~100 times. If we then want to form the error matrix for the
reconstructed neutrino energy, E9E, we make ~100 histograms from each MC set, each
made with a specific set of input parameters. (Fig. left plot, black lines). They are
distributed around the histogram made by cv MC (Fig. left plot, red lines). Finally,
the average of all histograms create the cross section output error matrix,

1 oo
100 (N = N{")(N7 — N;°).

s=1

multisim
M
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Figure 10.4: An illustration of the multisim input parameter space.

Here, N? is the number of " bin of st* histogram from the s MC run from within the set

of multisims (100 total MCs).

In Fig. the right plot shows the error bars resulting from an example multisim.
The turquoise and red error bars are called the total and shape-only error bars, defined in

next section.

Practically it is very difficult to create hundreds of MCs with adequate statistics. In-
stead, we utilize an event weight method, namely we only apply the ratio of parameter
change (weight) to each event, so that we do not have to regenerate new MC data sets for
every multisim. Also, in this method, because we re-weight the same event many times, we
do not have to worry about MC statistics in forming an error matrix. However, the detec-
tor model multisims must be made by generating entirely new MC sets, because systematic
parameters for the detector simulation affect the nature of events rather than the likelihood

of their occurring which we can control by weight the events [113].
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Figure 10.5: An example of the multisim error process. The left plot shows the cv MC
(red) and each histogram made by a different parameter set (black). The right plot shows

the resulting bands for the total (turquoise) and shape-only (red) errors.
10.6.3 Total and shape-only error bars

For a given histogram, N; , ¢ = 1,--- ,n, we can form the n x n error matrix M;;. The
diagonal element of the error matrix, M;;, is called the variance of Nj;, var(N;), and an
off-diagonal element, M;;(i # j), is called the covariance of N; and Nj, cov(N;, Nj). Then,

the total error for the " bin 6N is,

Notice that if the histogram is combined into only one bin, Ny = Ni +-- -+ N, total error

for the total number of events, Np, becomes,

SNp = Vovar(Ni+--No) = Y M,
\\ %

where we have used the sum rule of variance and covariance, var(Ny + Na2) = var(Ny) +

var(Ny) + 2cov(Ny, No). We call %V—TT the “total normalization error”, because this is handy

expression to show the size of error matrix in single number, as we have seen in Sec.
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Since the total error does not quantify the correlations between bins, people are often
interested in a shape-only error, which includes information about not only the variance

but also covariance (Fig. 2 in [4]).

Consider a new histogram, V;, with

‘/;: = {Vla"'aVn;Vn+l}:{]]\\7[771,7"';N7TNT}

The error matrix, Uy, for this histogram, is defined via the Jacobian S;,

U(V)kl = Zskzz z]Sl]a

o (N, N,
S = Vi _ W(ﬁ)Zﬁ(5zk—ﬁ) forl<k<n
aiNi(NT) fork=n+1

ON;

Then the variance extracted from the new error matrix is,

1

V2 My — Z—ZM;” NQZM” forl<k<n
Uk = "

ZMU fork=n+1

Notice the variation of total number mentioned above is contained in the (n -+ 1)** diagonal

element. Finally, the shape-only error for the k' bin is defined,

snhare — | ok n M Niy M; 10.13
. = kk — NTZ ki+N%Z ij- (10.13)

A more complete analysis shows that any arbitrary error matrix can be separated into three

terms [154], Mshape  ppmized and prorm,

Mij = ZMkJ - 7ZM“C + ZMkl] — Mshare

[ 1 N; .
o (- ) 0 (S 2 S )] s
L T T

T

I N]i/v];[] ZMkl] _, prorm
T
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However, this subtlety is not used for the analysis presented here.

We now proceed to a description of the of the error calculations for the cross section

analysis.

10.7 Flux error estimation

The error on the neutrino flux includes the following five type of errors calculated from

event weight multisims:

MPP (6.1%) =t production spline fit;

MP™ (0.3%) 7~ production Sanford-Wang fit;
M* (0.2%) K™ production Feynman scaling fit;
M* (0.0%) K° production Feynman scaling fit;

M’ (5.1%) beamline and horn models.

The numbers in the parentheses show the contributions to the normalization error of the
flux-unfolded total cross section in the 700-800 MeV bin. Of course, they are related with
the total normalization error, shown in Sec. For a given multisim, the cross section
formula of the st flux excursion is used to create the s* cross section histogram. Then,
the i bin of this histogram is given by,

?Ufj +(dj — bj)

= acc,s
7 N’L s

NIETS

K3

‘QS_PS_TS'

To take account of the error correctly, we consider the multisim variation before flux-folded

cross section approximation (Eq.[10.1)). Since the generated number of events is proportional
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to the flux times cross section, the denominator in the above expression is subject to the

following approximations,

JolB) 6)-P  (JolB)-o7) P

gen,s gen,cu
Ni Ni

Then we define the flux-folded cross section (Eq. ,

(Jo(B) - 67) - P _ o(Eg) - - P
en,cu == en,cu
N NY

For the flux multisims, the target number is not fluctuated, so,
TS — TC’U

These imply that we do not have to fluctuate flux factor ®, which is not currently possible
with our simulation machinery, instead, we can use same flux factor ®““ and the same
generated number of event N9V for all ¢®. This approximation states all flux systematic

error comes from N;“““. This is somewhat strange comparing with the naive multisim
acc,s

A
NI ps

7

variation . But this term cancels most of flux shape variation in the ratio, and net
effect ends up as a normalization variation ®°. But since our measurement is not o - ( / <I>),
but ( [o- q)), it is more appropriate that the final flux systematic error includes flux shape

variation.

Thus, the cross section formula for the st flux multisim is,

S , (10.14)
W . @C’U . PC’U . TC’U

O_s,fluxffolded E;l ul‘sj ) (dj — bj)
7

The neutrino flux error contributes via this formula in two ways. First, the number
of background events b7 fluctuate, and then second, the number of accepted signal events
N“* fluctuate. Although these two fluctuations of background and signal are correlated,

)

this formula does not account for the correlation. For example, if the s** flux model increases
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the j*" bin background 0b;, and increase it" bin accepted signal §N;,

cv s _ Z;L ufj ) (dj B bj)

acc,s
Ni

ey - Pov . pev . Tew

2 uij - (dj — b5 — 6bj)

NIV LGN, :
7']\/vgen,c'u ‘. (DCU * PCU . ch
i

.

Then data is further subtracted by db;, and divided by a larger number N;“““” 4+ §N;, thus
the data receives twice flux normalization effect. It may cause a significant over counting

of flux error if data have a large background.

One way to avoid this problem is to use the signal fraction method to calculate flux
error. Then, fluctuation of signal and background cancel in the numerator and the only
contribution of error is from the fluctuation of accepted signal events. This cancellation is
true up to shape error contribution from flux error, and it prevents a double counting of
normalization error:

S, di i
5 Yij \ % 5T

chc,s
W . ey . pev e
i

Zj Ui (da 554055105 +3b;

NI°“°16N;
ZNgen,cﬂ O q)CU * PC’U . ch
i

n,.s L5
Zj Usj - (dJ s§+b§>
~ NS 5N, . (1015)
Zjvgen,cv - @C’U N PC’U N TCU

There is another way to avoid double counting of flux normalization error. One can nor-
malize background variations to cv MC background, then the contribution for background

subtraction method is due to shape variations of background,

n,s . __ 18,shape
cv s _ Zj uij (dJ bj )
! w . pev . pev  Tev
NIET.CU
T
n, s . pcv _ spshape

N’acc,cv+§N. .
7']\/vgen,c'u ‘. @C’U ° PC’U . TCU
[

(10.16)

220



10.7. FLUX ERROR ESTIMATION

Now, o° contains the background variation ps:shap © that is due to shape variation, and the

J
contribution to the normalization is very small.
These three methods are illustrated in Fig. m They show 7+ production multisim
draws and cv MC. The top row shows that the background subtraction method creates a
large variation in the multisim draws due to the normalization variation, which is absent
in the signal fraction and shape-only background subtraction methods. However, as you
can see from middle row, since CCQE is not a background-dominated sample, this back-
ground variation is totally overwhelmed by the signal variation that enters via the efficiency
correction. As a result, error bar for these three methods are very similar. Therefore, for
simplicity, we decided to use the background subtraction method for the flux error calcula-

tion.

221



CHAPTER 10. CCQE DOUBLE DIFFERENTIAL CROSS SECTION
MEASUREMENT

bkgd subtraction signal fraction norm bkgd subtraction

14000 [

14000
E 42000 400

10000 ‘o000

bkgd is removed
g
T

SN W= = FETE FETE FETE P TY FERY FTEY FET T 0 SR EE="= FETE FETE FETE FETE FETY RTTY FTry i i [ ST TN - = PN RN RURE PETS FETE FT Ty FTTy s
63 64 6F 68 1 12 14 18 T8 ¥ ®I 64 68 68 1 12 14 16 1F I 61 63 68 68 1 13 14 T8 1F ¥

Enu (GeV) Enu (GeV) Enu (GeaV)

15000 -

unfolded

b b e L L b e b b 1y ob b b b b e e eEcl b b b b e b e byl
¢ 062 64 06 G8 4 12 14 16 18 2 GI 04 05 08 1 12 14 16 18 2 & 62 64 66 68 1 12 14 16 18 2

Enu (GeV) Enu (GeV) Enu (GeV)

error bar

g
T MRS

. &

b b b e b b b e 1 [ B BT RN NTRS PETE FETE N RNy RTeu
WI 64 08 uE 1 17 14 16 18 I Wl G4 68 68 1 17 14 18 TF ¥

T ST PR PN RE TS EETE NETE FRTE FETa
61 64 65 68 1 12X 14 T8 T8 ¥

Enu (GeV) Enu (GeV) Enu (GeV)

Figure 10.6: 7" production multisim draws and cv MC for reconstructed neutrino energy.
From left to right, background subtraction method, signal fraction method, shape-only
background subtraction method, and from top to bottom, after removing background, after

unfolding, and after all calculated errors. All three methods yield similar error bars.
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10.8 Cross section error estimation

The cross section errors include the following three type of errors calculated from the event

weight multisims:

M™* (3.9%) cross section models;
M™ (0.0%) 7° yield;

MP? (1.2%) pion absorption and coherent fraction model error.

These errors only effect the background channels and so they do not change the number of
generated (signal) events. And, of course, they do not vary the flux factor or the POT and

target numbers,
Nigen,s — Nigen,cv , q)s — (I)C’U , PS — PCU , TS — TCU

Therefore, the cross section formula for s cross section multisim is,

sos _ 2y (45 — b))
O-Z - chc,s

, (10.17)
W . @C’U . PC’U . TCU

Notice that this is the same formula as that for the flux variations, Eq. (10.14]).

Basically, the cross section error is the error on the prediction of background. Since we
are using the straight prediction for interactions other than the CCQE and CClz channels,

we keep all errors in cross section input error matrix in multisim for the “other” channels.

For CCQE, since this is the channel to be measured, we do not need any errors except
those on pion absorption and pion charge exchange that change the CCQE detection ef-
ficiency. We define our signal to be CCQE interaction per nucleon, so the pion-absorbed

CC17 channel is not signal but background.

For CClm, we need to take care because we measure it from data (Chapter [9). There

are two types of cross section errors, the first type is the cross section error in 2 subevent
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sample, and the second type is the error associated with the measurement in 3 subevents

and the subtraction from the 2 subevents sample.

For the first type of error, since background measurement corresponds to both CClx
shape and normalization, we only need the errors from pion absorption and pion charge

exchange.

