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ABSTRACT

MEASUREMENT OF NEUTRINO AND ANTINEUTRINO TOTAL

CHARGED-CURRENT CROSS SECTIONS ON CARBON WITH MINERVA

Lu Ren, PhD

University of Pittsburgh, 2017

This thesis presents a measurement of charged-current inclusive cross sections of muon neutrino

and antineutrino interaction on carbon, and antineutrino to neutrino cross section ratio, r, in the

energy range 2 - 22 GeV, with data collected in the MINERνA experiment. The dataset corre-

sponds to an exposure of 3.2×1020 protons on target (POT) for neutrinos and 1.0×1020 POT for

antineutrinos.

Measurement of neutrino and antineutrino charged-current inclusive cross sections provides

essential constraints for future long baseline neutrino oscillation experiment at a few GeV energy

range. Our measured antineutrino cross section has an uncertainty in the range 6.1% - 10.5% and

is the most precise measurement below 6 GeV to date. The measured r has an uncertainty of 5.0%

- 7.5%. This is the first measurement below 6 GeV since Gargamelle in 1970s.

The cross sections are measured as a function of neutrino energy by dividing the efficiency cor-

rected charged-current sample with extracted fluxes. Fluxes are obtained using the low-ν method,

which uses low hadronic energy subsamples of charged-current inclusive sample to extract flux.

Measured cross sections show good agreement with the prediction of neutrino interaction models

above 7 GeV, and are about 10% below the model below 7 GeV. The measured r agrees with the

GENIE model [1] over the whole energy region. The measured cross sections and r are compared

with world data.
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1.0 INTRODUCTION

Neutrino oscillation experiments have proved that neutrinos have non-zero mass, which can not be

explained by the Standard Model of particle physics. Cross section measurements of neutrino and

antineutrino in a few GeV energy region play an important role in determining CP-violating phase

and mass hierarchy in future long-baseline neutrino oscillation experiments. Many experiments

have measured neutrino cross section below 20 GeV. However, the antineutrino cross section and

the antineutrino to neutrino cross section ratio, r, in the relevant energy region are poorly measured,

which limits the precision of oscillation experiments. A detailed review of those cross section and

ratio measurements is presented in Sec. 1.4.

In this chapter, we describe neutrino mixing and oscillation, long baseline neutrino oscillation

experiment, neutrino charged-current interaction models and the status of inclusive cross section

measurements. Chapter 2 describes the neutrino beam, MINERνA and MINOS Near Detector.

Chapter 3 describes the simulation. Chapter 4 presents the event reconstruction from raw data.

Chapter 5 discusses the data sample and event selection. Chapter 6 discusses the method of flux and

cross section extraction. Chapter 7 describes the evaluation of systematic uncertainties. Chapter 8

gives the results of measured fluxes, cross sections and the ratio. Chapter 9 compares our results

with previous measurements.

1.1 THE STANDARD MODEL

The Standard Model (SM) of particle physics is a SU(3)C×SU(2)L×U(1)Y gauge theory, which

describes strong interactions and electroweak interactions among fundamental particles.

There are two types of particle in the Standard Model, fermions and bosons. Fermions, which
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have half-integer spins, are the constituents of matter. There are two types of fermions, leptons and

quarks, both of which are described in a three-generation structure. Leptons undergo electromag-

netic and weak interactions. In each generation, a charged lepton (e−, µ−, or τ−) is associated with

a neutral neutrino (νe, νµ or ντ ). Leptons in the three generations differ by their mass and flavor

quantum number. Tab. 1 shows the properties of leptons. Quarks are described in pairs in each

generation and have fractional charges (−1
3

or 2
3
). Bound states of quarks form hadrons (baryons

or mesons). Properties of quarks are shown in Tab. 2.

Bosons, which have integer spins, play the role of force carriers in the SM interactions. The

electromagnetic interaction is mediated by a massless photon γ, the weak interaction is mediate

by massive bosons W± and Z, while gluons are exchanged in the strong interactions. Property of

bosons are summarized in Tab. 3.

In the Standard Model, neutrinos only participate in weak interactions, and they are described

as massless, however, the observation of neutrino oscillation proves that neutrinos have non-zero

mass.

Flavor Mass (GeV/c2) Electric charge

electron neutrino νe < 1× 10−8 0

electron e 0.000511 -1

muon neutrino νµ < 0.0002 0

muon µ 0.106 -1

tau neutrino ντ < 0.02 0

tau τ 1.7771 -1

Table 1: Properties of leptons.
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Flavor Approx. Mass (GeV/c2) Electric charge

up quark (u) 0.003 2/3

down quark (d) 0.006 -1/3

charm quark (c) 1.3 2/3

strange quark (s) 0.1 -1/3

top quark (t) 175 2/3

bottom quark (b) 4.3 -1/3

Table 2: Properties of quarks.

name Mass (GeV/c2) Electric charge Force

photon γ 0 0 electroweak

W− 80.4 -1 electroweak

W+ 80.4 +1 electroweak

Z0 91.187 0 electroweak

gluon g 0 0 strong

Table 3: Properties of bosons.

1.2 NEUTRINO MIXING AND OSCILLATION

The history of neutrinos dates back to 1930 when W. Pauli proposed the existence of a new kind

of spin-1/2 neutral particle with small mass in order to preserve conservation of energy and mo-

mentum in the β-decay process. Pontecorvo [15] first proposed the concept of neutrino oscillation
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and discussed the oscillation between two flavors of neutrinos [16].

Neutrinos of different flavors can be seen as the linear combination of the mass eigenstates,

νl =
3∑
i=1

Uliνi, (1.1)

where Uli is component of the mixing matrix, νl denotes a flavor eigenstate l, and νi denotes a mass

eigenstate. Three flavor mixing matrix can be described as the PMNS matrix [