The second type of error is the error about the background subtraction. Since we
measured the background from the 3 subevents sample and applied it to 2 subevents, We
need to take account the error associated with this process. In Chapter [0, we found that
the there are multiple choices for pion absorption and coherent fraction that satisfy the
data-MC agreement in 3 subevents sample. To take account this as an error, we measured
CClr from the 3 subevents sample data with different hypothesis on pion absorption and
coherent fraction. The excursion of these variations are chosen from the data for pion
absorption (Sec. . We used three different values, default, 15% increase, and 30%
increase. For coherent fraction, we used three different values, default (100%), 50% and
0%. In the meantime, we chose a new central value, 15% increase pion absorption and 50%
decrease coherent fraction. This new central value MC and eight other combinations of
pion absorption and coherent fraction make an error matrix. Fig. [I0.7] right column plots

shows this error.

10.9 Detector error estimation

The detector error calculation includes the following errors, one type are from generated

multisims and the type are from generated unisim:

M°™ (4.4%) optical model,

M"" (2.1%) detector unisims.
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Again, like the cross section error, the detector error has no variations in flux factor, POT,

generated number of events, or target number.
gen,s s _ _ _
Nl — Ngen cv , (bS — @C’U , PS — PC’U , TS — CZ’WC’U7

and the cross section formula for the st detector errors is the same as Eqs. (10.14)) and (10.17)),

U;,detec _ Z] vJ ( J ]) (1018)

i Naces .
NéLE‘n,cT; - v pev. e
i

The detector errors are shown in Fig. (left and middle columns). Since the statistical
noise in the detector simulation has a significant effect for the covariance terms in the error
matrix, we used 4** order polynomial smoothing to the detector model error matrix for
My — k fit (Sec. 7?7). However, this smoothing has very small impact for the variance

terms. So, we do not use smoothing for any cross section measurement results.
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Figure 10.7: Detector errors for the reconstructed neutrino energy. From left to right:
optical model, detector unisim, and pion absorption unisim (which is not detector error
but listed here for convention). From top to bottom: after removing background, after

unfolding, and calculated error bar plot.
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10.10 The CCQE absolute cross section with total error

In this section, the muon neutrino CCQE absolute cross sections are presented. The cross

sections are measured on carbon and presented as “per nucleon” values.

10.10.1 The CCQE double differential cross section

The flux-folded double-differential cross section and the flux-unfolded total cross section
are summarized in Fig. The top left plot is the total error of the flux-folded double
differential cross section in the T}, — cosf,, two-dimensional plane. The flux-folded total
cross section and the number of events after cuts are indicated as well. Fig. shows the

value of the flux-folded double differential cross section as a function of 7}, and cosf,,.

The top right plot of Fig. shows the double differential cross section values (red)
in T, — cosf, with total error bar (yellow). Figures [10.10{and [10.11] offer larger plots and

multiple views from different angles.

The bottom left plot of Fig. displays the flux-unfolded total cross section as a
function of true neutrino energy. In this plot, turquoise error boxes show total error, the
error bars show the shape error (vertical) and the true neutrino energy reconstruction model
dependence error (horizontal). The flux-unfolded total cross section at E,, = 700 —800 MeV

and its error are printed on the plot.

Finally, the bottom right plot of Fig. shows the flux-folded differential cross section
as function of Q2. Here, Q? is unfolded not by the true MC (nuclear) @2, but by the
reconstructed true Q? with same sense of true E, to avoid model dependencies (Sec. .
The turquoise error boxes show total error, and error bars show shape error. The integral
of the flux-folded total cross section with averaged neutrino energy (E, ~ 700 MeV) and

its error are printed.
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Figure 10.8: Total error plots for the flux-unfolded double differential cross section and

flux-folded total cross section. The notation of plots is found in Sec. [I0.10.1]

The measurement of flux-unfolded CCQE cross section in the 700-800 MeV bin in Mini-

BooNE is,
GoQE = 1.058+0.111 x 1073%cm? . (10.19)

0700—800 MeVbin

Note, the error is dominated by systematics.
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Figure 10.9: The flux-folded double differential cross section.

229



CHAPTER 10. CCQE DOUBLE DIFFERENTIAL CROSS SECTION

MEASUREMENT

2

2
O
w{cm /0.1/01 Ge‘-’]

d
dT.d

Figure 10.10: The flux-folded double differential cross section with total error.
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Figure 10.11: The flux-folded double differential cross section with total error from different

angles.
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10.10.2 The CCQE total cross section

Fig. is the same as the bottom left plot of Fig. [10.8} namely the flux-unfolded total
cross section with total error bars (turquoise), shape only error bars (vertical on mark-
ers), and the energy reconstruction model dependence error bars (horizontal on marker).
Fig. shows the comparison with relativistic Fermi gas (RFG) model based on Smith
and Moniz [16]. Three lines show nuance predictions, red (M4 = 1.03 GeV/c?, k = 1.000),
green (My = 1.23 GeV/c? k = 1.022), and blue (M4 = 1.32 GeV/c?, k = 1.007) with
Fermi momentum = 220 MeV /c and binding energy = 34 MeV (Sec. . Note, our flux-
unfolded total cross section is a function of reconstructed true neutrino energy, whereas
both neutrino flux and theoretical curves are plotted as a function of MC true neutrino
energy (Sec. [10.3). To describe the effect of this, we also show the blue and magenta his-
togram (scaled to data). The blue histogram is the cv MC signal generated events, as a
function of reconstructed true neutrino energy, and then divided by neutrino flux. On the
other hand, the magenta histogram is the cv MC signal generated events, as a function of
MC true neutrino energy, and then divided by neutrino flux. Notice that the neutrino flux
is a function of MC true neutrino energy. If the neutrino energy reconstruction is perfect
and the smearing by the Fermi motion is negligible, then blue and magenta histograms
would be identical. The difference of blue and magenta histograms are the effect of energy
reconstruction between reconstructed true neutrino energy and MC true neutrino energy.
We find both magenta and blue histograms agree with data, so the bias from the energy

reconstruction is not significant with binding energy of 34 MeV in 0.1 to 1.4 GeV.

Comparing with the theoretical value (~ 0.9 x 1073%cm?, from red line), the measured
cross section is almost ~20 % higher in the flux peak region (E, = 700—800 MeV). However,
rather surprisingly, the measured cross section agrees with new cross section model found

in Chapter [9] (M4 = 1.32 GeV/c?, x = 1.007).
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Figure 10.12: The flux-unfolded total cross section with theoretical prediction. The nota-

tions are given in the text, Sec. [10.10.2}
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10.10.3 The CCQE differential cross section in (Q?

Fig. shows a comparison of the Q? distribution of counts and flux-unfolded differential
cross section with reconstructed true Q2. Top plot shows number of events and total
normalization error. This plot is used for M4 — x fit (Chapter @ The bottom plot is
identical with the bottom right plot of Fig [10.8]

In Chapter [9] we found a new CCQE cross section model via a measurement of the dis-
tribution of events in Q2. In principle, we should find the same solution from the differential
cross section, ;%. In Fig. [10.14] we compare our ;% from the data (Fig. m bottom
right) and the nuance prediction for CCQE RFG model with new parameters integrated

with MiniBooNE flux. As should be, they agree well.

Finally, Fig. [10.15| shows the flux-folded differential cross section of Q% with recon-
structed true neutrino energy in the range 700-800 MeV. This corresponds to the differen-
tial cross section for a slice of reconstructed true neutrino energy of 700-800 MeV, and the

integral corresponds to 7" bin of Fig. [10.12
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Figure 10.13: The comparison of Q? distribution of counts and flux-unfolded differential

cross section. The notations are given in the text, Sec. [10.10.1]
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Figure 10.14: The comparison of new cross section model (solid line) and flux-unfolded

differential cross section (dots) from the bottom right plot of Fig. or the bottom plot

of Fig. [10.13
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Figure 10.15: The flux-unfolded differential cross section with @2 with reconstructed true

neutrino energy 700-800 MeV. The notations are given in the text, Sec. [10.10.1

10.10.4 The energy reconstruction

As discussed in Sec. if we try to avoid nuclear model dependency, the true neutrino
energy needs to be defined from true muon energy and true muon angle. Then, the flux-
unfolded total cross section suffers reconstruction biases. We use the standard quasielastic
formula to reconstruct neutrino energy (Eq. and Q2 (Eq. , however the choice of

binding energy is a visible effect.

In Fig. a plot identical to Fig. with the exception of the binding energy
changed to B = 0 MeV is shown. Now, the magenta and blue histograms defined in
Sec. do not agree. Notice, however, that the data and blue histogram agrees, as
long as the neutrino energy is reconstructed with the same binding energy. Therefore we can
conclude that the choice of 34 MeV for the binding energy is less biased. This study clearly
shows that the data is best (least model dependent) presented as a double differential cross

section (in 7}, — cosf,) when only the muon kinematic reconstruction is available.
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Figure 10.16: The flux-unfolded total cross section with theoretical prediction. The neu-
trino energy is reconstructed with binding energy = 0 MeV. The notations are given in the

text, Sec. [10.10.3
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10.10.5 The systematic errors

The breakdown of systematic errors are shown in Table [10.1} Figures [10.17], [10.18] [10.19]

and [10.20, show each of the systematic errors on the differential cross section individually.

Figure shows the flux error. The flux error results in the largest normalization
error. The increase of flux error at high energy results from the horn skin effect (Sec.(7.2]).
The uncertainty in 7+ production results in the biggest normalization error contribution

among all the systematics, and it is relatively uniform across the entire energy region.

Figure [10.18| shows the cross section model error. It is large at where background
contamination is large, as can be seen from top left plot. Therefore, it is also large in the
low neutrino-energy region (bottom left) where background channels are a big contribution

and where pion absorption and pion charge exchange uncertainties are important.

Figure [10.19] shows the detector uncertainty error. Since this error causes a shift of
energy spectrum, it is large at both low and high energy regions. The large shape errors

show that the correlations are also large (bottom left).

Finally, the unfolding error is shown in Fig. |10.20

239



CHAPTER 10. CCQE DOUBLE DIFFERENTIAL CROSS SECTION
MEASUREMENT

E_I.

—d e rio1nicey

dT,deazs,

¥

os
o4 2
oz
] 15
oz
10
4
an Xs(Ti Tokded)=8 S6E-39{Em"}
a8 evtifiux. fokled)=1 48070
-'-IU 1 12 14 18 18 z
T,(GeV)
o o =l
EmE -
E a‘lﬂ
B g —I— 2B xs{fluktolded)=9.90E-39{cm)
1z -~ 51.4
ok —_— 12 == xa{fluxfolded)s 8.4%
I —— k=]
8} I -
sl S~ xs(E=T00-800MeV=1 0BE-38(em”) oe =
- =]
i Iws{E =7T00-800 MeV)= T.9% -
af s{E= V= o4 -
L -
2 e ==
o Eod 1 1 1 I I o
oz o4 [:1:] [F=) 1 12 14 a oz o4 [=T- I =¥ 1 12 14 18 18 2
E, (GaV) a® GeV)

Figure 10.17: Flux error only plots for the flux-unfolded double differential cross section

and flux-folded total cross section. The notation of plots are found in Sec. [I0.10.1]
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Figure 10.18: Cross section model error only plots for the flux-unfolded double differen-

tial cross section and flux-folded total cross section. The notation of plots are found in

Sec. I0.10.11
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Figure 10.19: Detector model uncertainty only plots for the flux-unfolded double differ-

ential cross section and flux-folded total cross section. The notation of plots are found in

Sec. I0.10.11
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Figure 10.20: Unfolding error only plots for the flux-unfolded double differential cross

section and flux-folded total cross section. The notation of plots are found in Sec. [10.10.1]
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cross section error
statistics and unfolding 0.3%
flux 7.9%
cross section 4.1%
detector 4.9%
POT and target normalization 2.3%
total 10.5%

Table 10.1: The systematic error summary for flux-unfolded total cross section at 700-

800 MeV bin.
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Chapter 11

Summary and outlook for CCQE
scattering measurements in

MiniBooNE

In Part III of this thesis, we have presented a measurement of the charged current quasielas-
tic (CCQE) interaction in MiniBooNE. The CCQE interaction is the most abundant neu-
trino interaction (~40% of the sample) in the MiniBooNE energy range (~700 MeV), there-
fore, this reaction channel has high statistical precision. The required cuts to isolate the
CCQE sample are relatively model independent yet of high efficiency (~35%), and high
purity (~75%). This channel was used for various checks of the MiniBooNE experiment. In
particular, MiniBooNE relies on the CCQE measurement in the neutrino oscillation search
for two reasons: to constrain the v, flux normalization and the intrinsic v, background; and

to test the kinematic energy reconstruction of v, [67].

The combined fit method employed for the neutrino oscillation search successfully used

the v,CCQE data. The details of this technique are discussed in other theses [I12-115],
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and the results were published [67].

An initial disagreement between data and MC in the muon kinematic variables was
determined to be caused by incorrect parameters used in the relativistic Fermi gas (RFQG)
model. After further investigation, we performed a shape-only fit with two parameters of
the RFG model, and we found that the data was better described with an adjustment of

two parameters,

My = 123+£0.20 GeV/c?;

k = 1.019=£0.011 ,

and these results were published [4].

Then, we proceeded with a measurement of the absolute cross section of the CCQE
interaction. First, we subtracted the background based on a measurement of that back-
ground, instead of using the predictions from an event generator. The in situ measurement
of the background is more reliable than predictions for the background. As a consequence,
we successfully removed the (best estimate of the) background from the data, although the
size of the uncertainties on background remains approximately the same as in the previ-
ous analysis [4], due to ambiguities in pion absorption and pion coherent scattering. At
this stage, we have extracted new values for the RFG parameters through a two-parameter

shape-only fit. We found,

My = 1.32+0.17 GeV/c?;

k = 1.007£0.009 .

The extracted value for My is approximately 30% higher than the world average value
(=1.03 GeV/c?). The extracted M4 is inconsistent with the world-averaged value and the
new value for x is consistent with zero. The change in the value for k is because of the

change in the CCl7 background, especially in the low Q2 region.
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We have carefully examined all systematic errors and have obtained the flux-folded (or
“flux-averaged”) double differential cross section for the muon neutrino CCQE interaction.
This is a model-independent result based only upon the measured kinematics of the final-
state muon. This is an important experimental result that may be used to develop and tune

theoretical models of nuclear structure relevant for neutrino-nuclei scattering.

Further, we have calculated a flux-unfolded total cross section as a function of recon-
structed neutrino energy. We have carefully defined this measurement, so that it is as model-
independent as possible in the extraction of a reconstructed neutrino energy. However, there
are inevitable limitations in the muon-based kinematic reconstruction of neutrino energy
and special care is needed to compare this data with that of others, for example [155]. The
resulting cross section at the peak energy of the MiniBooNE neutrino flux (700-800 MeV)

is
T Mevhin = 1.058£0.111 x 107%¥cm?,

This agrees with the prediction of the RFG model with new M4 (= 1.32 GeV/c?) and x
(= 1.007). However, this agreement is with an M4 in the RFG that is ~30% higher than
the world average. The total cross section in the 700-800 MeV bin is ~20% higher than the

RFG model prediction using the world-average M 4.

The MiniBooNE data points for total cross section are rather high compared to pre-
vious measurements. For example, recently the NOMAD experiment [35, 155] extracted
My ~ 1.05 GeV/c?, consistent with the world-average value. In the NOMAD analysis,
the interaction rate is normalized with the well-known rate for deep-inelastic scattering
and so, it may be argued that the flux normalization is well-known. Since NOMAD shows
excellent agreement with the world average above ~4 GeV, the value where the neutrino-
nucleon CCQE scattering total cross section “plateaus” seems well-known. Although the

plateau of the total cross section starts at about 2 GeV and the MiniBooNE data span
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0.1 < E,(GeV) < 1.4, it still seems evident that the MiniBooNE data disagree with the

world average data.

It is generally thought that the discrepancy in M4 as measured by K2K, MiniBooNE,
and SciBooNE compared to the world average may be explained by nuclear effects of car-
bon [I56] because the world average is set by old bubble chamber experiments using mainly
deuteron targets where nuclear effects are small. And, modern oscillation experiments
use heavier targets, such as carbon or water. However, NOMAD, using a active carbon
nuclear target in their drift chambers, measured a M, consistent with the world aver-
age. Also, recent studies show nuclear effects are negligible in a limited Q2 region (for
example 0.5 < Q?*(GeV?) < 1.0) [27]. A fit within 0.5 < Q*(GeV?) < 1.0 using Mini-
BooNE data was performed (Sec. , but a similar M4 value resulted (as compared to
0.0 < Q*(GeV?) < 1.0). This indicates that the origin of the high M4 value is not likely a

nuclear effect.

Nevertheless, the My extracted from a (Q?) shape-only fit, predicts about the correct
overall rate for the CCQE interaction, as seen in Fig. These disparate results for M4
between low and high energy regions must be understood in further work. For example,
the newly-proposed liquid Argon time projection chamber experiment, MicroBooNE [157],
will use Ar for an active nuclear target. And this detector technology provides excellent
tracking and will allow the reconstruction of the recoil proton in CCQE neutrino energy
reconstruction. These two features will provide additional information to resolve some of

these exciting mysteries in CCQE cross section measurements.
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Appendix A

R&D and pilot detector beam test
for FINeSSE

A.1 Neutrino Neutral current elastic (NCE) scattering

Neutrino neutral current elastic (NCE) scattering is identical with charged-current quasielas-
tic (CCQE) scattering in the cross section formulas, by replacing the CCQE form factors
with those for NCE (see Sec. [3.2.3). The notable difference is that NCE is sensitive to
isoscalar form factors in addition to isovector form factors. Since the dominant contribution
expected for the isoscalar term is that from any strange quarks present in the nucleus, the
measurement of isoscalar Dirac and Pauli form factors are active field for modern electron
scattering experiments, such as SAMPLE [I58], PVA4 [159], GO [23], and HAPPEX [160].
Of course, these strange form factors are zero in the constituent quark model [I§]. However,
some measurements indicate small but non-zero contributions [23] and we are waiting for
further experiments. However, a small coupling and large radiative correction makes very

difficult to measure isoscalar axial form factor in electron scattering experiments [161].

The zero-Q? limit of the isoscalar axial form factor Fj(Q2) is related to the spin con-
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tribution of the strange quark in a nucleon, and is called As (Egs. and , and may

be connected with longitudinally polarized PDF's of strange quarks As(x),

As(z) = st (z) — st (z) — (5L(x) — 57 (2)). (A.1)

Here, As(z) is defined from the difference of longitudinally polarized (denoted upper
“+7) strange quark PDF, helicity + and — (lower “+” and “—"), from quarks and anti
quarks. Then, As connects the elastic nucleon form factor and longitudinally polarized

PDF,

1
F5(Q*—0)=As= /0 As(z)dz. (A.2)

It is an important check to verify the connection between low-Q? elastic world and
high -Q? DIS world. Currently, there is a disagreement known between HERMES Semi-
inclusive DIS measurement [162] at Deutsches Elektronen-Synchrotron (DESY) and BNL
E734 NCE measurement [163] at Brookhaven National Laboratory (BNL) which is not
yet understood. To better understand the right side of the equation, a new semi-inclusive
DIS analysis using only kaons is performed [164]. This result is consistent with previous
HERMES result, which implies that the inconsistency with BNL734 remains. However, the
extraction of As from inclusive DIS measurement, such as SMC [165], under the assumption
of SU(3) flavor symmetry, does agree with BNL734. So the situation is rather confused and
we also need to test the left side of this equation. For this purpose, a new NCE scattering
experiment, FINeSSE [24], is planned. The NCE analysis from MiniBooNE [110}, 151}, [166]

and SciBooNE [I167] are also awaited.

A.2 The scibath pilot detector beam test

The Fermilab Intense Neutrino Scintillator Scattering Experiment, FINeSSE [24], is a pro-

posed experiment to focus on the NCE measurement. FINeSSE is planned to use the

250



A.2. THE SCIBATH PILOT DETECTOR BEAM TEST

l.. l
M~

LIS

n
n
"4
=
Li
—
]

Figure A.1: The FINeSSE detector and the inside of the scibath detector.

detector called “scibath”, which consists of an array of wave length shifting (WLS) fibers
immersed in liquid scintillator. With this detector, it is possible to reconstruct charged
particle tracks three-dimensionally. Figure shows cartoons of FINeSSE detector. The
left figure shows FINeSSE vertex and tracking detector “scibath”, which has (2.5 m)? active
liquid scintillator volume with over 10,000 WLS fibers, with muon range stack behind to

measure muon energies. The right figure is a cartoon of the inside of scibath detector.

To test the principle of scibath detector, we performed beam tests with a scibath pilot
detector. Figure shows the inside of the scibath pilot detector. The pilot detector
consists with 30 of blue-to-green WLS fibers in the liquid scintillator. The pilot detector
of scibath was built and beam test was perform at Indiana University Cyclotron Facility

(IUCF). The detail of this beam test is available in [5].

Figure shows the picture of experimental setup. Figure [A.4] shows the electronics
diagram for scibath prototype beam test. The test was done at radiation effects research

program (RERP) at IUCF. using a 200 MeV kinetic energy proton beam.

Figure shows the principle of this detector and the beam test. Fig. a) shows the
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Figure A.2: The scibath pilot detector. 30 WLS fibers in the liquid scintillator make

one-dimensional array to reconstruct charged particle tracks.

Figure A.3: The scibath pilot detector beam test setup at RERP at IUCF. The detector

is sandwiched by three trigger paddles although we used only two of them.
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Figure A.4: The scibath pilot detector beam test electronics diagram at RERP at TUCF.
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situation for one arbitrary fiber. When a charged particle passes the detector, a fiber sees
the integrated charge information from the scintillation emission in the track of a charged
particle. For this beam test, Fig. b), a particle track is defined from two trigger paddles,
and 200 MeV protons penetrate the detector from the side. From the nearest fiber to a
track, we found 17 + 2 photoelectrons (PEs). This number is different depending on the
combination of different types of fibers and liquid scintillators [5]. We also tried to tilt
or rotate the detector to simulate angled tracks [5]. Fig.[A.5lc) shows a realistic situation
of this experiment. Light from a track can be collected by all fibers in the detector. In
other word, track information are shared by all fibers, unlike typical tracking detector where
particle information exist only where particle passes in the detector. However, Fig. d),
collected charges are different from each fiber depending on their distance. This information
allow us to reconstruct particle tracks with the coordinate resolution smaller than the fiber

separations.

Figure shows the result of the proton track measurement. Tracks are found by least

square fit with the straight lines. We found,

coordinate resolution = 0.50 cm,

angular resolution = 6.2°,

after removing the width contribution of a trigger paddle (0.5 in). Notably, we achieved a
better resolution than the fiber separation (2 cm). The resolution is even better to use UV-
to-blue fibers and non WLS liquid scintillator, instead of using typical blue-to-green fibers
and liquid scintillator (Fig. . Because short attenuation of non WLS liquid scintillator
helps to localize light and sending blue light by UV-to-blue fibers has advantage for the

quantum efficiency of typical bi-alkali photo-cathode PMTs. In this case, we found,

coordinate resolution = 0.28 cm,

angular resolution = 3.5°.

254



A.2. THE SCIBATH PILOT DETECTOR BEAM TEST

a) b)
< ‘ p o 6 o O o (]
W ‘|_| e o o 0 o o |_|p
MAPMT L|:|J : : : ° o :
trigger2 SRR triggerl
C) d)

‘ 7 > <;\/;\ /;>/%>p
o [ 7T

Figure A.5: The scibath pilot detector beam test principle cartoon. They are explained in

the text.
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Figure A.6: The scibath pilot detector coordinate and angular resolutions. Note, measure-

ment smearing by the trigger width (0.5in) is subtracted from the measured RMS.
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Figure A.7: The left cartoon illustrates two experimental settings, (a) blue-to-green WLS
fiber with liquid scintillator, and (b) UV-to-blue WLS fiber with non WLS liquid scintillator.
In the case of (b), the short attenuation of non WLS liquid scintillator localizes scintillation
emission and improve the coordinate resolution. On top of that, the sending blue light
to PMT has advantage for the quantum efficiency of typical bi-alkali photo-cathode. The
right plot shows the result. for scibath pilot detector coordinate and angular resolutions
for various fibers and liquid scintillator combinations. Top two plots are for UV-to-green
fibers and non WLS liquid scintillator. Bottom two plots are for UV-to-blue fibers and non
WLS liquid scintillator. The later combination has better coordinate resolution than the

standard blue-to-green fibers and liquid scintillator.
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We also considered a signal transformation method for finding particle tracks. Say, light
generated at j*" location in the detector is seen by i** fiber. Then we can form a response
matrix RY, because total light seen by *" fiber is an integral of all light generated at all
locations in the detector. Once you make such response matrix, then the inverse of that
unveils a particle track from integrated light information from all fibers. The response

matrix has a special shape,

Ry Ri Ry --- a b ¢ --- d e f

| R Ry R - P R e ae -

RY = 7R0j: ,le: e
RQ R1 RO c b a - f e d

and it turns out this is the special case of so called block Toeplitz matrix, which has known
fast inversion algorithm [I68]. Since full scale of scibath detector has over 10,000 fibers,
this kind of special algorithm may help the CPU time. Figure shows the result. Before
the transformation, a track is already visible as ADC count maximum, but we can find the
accurate track by a fit. However, after the transformation, there is a sharper peak on the
track and we know the location of track without fit. Therefore, this method can be used

for the cross check of track finding fit.

258



A.2. THE SCIBATH PILOT DETECTOR BEAM TEST

i— 1 2 3 3 2 H
(] [w] [3] [=] [3] [=]
é 48 H 52 H 55 ‘ 56 ‘ 55 H 51 ‘
E\zﬁ\\29\\31\\32|\31\|28\
B T e T
sgual PE.
i— -328 -162 -95 - 88 -3l -7
i: 2 -6l i v ) &1
;: 22 -7 @1 -8 68
- H 3682 H 3544 H 4400 H 3686 H 4568
o aw =1 342 39
B S S

Figure A.8: The scibath pilot detector signal transformation. Top plot shows ADC count
for all fibers when a proton track is on the 4** fiber array. Bottom plot shows after the
transformation using the inverse of response matrix. Now, track is visible without any

fitting procedures.
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Appendix B

Gamma matrix algebra

Following relationships are often found in literatures, for example p.123 and p.261 of [18].

tr(l) = 4
tr(odd number of ~,) = 0
trghgd) = 4l(a-b)(c-d) —(a-c)(b-d) +(a-d)(b-c)]
tr(vs) = 0
tr(vsdh) = 0
tr(ysdhgd) = dicroatt’cd’
Wyt =4
T = =24

Yyt = 4a-b

’YuﬁW’YM = —2¢d
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tr(y"p1y"p2) = AlPLPs + pivh — (p1 - p2)g™]

triy (1= )1y (1 = ys)pa] = 2tr(y"$17"P2) — 8ie" " p1apas
tr(Y Py pe)tr (vupsnps) = 32[(p1-ps)(p2 - pa) + (p1 - pa)(p2 - p3)]
tr(Y'p1y vsp2)tr (Vubsrysiba) = 32[(p1 - p3) (P2 - pa) — (P1 - pa)(p2 - p3)]
triy* (1 =5)p1y" (1 = vs)p2)tr (v (1 — v5)P3yw (1 — 5)pa] = 256(p1 - p3)(p2 - pa)
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Appendix C

The detail of cross section

calculations

This Appendix describes the further details of the calculation of neutrino-nucleon scattering

(Sec. and neutrino-nuclei scattering (Sec. [3.3)).

C.1 Neutrino-Nucleon scattering

C.1.1 Kinematics and cross section formula

The scattering process under consideration are the following 2 reactions,

vi+n—1" +p, (C.1)

v +p—1+n. (C.2)
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(1) Lab frame

q] N] ,pl qZ . l

vV, @
p,

(2) center mass frame

Figure C.1: Scattering under consideration, from top to bottom, (1) lab frame, (2) center-
of-mass frame, and (3) Feynman diagram (t-channel). v; stands for (anti)neutrino, ! stands
for (positively) negatively charged lepton and N7 and Ny stands for proton or neutron. The

charged lepton has mass m and both initial and final state nucleon have equal mass M.
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In Fig v, l, Ny and Ny have 4-momentum qi, ¢z, p1 and ps respectively. The charged

lepton [ has mass m, and nucleon N7 and No have equal mass M. These 4-momenta are,

a1 = (Ev.pp),

@ = (E,p), (C.3)
= (M,0),

p2 = (E,D).

In this Appendix, we don’t write the index of 4-momentum explicitly.

These momenta satisfy the following relations,

P = p1+pa

q = Pp2—pP1=4q1—4q2

no = q1+q,

s = (p+q)=(p2+aq)’=M+2ME, (C.4)
u = (p—p)*=@2—q)’ =M +m? - 2ME,

t = qZ:Z(mass)2—(s+u):2M2+m2—(S+U)=2M(Ez—Eu)7
all

q-p1 _ ME, — ME,

M M

:Eu_Ela
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further more,

¢ = (p2—p1)?=2M>*—-2p; -pr=(q1 — @) = m* — 2q1 - o,
P? = (p1+p2)? =2M>+2p; - pp = 4M? — ¢*,
n? = (g + @) =m*+2q ¢ =2m? — ¢,

s—u = 4ME,+ ¢ —m?=P-n,
P-n = (p1+p2) (@1 +q)=@2—11) (@1 —q)+2p1-q1+2p2- ¢ (C.5)
= @ +2ME, + (2ME, —m?) = ¢*> —m? +4ME, = —m?* + 2M(E, + E))
= —2Mv-—m?+4ME,,
gn = (@-@) (@+e)=@-a) (@—-¢e)+20-¢-2¢"=-m"
q¢-P = (p2—p1)-(p2+p1) = (p2—p1) - (p2 — p1) + 2p1 - p2 — 2p1° = 0.
In Llewellyn Smith’s paper [I5], the general nucleon weak interaction current operator is

defined,

<pliin> = coste(p(p2)Tyun(p1)) (C.6)

Ty = 9u(Fy + Favs) + 5710w q 6Fs + 5 PuFays + (B + Fprs),  (C.7)
here £ is defined as a difference of the relative anomalous magnetic moment,

€ = kp — bin = <“p - > - (“" - o) = 1.793 — (—1.913) = 3.706.
KN

On the other hand, in Pais’s paper [169], the general nucleon weak current is defined,

Ly =vu(9v — 9a75) — Pu(fv — favs) + qu(hy — havs), (C.8)

note, hy and f4 are G-parity violating second class currents (Sec. [3.2.8)). Using Gordon’s

decomposition,

1

u(p2)yuu(pr) = 5y ruP2)[(p2 + p1)u + i0p (p2 = p1)”Julpr), (C.9)
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one can see the relationship of these 2 definitions.

Pais << Llewellyn Smith
gv < Fi+ &k
v < ﬁf@
hy — HFR* (C.10)
ga < —Fa
fa o 7FA°

In the following, We will use Pais’s notation of general nucleon weak form factors.

The differential Lorentz-invariant phase space (dLips) is,

2 2
. pydpyd(cost) pEdEdg
Lips = JPOON sp v BB, —M)= 222 sp BB, M
dLips sipE OBt )= SeEE opB, BT )
dq2
= % C11
167 ME, (C.11)

Here, we use dq? = 2p; E, d(cosf) and p;dp; = E;dE;. Then, we have the following differential

cross section is,

do 1 GF? 1
dQ? — 64wE,2M2 2 (2s,+1)(2s, + 1)
X Y [cose(pTum)][cosfe(pTun)] I3 (1 = 45)v][17" (1 = )]
spin

1 Gr2cos0.% 1
14

Here, w,, and 7" are the hadronic and leptonic tensors. We would especially like to
calculate Eq. for neutrino-neutron charge current reaction (Eq.|C.1]), then other results
are straight forward from there. Let us start from the easiest part, the leptonic tensor term

calculation.
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C.1.2 Leptonic tensor term

The leptonic tensor is defined with the Dirac spinors v(p;) and I(pz), and using gamma

matrix algebra (Appendix [B)),

T = Trllyu(1 —5)v][P7.(1 = 7s5)]]
= Trlyu(l —v)dh (1 —75)(d2 + m)]
= Tri{7vu(d = 9)d7 (1 —5)d2} + myu(1 —vs)diy (1 — 75)]
= 2Tr[yuhvde] + Si€uarsqiades

= 8[qiuq2v — (41 - ©2) 9w + ©2pq1v] + 8i€uarpdiadas, (C.13)

where we have following relations,

nany = (@1 +@2)ular + @) = Qudiv + Qe + @uaiy + 2udow, (C.14)
Wl = (@1 — @)uler — @) = Qudiv — QuGer — @uiiv + 2ud20, (C.15)
nuGy = (@4 @)u(er — @)y = Qudiv — Qud20 + @uite — @ugw- (C.16)

Using Eq. and anti-symmetric property of €,4.3,

8i€uauﬂq1aq25 = 4i€uo¢u6q1aq26 + 4i€uau[3q1aq25
= 4i6uauﬂq1aq26 - 4i6;wzl/,8q2aq1,6
= —dieynws(q10918 — 910928 + ©2a13 — 920923)

= —di€uavpNagg- (C.17)
Finally From Eq. and the leptonic tensor term becomes,
Tw = 4[nuny — quqv + (q2 — m2)g;u/ + ieuyaﬁ”aQﬁ] (018)
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C.1.3 Hadronic tensor term

Hadronic tensor is, using Dirac spinors n(p1) and p(p2),

w = Trp{vulgv — 9avs) — Pu(fv — favs) + qu(hy — hays)in] x
[{ v (gv™ — 94™v5) — Po(fv™ + fa™vs) + qu(hv™ + ha®ys) ol
= Tr{(p2 + M){vu(9v — 9av5) — Pu(fv — fars) + qu(hv — havs)}] ¥

(1 + M){v(gv™ — ga™5) — Po(fv™ + fa™ys) + @ (hv™ + ha™ys)}]

= Tripo{(gv — 9a75) — Pu(fv — fars) + qu(hy — havys)}] %

Wil (gv™ = 9a™vs) = Po(fv™ + fa™ys) + qu(hv™ 4+ ha™ys)}] (C.19)

+ MTr{vu(gv — 9a7s) = Pu(fv = favs) + qu(hy — havs)}] %

Pi{v(gv" —9a™vs5) — Po(fv™ + fa™ys) + qu(hv™ + hays)}] (C.20)

+ MTrip{vu(gv — 9avs) — Pu(fv — favs) + qu(hy — havys)}H x

Hyw(gv™ —ga™s) — Po(fv™ + fa™s) + @ (hv™ + ha®ys)}] (C.21)

+ M?Trvu(gv — gavs) — Pu(fv — favs) + qu(hy — havs)] x

Y (gv™ —ga™vs) — Po(fv™ + fa™s) + qu(hv™ 4+ ha™ys)]. (C.22)
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1st term

The 1st term in Eq. is,

Trlp2{vu(9v — 9a75) = Pulfv — fars) + qu(hy — havs)}] x
Wi (gv™ = g9a™ys) = Po(fv™ + fa™v5) + au(hv™ + ha™ys)}]
= Trlp2vulgv — gavs)brr(gv™ — 9a™5)]
+Tr[paPu(fv — favs)prPo(fv™ + fa™ys)] + Trlpequ(hy — havs)prau(hv™ + ha®ys)]
=Tr[pePu(fv — favs)braw(hv™ + ha™ys5)] — Trlpaqu(hy — havs)b1 P (fv™ + fa™7s5)]
= (gv® + 9a")Trlbavudbrn] — (9v9a* + gagv ") Trivspoydin]
+P.P(fv? + faP)Trlpopi] + quan (hv® + ha®)Trlpop)

—Puay(fvhv™ + faha™)Tr(papr] — quPo(hv fv™ + hafa®™)Trpapr],

then,

= 4(gv* + ga?)[Prup2v + Prup2u — (p1 - P2) 9] — 4i(gv 4™ + 9A9v ™) €parsD20D15
+A(fv? 4 fa3) (p1 - p2) PuPy + A(hv? + ha®) (b1 - p2)duty
—4(fvhv™ + faha™)(p1 - p2)Pugy — A(hv fv™ + hafa®)(p1 - p2)auPy

= 2(gv® + 9a*)(PuPy — quay) — 2(9v° + 94*) 2M? = ¢*) gy + 2i(gv ga™ + 9a9v")€pavsPads
+202M?* — (/v + fa*)PuPy + (hv® + ha®)quq,

_(thV* + fAhA*)PuQV - (thV>|< + hAfA*)q,uPl/}J
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and finally,

= =2(gv? + 94" 2M* — ¢*) g + 2(gv* + 9a°) + 2M* = ¢)(fv? + fa®)|PuP,
—4iRe(94" v ) €uvapdaPs
+2[=(gv” + 9a%) + 2M? = ¢*)(hv® + ha®)]guay
—2(2M? — *){[Re(fyhv™) +ilm(fuhy*) + Re(faha®) +ilm(faha®)) Pug
+[Re(fvhv™) —iIm(fyhv™) + Re(faha™) — ilm(faha®)]qu Py}
= —2(gv” 4+ 94%)2M* = ) g + 2[(gv” + ga®) + 2M? — ) (fv* + fa*)] PP,
—4iRe(9A" gV )€pwaptaPs + 2[—(gv? + ga?) + 2M? — ) (hv? + ha?)quan — 2(2M* — ¢%)
x{[Re(fvhv™) + Re(faha™)|(Puqy + q.Py)

+Z[Im(thV*) + Im(fAhA*)](PMQV - unu)}% (023)

2nd and 3rd term

The 2nd term in Eq. and 3rd term in Eq. have symmetric forms. The 2nd term

is,

MTr[{vu(gv — 9a75) — Pu(fv — fays) + qu(hy — havs)}] x
Bi{v(gv™ —ga™vs) — Po(fv" + fa™vs) + qu(hv™ + ha™ys)}]
= MTr[yu(9v — gays)pr(—=P)(fv™ + fa™ )] + MTrvu(gv — gavs)braw(hv™ + ha™vs)]
—MTr[Pu(fv — favs)pryw(gv™ — ga™s)] + MTr{qu(hy — havs)pry(gv™ — ga™s)]
= —MP,(gvfv" +gafa”)Tryh] + May(gvhy™ + gaha™)Tr[yupi]
—MP,(fvgv™ + faga®)Trlp1v] + Mau(hvgy™ + haga™)Tr(p1v]
= —MP,(gvfv" +gafa™) -4dp1+ Maq.(gvhv™ + gaha™) - dp1,

—MP,(fvgv™ + faga™) - 4p1, + Mqu(hvgy™ + haga™) - 4p1y. (C.24)
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Next, the 3rd term Eq.

MTr[pa{vu(gv — 9avs) = Pu(fv = favs) + qu(hv — hays)}] %
{w(gv™ —94™v5) = Po(fv™ 4 fa™s) + @ (hv™ + ha™5)}]
= MTrlpovu(gv — 9avs)(=P)(fv™ + fa™ )] + MTrpayu(gv — gavs)av(hv™ + ha™vs)]
—MTrlpePu(fv — favs)w(gv™ = ga™s)] + MTr[paqu(hyv — hays)w(gv™ — ga™s)]
= —MP,(gvfv" —gafa”) 4pop + May(gvhv™ — gaha™) - 4pay,

—MP,(fvgv" — faga™) - 4poy + Mqu(hvgy™ — haga™) - 4pau. (C.25)

If we combine both results Eq. and Eq[C.25]

—4MP,P,(gv fv*) + 4MP,q,(9afa™) + 4Mq, Py(gvhy™) — 4Mq,qu(gaha™)
—4MP,P,(fvgv™) + 4MP,q,(faga™) + 4Mq,P,(hvgv™) — 4Mquq,(haga™)
= —A4AMP,P,(gv fv" + fvgv™) —4Mququ(gaha™ + haga™)
+AM{P,qu[Re(faga™) — ilm(faga®)] + q Pu[Re(gvhy™) +ilm(gyvhy™)]
+Puqu[Re(faga™) +iIm(faga®)l + quPu[Re(gvhv™) — ilm(gvhy ™)}
= —4AMP,P,(gvfv* + fvgv™) — 4Mquq.(gaha™ + haga™)
+4M (Puqy + Poqu)[Re(faga™) + Re(gvhy™)]

+4AM (Puqy — Poqu)iIm(faga™) +iIm(gyhy™)]. (C.26)
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4th term

Finally, the 4th term in Eq. ,

M*Try,(9v — 9avs) — Pu(fv — favs) + qu(hy — havs)] x
V(gv™ = ga™ys5) — P (fv™ + fa™s) + @ (hv™ + ha™s)]

= M°Triyu(gv — gav5) W (gv™ — 9a™5)]
—M*P,P,Tr((fv — favs)(fv* + fa™vs)] + M?quq, Tr[(hv — havs)(hv™ + ha*7s)]
—M?Pug,Tr((fv — favs)(hv™ + ha*ys)] — M?quP,Tr(hy — hays)(fv™ + fa™s)]

= AM?(gv* — ga®)Trlvuw] + AM?P,P,(fv? — fa?) + 4M%quq, (hv? — ha?)
—AMPPyuqu(fvhv™ = faha™) — AM?qu P, (hy fv* — hafa®)

= AM*{(gv® — 9a®) g + (fv* — fAD) PP, + (hv? — ha?)quq
—(Pugqv + Pogu)[Re(fvhv™) — Re(faha™)]

—(Puqy — Pogu)[iIm(fyhy™) —iIm(faha™)]}. (C.27)

Now, we check our result with Pais’s paper[169]. If we add all terms Eq.|C.23} |C.26|and [C.27,

the hadronic tensor can be written,

Wy = WGy + w2 PPy + w3i€ 08903 + w4q,q,
+ws(Puqy + Pogu) + we(Pugy — Puqy), (C.28)
with,
w = =2(gv° +94%)(2M* — ¢*) + 4AM?*(gv” — ga®)
= —AM?gy? +29v2q% — AM?ga® + 294%¢" + AM?gy* — 4M?g 4>
= —8M’ga” +2¢°(gv> + ga®), (C.29)
wy = 2[(gv® +94%) + M — @) (fv® + faP)] =AM (gv fv* + frgv™) + 4AM>(f® — fa?)
= 2(gy —2M fv)(gv* — 2M fv*) + 294% = 2¢°(fv® + fa?)
= 2942 +2| gv —2Mfy " — 26> (v + fa?), (C.30)
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w3 = —4Re(ga"gv), (C.31)

wy = 2[—(gv® +9a®) + 2M* — ¢*)(hy® + ha®)] — AM (gaha™ + haga*) + 4M?(hy® — ha®)
= _29\/2 — 2(9,4 + 2MhA)(gA* + 2MhA*) — 2q2(hv2 + hAQ) + 8M2hv2 + 8M2hA2

= —2gv2 — 2| ga+2Mhal* + 2(—=¢* + 4AM?)(hy? + h4?), (C.32)

ws = —2(2M* — ¢*)[Re(fyhv*) + Re(faha")]
+4M[Re(faga*) + Re(gyhy™)] — 4M?[Re(fyhy*) — Re(faha®)]
= 2Re{2M|[(faga™ + gvhv™) — M(fvhyv™ + faha")

+%(fvhv* + faha®) — M(fyhyv* — faha™)]}

= 2Re{2M[(gv — 2M f(1 = 34p))hv" + (94" + gipha®) fal}, (C.33)
we = —202M? — @A) iIm(fyhy*) +iIm(faha®)] +4M[ilm(faga®) + iIm(gyvhy™)]

—AM[iIm(fyhy*) — ilm(faha®)]
= 2iIm{2M[(faga™ + hv*gv) — M(fvhy* + faha™)
+%(fvhv* + faha™) — M(fvhv™ — faha™)]}

= 2iIm{2M[(gv — 2M fv (1 — %))hv* +(ga* + rha™) fal}- (C.34)

These results agree with [169] except some definition differences and typos. Note that all
interference with second class currents is contained in ws and wg. Also note that wg is purely

imaginary and it is responsible for T-violation for neutrino-nucleon elastic scattering.
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C.1.4 Llewellyn Smith formalism

Finally, we get the following equation from Eq. and Eq.

%wm/ﬂw = [wlguu + w2PMPV + w3i€uuo¢ﬂQaPﬁ + w4q,q0 + w5(P,uQV + Py(],u) + wG(P;LQV - PyQu)]
X [n,unu — quqv + (q2 - m2)g;w + ieuuaﬁ”aQﬁ]
= win® —wi¢® + 4w (¢ — m?) + wa(P - n)? — wo(P - q)* + wa(q* — m?)P?
2

+2w3(0ay 085 — 0a50~3)daPanyqs + wa(q - n)2 —wygt + w4(q2 — m2)q

2ws(P - n)(q-n) —2ws(P - q)¢*> + 2ws(q®> — m?)(P - q). (C.35)

Notice that the wg term disappears by symmetry, which means differential cross section of

elastic neutrino-nucleon scattering is T-invariance, and therefore no CP violating physics.

Using Eq. to organize the formula in (s — u),

T = wi(2m? — ¢ — ¢ +4¢* — 4m?) + wa(P - n)? + wa(q® — m?)(AM? — ¢*) + 2ws3(—¢*P - n)
Hwg(m* — ¢* + ¢ — m2¢?) — 2mPws(P - n)
= (P-n)%wy + (P - n)(—2¢*ws — 2m2ws) + 2w, (¢* — m?)
+wy (¢ — m?)(AM? — ¢%) — mPwa(¢? — m?)

= (s —u)?wy — (s — u)(2¢* w3 + 2m*ws) + (¢° — m?) 2wy + (4M? — ¢*)ws — m*wy]. (C.36)

Thus, the differential cross section Eq. becomes,

do Gr?cost,? lw v

dQ2 ~ 6anEMZ4 T
M2G p?cos20. s—u s —u)?
et la s U v e U e
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here, with a substitution of Pais to Llewellyn Smith form factors (Eq. |C.10), A(Q?), B(Q?)

and C(Q?) are written,

A(QQ) = 8M4 {2[ 8M29A2 + 2q2(9V2 + 9A2)]
+2(4M?% — ¢*)[ga+ | gv — 2M f > — P(fv® + fa?)]
+2m2[gy 2+ | ga + 2Mhal? — (=g + 4M?)(hy? + ha?)]}

(¢*—m?)

2
- M2 {_29142 + 2]q\42 (gV2 + gAQ)

+(1 4M2> [94% + gv? + 4M? iy — AM Re(gv* fv)

—P(fv + faD)] + 255 (0v 3 | ga + 2Mha)? — (4M2% — ¢)(hy? + hA2)]} 7
using Eq. to rewrite all form factors with Llewellyn Smith’s notation,

2_m2 2
_ %{ 2P0 + SL5 (F 4+ (Fy + €)?) + (1 - fw) X

[FAQ +(Fy 4+ €R)? + (€F3)? — AMRe <(F1 4Ry )@) P (

1 (6922 + 3 (Fa®)?)]

e [+ ) | —Fa - 2Fpf — (ab? — ) (B2 4 2]
()0 )

+ 258 + (1= 8 ) 2= 2)| Re(F€R) — i (1- 34 ) (Fa®)?

55 [| P+ €R P+ | Fat 2P — 4 (1= 4% ) (B + Fe?)| ],

and finally,

(m;/[—ZqQ) {(1 4M2)FA <1+$) (F1)2
1

— i ( ?\42) (€F2)? — L3 Re(Fy*€Fy) + L (1 - %) (Fa®)?

i || P+ €RP+ | Fat 2Fp) — 4 (1— 35 ) (P2 + Fp?)| |
- S )7 () o

+2 (1 4M2) (€F2)? + L Re(Fy*¢Fy) — (1+ 4M2) (F3)?

[| Fy + R+ | Fy + 2Fp|? —4(1+4M2)((FV) +Fp2)}}. (C.38)
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Similarly, B(Q?) term and C(Q?) term are,

B(Q%) = g {—24*(—4Re(ga*gv)) — 2m?
2 2
AReM [(gv — 2M fy (1= 350 )™ + (94" + Siha*) fa] }
= i Re[-Fa*(Fy + €Fy)] — " Re [(Fl + %55) By (—FA* — ok FP) FWAT
= —{{nRelFa"(F + ER)) + i Re | (Fu + ptPo) ™
(e + o) )
& Re[FA*" (P + EF)] — $5Re | (P — 3¢ F ) BV

. <FA* . %F,ﬁ FAﬂ } . (C.39)

I
—

20ga%+ | gv = 2Mfy* = ¢ (fv? + )
(P4 | Fv e - nf @ [(her) + (5P}
{FA2 + F?2 — %(ﬂg)? _ %(FA?’)Z}

= 3 {FA2 +F2+ B (ER)? + %(FA?))Q} : (C.40)

@) =

|
= ool

W=

These results agree with [I5] except the location of “x” in (F1 = %5}@) Fy** at B-term.
Note here that contribution from Fp and Fy® are very small since they always couple with

m 1.

Now, the expression for Eq. is easily deduced from the crossing diagram with re-
placing g2 — —¢q1 and ¢ — —¢o (Fig. [C.2]). This replacement corresponds to exchange s

and u.

dQ2 (87 tv ’LL)

TQQ(U, t,s)

B(@*) — -B(@)
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Therefore,

do [ vitn—1"+p
102
e v+p—I1T+n
B M2G p?cos20.
N 87E,>
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Figure C.2: (a) is the Feynman diagram of Eq. after the time reversal operation, one

can get (b), then exchange of neutrino and lepton gives (3), which is the Feynman diagram

of Eq.
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C.2 Neutrino-Nuclei lepton scattering

C.2.1 Kinematics and cross section formula

Now, we want to consider charge current quasi elastic scattering with bound nucleon.

v+A—I1"+ A, (C.42)

n+A—-IT+ A (C.43)

In Fig initial and final lepton v and [, initial and final nuclei A and A’, initial and
final nucleon N and N’ have 4-momentum k1, ko, p, p’, k, and k' respectively. The charged
lepton [ has mass m, and nuclear target A has mass my, also we define nucleons N and N’

to have mass M.

In modern notation, lab frame kinematics are defined in the following way.

kl = (6170707 61)
k2 - (627 k_é)

b = (mT,O,O,O)

o= E—|kP=e—k (C.44)
¢ = w-|P=v-¢ <0
k-q = we—/;-cj’:we—chow

Here, we use k and ¢ as the abbreviations of |k | and |g], and 7 is the angle defined between

k and d. These expressions are used for modern papers, for example [155].
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neutrino-bound nucleon scattering

(1) Lab frame (2) Feynman diagram
v k, k, l
q
k k'
A m A’
p p'

Figure C.3: The neutrino-nuclei scattering diagram.
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For old papers, including the original Smith-Moniz paper [16], use different notations.
kl - (61,0,0,1'61)
ky = (kg ier)

p = (07 07 07 ZmT)

2 = —E+kP=k € (C.45)
P = —wtlgP=¢F —w? >0
k-q = *w€+E'(T:*’w€+kQCOST

One needs a special care for the original paper written by Smith and Moniz, because they

define ¢ = ko — k1, then,
k-q = —we+k-q=—we— kqcost, (C.46)
these are the expressions used in the original paper [16].

For neutrino-bound nucleon weak interaction, the cross section is,

[MP2 [IMP2 &k a3/ it
do = dLips = )45t (p/ —p —
7 flux ps Alk1 - p| (27)3 - 2€5 (2m)3 - 2Ep( m™)*6 (P —p—aq)
M2 dBky &
— ‘ ’ 2 64(p/ —p-— q)

4lky - p| (2m)2 - 2e2 2E,

put into hadronic tensor

2 2
_ 1 k5dkad) (Gpcosh.) ETWW‘“’,
de1 -myp (2m)2 - 2€9 2 2

therefore, double differential cross section for neutrino-bound nucleon scattering can be

written,

do? (Gpcosb.)?k3 1 1 u
- =) e 4
dkod$Y 2m2myp <166162) (4> Tur W (C47)

This expression looks similar with Eq. (3) of the original paper [16], excepting many coef-

1

ficient differences. We will see later, that factor cancels with 7, W and factor 3

1
16€1 €2
cancels with the nucleon tensor definition difference between Smith-Moniz and Llewellyn-

Smith.
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C.2.2 Leptonic and hadronic tensor term

The leptonic tensor is of the usual form (Eq. ,

Tuy = S[klkaV + kQ,u,klu - (Q1 : q2)g,u1/ + qop — ifuuaﬁklakZB}-

The hadronic tensor is defined in the original paper (Eq. (2) of Ref. [16]),
W Wa Wﬁ W8
Wy = Wid + migppupu + mi%(blql/ + mi%(pu%/ + Puqu) + mi%e,uuaﬂpaQBa (C.48)
and we re-write this in modern notation,
Wy |44 W Wy
W = ~Wiguw + —2Duby + —o@uly + —2 (Dpdy + Do) + i— CuvasPads.  (C.49)
mp mr M mrp

This is more standard expression in modern articles, for example [45] [155]. We ignore Wy

term because it will disappear if one takes contraction with leptonic tensor as we see in

Eq. Although Eq. and are quite similar, they show more difference with

their lab frame expression.

In the Lab frame, the old notation is,

4% Ws Wy
W,uu = Wl(s,uz/ - W25,u45y4 + migq,u%/ + ZmiT((S/,AQV + (Su4q;L) - ZmiTe;woAQCz- (050)

On the other hand, modern notation,

”uu = -0 19ur + W 2940910 + ;CQMQV + 0 (guqu + gl/OQu) —1 GMVQOQa(C~51)
mT mr mr

We adopt Eq. [C.51] for later calculations. If we take the contraction with Leptonic tensor,
k
€

using —30059 = cosy, the coefficient for W; term becomes,

€1 €2
0 ko
W1 — —[2(k1 . kz) — 4(/€1 . kg)] =2 . N = 26162 1 — —cosb
0 ko €2
€1
o1
= 2¢e1€69(1 — cosx) = dereasin 5X ) (C.52)
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Wy — 26162 — (k1 - ko) = e1(e2 + kacosh) = erea(1 + cosx)

1
= 2€1€9c08> <2x> , (C.53)

Wa = Pl a)kn )~ (ki b))

T
1
= W[Q(kg — k1 ko) (k1 - ko — kT) — (k1 - ko) (ko — k1)?]
T
1
= W[Qk‘%(k‘l k) — 2(k1 - k)% — (k1 - ko) (k3 — 2Ky - ko))
T
1 2 1
— —k2(k1 - ko) = —5 - 2€1ca5in” <x> : (C.54)
mi ma 2

1
Wﬁ — %[261(1{?2 . q) + 262(]{31 . q) — 2(1{21 . ]CQ)(EQ — 61)]
1
= E[%ﬂk% — k1 - ko) + 2e0(ky - ko — k3) — 2(k1 - k2)(ea — €1)]

1 m?

=~ 9¢k2=""09 )
- e1k; o €1, (C.55)

v o 0
Y A A

1 1|0y oy 67 &9 P

Ws — —mi‘E’uVJ Ongwagk(flkg = —— qgk‘?kg - _7(525% - 5255)%]“?]“26

T T\ sy 65 6N mr
12 v o 0
05 05 03 g

— @) - ke a)) = =l ke ) — a(k — ko)

2 2 1
= ———[(k1 - k2)(e1 + €2) — mPer] = — [—26162(61 + €3)sin” <X> + m2€1} - (C.56)
mr mr 2

In total,

1 1 2 1 2
T Wy = 16€1€2 {23in2 <2x> W1 + cos® <2x> Wsy + m—zsinz <2x> Wa + m (W + Wg)
mT mmreo

_nfTWS(q + €2)sin? <;x) } . (C.57)
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We use the following transformation for the second line of Eq.

1 1 1 k
sin | =x ] (e1+e) = y/sin?2|=x)(e1+e2)?=4/=(? +2€162+€2) | 1— 22 cost
2 2 2 €2
1 k k
= \/2 [61 <1 - 620059) + eg (1 — 620089) + 2€1€9 — 261620050]
= ersin | =x | +ecos” | -x | +
2 2
2 2 (1 1 2
= (= +al? + 2a&)sin? | 5x | + 5(? +m?)
1 1 ko 1
= 1/q?*cos? + lg)?sin? | =x | +ere2 | 1 — —cosh | + =(—¢? +m?)
2 2 €9 2
= [q?cos? 1 + |¢|?sin? 1X +
2 2
1
= \/q20082 <2 > + |q|?sin? < >

Putting Eq. together into Eq.

1 1 1 2 2(Wps + W,
TWWW = 16€1€9 2W15in2 -x |+ I/Vgcos2 -x | + sin® —-X m—QWa + w
2 2 2 mi mreg

2 1 1 1
—%sin —x ) 1/q%cos® [ =x ) + |g|>sin? | =x | + m? ;. (C.59)
mr 2 2 2

Finally combining Eq. and Eq. we can get Eq. (3) from Smith and Moniz

(¢ +m2)

N

1
(a2 +m?) + 5(~¢? + m?)

l\ZJ\*i

_l’_

3

X 2, (C.58)

N

paper [16] except for a factor of %. We will see this factor i cancels with the definition of

W;. The lab frame expression for double differential cross section,

do? G3k3 (1 5 (1 5 (1 o (1 \ m? m?(Ws + Ws)
_ N fowsin2 (X 1 w2 (L) ™y
gt = b (1) {200 () e () i () w4 HEEES

_2Ws (1 20052 [ L 2gim2 (L 2
stm<2x>\/q cos <2x>+\q| sin® | 5x +m? 5. (C.60)
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C.2.3 Hadronic nuclei functions, definitions

The Llewellyn-Smith formalism uses hadronic nucleon tensor to contract with leptonic ten-
sor. Since the Smith and Moniz formalism describes the interaction of nuclei and lepton, it
uses hadronic nuclei tensor to contract with leptonic tensor. Each nuclei tensor has hadronic

nuclei function, and it is described by the combination of hadronic nucleon functions.

For the lab frame nuclei hadronic tensor, we have Eq. For nucleon tensor, again,

we modified to modern notation,
T T, T, T3
Tw = ~Tiguw + 5 5Pupv + ﬁogquqy + ﬁi(pu(b/ +Dudp) + i s €uwapPads,  (C-61)
and they are related with the integral of nucleon phase space,
Wy, = / dk f (K, §,w) T, (C.62)

Here f (E, ¢,w) is a function describing how nucleons distribute in momentum space,

mrQ 0(ep — €x—q + W)

(R 0) = g =S () (L= ng (R — ), (C63)
—q
e ()= quantization volume, for RFG model, Q) = 37;1\7 , where N is the number of
F

neutrons in the nucleus,

e ¢;= nucleon energy before the scattering, using the initial binding energy €¢; (=Ep
for our case), e, = \/|k[2+m? —e; = e — ey,

e ¢;,_,= nucleon energy after the scattering, using the final binding energy es (=0 for our

case) and the effective energy transfer wefr = w+ex—eq, €g—g = 1/ k—q2+m2—ey =

€+ Weff —€2 =€+ w — €1,
o (e — €k—q t+ w)= energy conservation,

e n;(|k|) = a function describes the Fermi momentum distribution for the target nucleon

in the nuclei. For RFG model, n;(|k|) = 0(pr — |k|),

285



APPENDIX C. THE DETAIL OF CROSS SECTION CALCULATIONS

o n f(|E — q])= a function describes the final nucleon states after scattering, When the
states are already occupied, interactions do not happen (called Pauli blocking). For

RFG model, n(|k — q)) = 0(pr — |k — ql).

We will consider all integrals in the next subsection, now, we define the following 7 functions.

ap = /d%f(%,jw) (C.64)
oo k2

4 = / IRF(F.T0) g (C.65)

2 2

4y = /dkf(k,jw)k]c\Z‘;T (C.66)
L e

P / d%f(/%,jw)e’“’;\?;” (C.68)

ag = dEf(/Z,jw)kC]\OjT (C.69)

— | dR (R G ) C.70

ar = f( ) 7"‘))M ( . )

For the RFG model, these integrals, taken within the momentum space of target nucleon
available for the interaction, can be re-written by the integral of target nucleon energy.
Then, the highest energy nucleons available for the scattering are ones located on the Fermi
surface, and the lowest energy nucleons join the scattering are ones who can escape from
Fermi surface by adding energy transfer,

- = kmam Ehz‘
/dk:f(k:,(j;w) ~/ kdkw/ ede,
k Elo

min

here, Ej, and Ep; are written,

Ehi = \/p%’—’_MrQw
E, = \/p%—i-Mg —w+ Ep.

Then, we want to find the expressions for nuclei hadronic tensors in terms of nucleon

hadronic tensors. Let’s contract both hadronic tensors by 4 tensors, (1) gu, (2) ¢uqv, (3)
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9uagva, and (4) g,4qy-

guwT" = —4Ti + ]]\jQTQ - MQQT + QLQ‘JTB

W T" = —¢*Ti+ (kMg) T2+M42T +WT5
guoguo T = =T+ ]\;2T2 + ;IZT + 2;4’“;‘%

guoa, T = —wTi + ekg\l;'ﬂ T + WT + WTB

GuWH = AW+ Ws + 2W + = 2 oW

G W" = —¢Wi +w2W2+ W 2wq
JuognoW"" = Wi+ Wa+ — W W + Q—WWﬁ
guo@ W = —wWi+wWs + TW + WW

Egs. [C.71] to [C.74] and Egs. [C.75] to [C.7§ are related through Eq. [C.62] thus,

2
2w
—4W1+W2+ W+ W

k2 q2 2k - q
4 2 2
—q2W1 + w2W2 + %Wa _ = Wg
mr mr
o (k- q)° q' 2¢*(k - q)
/fdk[ T + 2 T—l—WT +TT5,
2w
—Wi+ Wy + W + Wg
- w2 2€pw
= [ fdk |-Th + M2T2+M2T +WT6 ;

2 2
Wi+ Wy + W+<q +W>W5
T

wmr

wM? M2 wM? M?
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Then we calculate the following 4 combinations, (i) (Eq.[C.79) — (Eq.[C.80), (ii) (Eq.[C.79)

— (Eq.[C:81), (i) (Eq. — (Eq.[C:82), and (iv) % x (Eq. + (Ea.[C81).

(1)  —3W; + <1 - Z’j) Wo = | fdk {—3T1 + <k2 -~ W) TQ]

M2 @2M?2
2 _ w2 - k* — e 2 w? k-q)— ew
(i) -3+ L —w, z/fdk [—3T1+ T+ Ta~|—2(q]3426kTﬁ}
T
9 2 2
(iii)  —3W; + (w e > W
mr wmr

2 en(k - ) era?
o () (G258}

q 4 2 (/.)2
(iv) (1—MQ> R A Y Wy

mrw

miw?
¢t — ot 2
_ - q € (kg aw
_/fdkK 2) <M22 M2>T+M2 2T+2<M2w2 P Ts

Using Eq. - ) (iii), and (iv) can be re-written as the following.

2
@) —3W1—E'W2= / dk[—:m [RPIaP — gl — k2 + 260(F - ) <-®2]T2}

(k Q")

M22

|k|? lq|?
8Ty + 5 Te + 1

k2 e exlql?
3T+<|]\4|2_ (M2®) 2+<(ng jj\?2>Tg]

2 2 2 2
(iv) \q! lal” +!q\ (!z\z_ )Wa—Q lq| W,

— Ty +2

2
(ii)  3Wp + %Wa = /dk
mp

2
(iii)  3W; — n‘j'wWﬁ = /dk
T

T mrw
lq/? (k-q) ((E-@) 26 lal* (|al?
— T 7—2 T,
/dk w? wr it M2\ W2 w +M2

2 exlg? | laPk-D -
N _ (K. T
+M2 < w + w? (k-q)
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Then, calculate the combination, 2x (iii)+(iv)— <E—|22 - 2) x (ii),

2 2 2 2 2
( st 4+ 4l Wﬁ) <\QI W +Iql (IQL_ )Wa—2 lg| Wﬁ)
mrw T w mrw
2 2
—<Q|2— ><3W+|q| W)
w mT
" kP ek ) (F-@) | el
= /dk [2 (‘3T1+(‘w+ WVC R G TERRa Vel
s k- (-] 2e lql* (la?
*(wa“w 2w | Brap e 2T

enlal2 2(1 . . 2
+% (— ’“f‘ Ll L]’Z D _ ;. @)Tﬂ> (’5}‘2_ ).(ii)],

then,

+ M2 ( )2 o B

—<|q‘2 >{3T+“€T+‘q’2T +2( D, }

w? M? M?2
|q|? AN 1 (kP> (B-Q)
— 2FWI = dk 2FT1 + W w2 — w2 T
-~ 1 (—|kl|q|cosT)?
Wy = [ dk | T, SRR bt A,
B / [1+2M2<“ e )
1
— Wi =T+ 5(@2 — ag)Tz. (0.83)
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W5 can be found from (i) and Eq. -

3¢>

W _
2|q/?

(a2 — az)Th

- 1
[ | 3 4Plal - lal? = AP = 2exltldost ~ [KPlaPeos?n) T2

3 w?
= 2( 7 |2—|—1> (ag — a3)T

21112
> w?|k| exwlk| 2 9
— | dk [(|k‘]2 — e — -2 cosT — |k|“cos”T) T
/ M? lq|? lq]
(3 w? w? 2w
= ()@ fpe s e w1
- 2 2
2w w q
= as+ 75a5 + 503 — 55 (ag — a3)] 1
lq] lq|? 2|q|?
q2—>—q2 [ 2w 2 2
— Ts.
B v R vl

(C.84)

The last step comes from the fact that ¢? is positive defined in old, including Smith and

Moniz’s, papers.

From (ii),
3m2 L2 2
W, = —2|q’T2(a a3)T2+frm%]q\2/d P | Ty +‘]€[|2T 2
2 2
my |3 lg[*a1 ag|q|
= —=|= T T T, —2——1T
|l {2(6‘ @)l +axly + S Ta = 25715
2 2
my (3 1 mpay aﬁmT
= T (Zgy— T T T
/2 <2a3 2 > S VER S VTP

|k||q|cosT
M2

T

(C.85)

Notice sign in front of ag term is minus. This sign is plus in original Smith and Moniz’s

paper [27].
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Finally from (iii),

3mrw
W/g = —ﬁ(agfag),fz
mrw [ [ |k*  exlkllglcosT |kllglcosT  exlq|?
dk - | T T
w1 [ | (5 - ) e (MR )
3mrw
= —7T2(a3 —a2)T?
2\ |
mrw|k|? mTek\k|cos7'> <mTw\k|cos7' mT6k> ]
- Ty + + T,
[( |q2M* |q|M? |q| M2 Mz )P
3mTw mrw mras mr w
= (ag ag)Tg + <— a9 — > T2 + — ((17 + a6> T,
2Jq2 al? q M g )7
mr w mr 3 1
= — a7+ a6> Ts — |: as + — ( asz — a2>:| Ts. C.86
M ( lq] T dl lq] 2 (C.86)

Notice, the sign in front of T5 is minus. This sign is plus in original Smith and Moniz’s

paper [27].

The last term, Wg, is antisymmetric and disappears for all contractions with the sym-
metric tensor. Now we go back to Eq. and take the contraction with the antisymmetric

tensor €,,43, then take contraction with g*qP,

1 1
_7euyaﬁ6#110'0qo—W8 M2 /dk |:6’uy 66 l/O'Tk q T81|

mr

1 1 -
N o _ o - asB  sBsoNp.0 T

- (900948 — 9o8940)q" W3 e / dk [(505T 0,07 )k q Ts}

7 1

— —q )W, 2 (k- T

N o — (W = )Wy = el /dk [(ekq (k- q)w) 8]
— W= 7 PMQ /dk‘ [(exlal® + |KllqlcosT)T5]

_mr w
— Ws = i (CL7 + ’q‘a6> . (087)

Therefore, Eq. [C.83] [C.84] [C.85] [C.86] and [C.87] are the expressions of hadronic nuclei

functions, W1, Wa, W, W3, and Wy in terms of hadronic nucleon functions, 11, T3, Ty, Tj,

and Tg.
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C.2.4 Analytic solutions for the phase space integrals

For RFG model, Egs. to have analytic solutions. To calculate them, we first

define the following.

quf = q? —wsz

a = 61(14'@)
w

b = €2<1_@>

w
Weff
c = —
4]
2
qd = ey
2|q|M

b, = /dEf(E,qu) (ﬁ)]

~mpQ (e — €p—g +w) - - € \J
= | di (NI =ng(F = aD]- ()
[ R s S A s (R - - (7

k .

maa Qe — en
= / k2dkdcosT L (6 = €n-q +w) cdot (iy

Koin (2m)? €€k—q M
Since €;_q = 1/ k—q+M2—ey = \/|]2|2 + |72 — 2|k||qlcosT + M2 — €3, we can re-write en-

ergy conservation with function of cost, by using a standard formula, 6(f(z)) =), 553,5(; x;)

For our case,

f(cost) = €e— \/]EP +|@2 — 2|K||q|cosT + M2 + Weff, (C.88)
f(cosmg) = €— \/]E\2+\(j]Z—Z\l;Hcﬂcosv'o—i-MQ—i-weff =0
2 w2, — 2w,
—  cosTy = i eff ) (C.89)
2|k||q]
k
f'(cosT) = [klld] — , (C.90)
\/62 + [q1? — 2|k||q]cosT
/ Il
—_—. C.91
Pleosm) = AE0 (1)
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then,

O(er — €p—g +w) = Sle—er —\/|k—ql+ M2+ e+ w)

And by becomes,

= 5 — /IR + |32 — 2|R||dlcosT + M2 + wepy)

+ ewers +w? . — |
%(5 [COST + i<l _eff i
|kl|q] 2|k||ql

. (C.92)

k ) )
mazx Q 1 25w +w _
by = / k2dkdcosT L € +weff5 [0087. T eff +wers —1dl ]

kmin

(2m)* ekek—q  |k]|q] 2|k]|q]

mrS) kmaz €+ Wesr

2m)2lql .. €k€k—q

mTQ
@2m)%q Jp,  (e—e)(e—ea+w)

Ep;

ede €+ Weff

Let’s focus on the inside of this integral,

€€+ werf)
€PkEk—q

Therefore,

ele+w— €1+ €2)
(e—e1)e—e +w)
(e—e1)(e—e1 +w)+eer — e% + €1w + €€
(e —€1)(e — €1 +w)
weer — wet + eqw? + weeg +werea(l — 1) + eerea(l — 1) + eFea(1 — 1)
w(e—e€1)(e — €1 +w)
€1(we — wey + w? + g€ — €162 + wea) + e2(we — wereer + €3)
(e—e1)(e—€1 +w)
er1(w+e)(e—e +w)+ew—er)(e—er)
(e—e€1)(e—€1+w)
a b
_|_

e—€ €e—e€ +w

1+

1+

1+

1+

_ m§) _ _ Ep;
b = ol [e +aln(e — 1) + bln(e — e1 + w)]|E" . (C.93)
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Similarly, we can get expressions for b; and bs.

62(e+weff) _ (14 a N b
EPkEL—q e—e€ €—€+w

e+a<1+ ° >+b<1+w)
€— € €E—€ +w

mr§) 2
—b = 7(27F)2’CI1M [7 +a{e+eln(e—e)}
+b{e+ (e1 —w)ln(e — €1 + w)}] \glh: (C.94)
63(e+weff) _ 2 (1+ a n b >
ePkEk—q €— €] €—€ +w
_ €2+a62—6%+6% +b62— (€1 — w)? + (1 — w)?
€— €] €E—€ +w
2 )2
= €2+a<€+€1+61> —i—b(e—l—(q—w)—i-(qw))
€— €] €—€ +w
mTQ €3 €2 2
HbQ = W[g‘i’a{?‘i’GEl‘FElln(E*El)}
€2 2 Ep;
+b {7 Feer — w) + (e1 — w)2lnfe — €1 + w)H |2 (C.95)
Now, we go back to Eq. to using Eq.
a = /dEf = by, (C.96)
o k2 - €2
2 2 2 _,2 4., 4 2,2
" - /dEkaCoszT _ /dEféLweffe —dewerp(|q17 —wipp) + 101+ wipp — 2|q17we
M2 AM2| P2
. /dEf waf (i>2 _ weyr(la? _wgff) (i) n (lg1? _ngf)2
- > \M |q1*M M AM?|qg)?
= by + 2cdby + d?by, (C.98)
2 2 2
= €L - € 2e€q €7
a4 = /dka?_/dkf<M?_MQ+M?>
2 €1 €
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2
0 — /dkfekaOST /dkf e—er) <|q_] 2‘k|m 26weff>

2
weff 2 Qefy | €CWers | ( €\ ey
/dkf[ (37) <2|q1m+ m[d ) (37) 20| q]
€1d
M

| E—

_ cb2+<d—g)bl

i —bo, (C.100)

kcosT -k -
a6 — /dkf —/dka (Frlai® - w2ys — 2ewess20Fl 1)
= c¢by + dby, (C.lOl)

a7 = /dﬁfj\z - /dEf (jf) = by — %bo. (C.102)

C.2.5 Hadronic nucleon functions, definitions

All hadronic nucleon functions are described with combinations of nucleon form factors. We

can find hadronic nucleon functions in Smith Moniz formula from Llewellyn-Smith formula.

We found the following Pais’s nucleon functions (Eq. [C.29) [C.30}, [C.31} [C.32] and |C.33)),

Wy = Wi + w2P, P, + w3i€ 0590 Ps + wiq,q, + ws(Puqy + Poqu)
wy = —8M?ga*+2¢°(gv? + ga®)
wy = 2947 +2| gv —2Mfy|* — 263 (f? + fa?)
w3 = —4Re(ga*gv)
wy = —2gv° — 2| ga+2Mhal* +2(—q* + AM?)(hy? + ha?)
ws = 2Re{2M|(gy —2M fy (1 — 4;]\;2))hv* + (ga™ + 2]\24h,4 )fal}

Since we already know that wg gives zero contribution to the cross section after taking
contraction with leptonic tensor (Sec. |[C.1.4), we ignore it. Here nucleon functions w; are

written as functions of P = (p; + p2) and ¢. On the other hand, in Smith and Moniz use
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p(= p1) and ¢ for nucleon functions 7; (Eq. [C.61)). Thus,

Wy = WiGuw + w2(2p + Q)H(2p + Q)u + w3i€uuaﬁ(hz(2p + Q)B
+Waquqy + ws[(2p + Q)MQV + (2p+ Q)VQM]
= Wiguw + 4w2pupu - 27:71)36#1/(1,81704%3 + (7~U2 + wy + 2w5)QMCIV

+2(w2 + w5)(pqu + pyqp,)- (0103)

Compare Eq. with Eq. one can get the relationships between Llewellyn-Smith

and Smith Moniz nucleon tensors.

Smith Moniz <« Pais

T = —w

Ty = 4M3w,

T, = M?*(ws+ wy+ 2ws)
Ty = 2M?*(ws + ws)

Ty = —2M3ws

The definition of nucleon current is secondary once you get nucleon tensors. Since we
accept Pais’s definitions for nucleon tensors, we can adjust Smith-Moniz’s nucleon current
definition to be consistent with Pais. In Smith-Moniz paper [16], the definition of nucleon
current is given in Eq. (8). Comparing with the current definition by Pais (Eq. , using
Gordon’s decomposition (Eq. , we can modify Eq. (8) for our purpose.

Ty = B 40w’ Fa+ iFviqur + vuvsFa — iFpysdu + Fa® 5000”7
- YWF —i0wg" F + Fv3qur. — vuvsFa — Fpysqu + Fa®ys Py

= Wl(FL +2MFEy) — Fays] — Pu(Fa — Fa®ys7,) + qu(Fyv31, — Fp) (C.104)
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Now, Smith-Moniz’s form factors and Pais’s form factor are related.

Smith Moniz < Pais

Fy+2MF, = gy
F = Jfv
K* = hy
Fa = ga
Fa* = fa
Fp = ha

Thus, with a little care about the expressions for each nucleon tensor in Smith Moniz papers,

the expressions are the following,

Ty = =-wy=8Mg4 —2¢°(gv +gi) = 8M*F} — 2¢°[(Fy + 2M F,)* + F]

- 4 [;QQ(Fl +2MFy)? + <2M2 + ;QZ) F/%} : (C.105)

Ty = AM?wy =4M?[294% +2 | gv — 2M fv|* — 26> (fv' + fa?]

— 4 [2M2 [F2 1 Q2F2 4+ F? Q2FA3Q]} , (C.106)
Ts = —2M*—4Re(ga - gv)] =4 [2M?F4(Fy + 2M F)] , (C.107)

1
Tﬁ = 2M2[w2 + w5] = §T2 + 2M2UJ5

1 'S 'S
= _Ty+2M?-2Re{2M|(gy — 2M fy (1 — hy* Iyt
512+ Re{2M[(gv = v’ +(ga” + 5rha®) fald
1 F2q2 3 FPq2 3
= —Th+8M3|(F P F F
2 2+ [( 1+ 2_7”) v+ | A+ M A
_ 1 - 2\ 17273 o 2\ 7271 3
= ;T +4 [(QMFy — F,Q*)M°Fy° + (2MFa — FpQ*)M*F4*)] (C.108)
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1
T, = MQ(w2+w4+2w5):fT2+M2(w4+2w5)

4
1
= B+ M? {—2gv2 — 2] ga+2Mha* +2(—¢% + AM?) (hy? + ha?)
2 2
+SMRe{{lay ~ 2V v = Ep0h 4 (0" + Sha )l

|
= [T+ M {—2(F1 +2MFy)? — 2(Fy + 2MFp)® + 2(—q2 +AM?) (R + F2)

Fyq? Fpq?
M|(F F2 4+ | F Fa3
e (g s (s S5 ) 0
1 M? SM*
T2 = —5 Ty = = F} = 8MPFaFp — 8M'F} + 2M*(~¢* + 40M°)(Fy 3% L F2)
q g
HAM?Fy3(Fy + Fog®) + AM?Fs3(2M Fa + Fpq?)
1 M? SM* 2
= - ?Tl - qTFj — 8M3F Fp — SMAF3 4+ 2M?(—¢* + 4M?)(Fy*” + F3)
HAM?Fy3(Fy + Fog®) + AMPFA*(2M Fy + Fpg?),

using 77 (Eq. [C.105)),

M? 1 1
= —q—Tl +3T2+ AM?Fy3 [QMFl + Fyg® + <2M2 — 2q2> FV?’}
1
+4M?(2M Fa + Fpg®) [FA3 — 2712(21\41?411 - quQ)]
M2 1 2 3 2 2 1 2 3
= @Tl—FZTQ—FZlM Fy 2MF1—F2Q + | 2M —|—*Q Fy

+4M?*(2MF4 — FpQ?) [FA + (2MF4 — FPQ2)] (C.109)

2Q2
All terms are consistent with Smith and Moniz’s paper except for a factor of 4, but this
factor cancels with the factor % which we see in Eq. and Therefore, we finally

find the double differential cross section for RFG model,

do? G% k3 1 1 1\ m? m2(Wg + Wg)
= oWy sin? | = Wocos? [ = in? [y ) W, + T8
dkodQ 2m2my { Lt <2X> Wacos <2X) e <2X> ma. * mres

2 1 1 1
_2Ws sin <X> \/q2co.92 <X> + |q|?sin? <X> +m2} : (C.110)
mr 2 2 2
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Appendix D

Table for Predicted V), flux for
MiniBooNE

Tab. shows v, flux (Fig. for each bin. The unit is neutrinos/POT/50MeV and the

integrated number of all energy region is 5.167 x 10~'% neutrinos/POT.
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APPENDIX D. TABLE FOR PREDICTED v, FLUX FOR MINIBOONE

bin v, flux bin v, flux bin v, flux

0- 50MeV | 2.276 x 102 1000-1050MeV | 1.681 x 10! 2000-2050MeV | 9.607 x 10'3
50- 100MeV | 8.583 x 10'2 1050-1100MeV | 1.561 x 10! 2050-2100MeV | 8.166 x 103
100- 150MeV | 1.114 x 10! 1100-1150MeV | 1.442 x 10! 2100-2150MeV | 6.942 x 10'3
150- 200MeV | 1.337 x 10!} 1150-1200MeV | 1.321 x 10 2150-2200MeV | 5.949 x 10'3
200- 250MeV | 1.661 x 10! 1200-1250MeV | 1.195 x 10! 2200-2250MeV | 5.157 x 103
250- 300MeV | 1.823 x 10! 1250-1300MeV | 1.071 x 10! 2250-2300MeV | 4.487 x 1013
300- 350MeV | 1.950 x 10! 1300-1350MeV | 9.522 x 102 2300-2350MeV | 3.942 x 10'3
350- 400MeV | 2.049 x 10! 1350-1400MeV | 8.372 x 10'2 2350-2400MeV | 3.507 x 103
400- 450MeV | 2.165 x 10" 1400-1450MeV | 7.292 x 102 2400-2450MeV | 3.156 x 10'3
450- 500MeV | 2.245 x 10*! 1450-1500MeV | 6.304 x 10'2 2450-2500MeV | 2.872 x 10'3
500- 550MeV | 2.284 x 10! 1500-1550MeV | 5.407 x 10'2 2500-2550MeV | 2.620 x 103
550- 600MeV | 2.296 x 10! 1550-1600MeV | 4.610 x 102 2550-2600MeV | 2.414 x 10'3
600- 650MeV | 2.279 x 10! 1600-1650MeV | 3.909 x 10!2 2600-2650MeV | 2.278 x 10'3
650- 700MeV | 2.258 x 10! 1650-1700MeV | 3.292 x 10'2 2650-2700MeV | 2.114 x 103
700- 750MeV | 2.218 x 10!t 1700-1750MeV | 2.765 x 102 2700-2750MeV | 1.999 x 10'3
750- 800MeV | 2.160 x 10! 1750-1800MeV | 2.316 x 102 2750-2800MeV | 1.923 x 1013
800- 850MeV | 2.082 x 10! 1800-1850MeV | 1.936 x 10'2 2800-2850MeV | 1.819 x 103
850- 900MeV | 1.996 x 10! 1850-1900MeV | 1.619 x 102 2850-2900MeV | 1.730 x 103
900- 950MeV | 1.898 x 10! 1900-1950MeV | 1.358 x 102 2900-2950MeV | 1.669 x 10'3
950-1000MeV | 1.793 x 10! 1950-2000MeV | 1.141 x 10'? 2950-3000MeV | 1.604 x 10'3

Table D.1:

integrated value for all energy region is 5.167 x 10~!? neutrinos/POT.
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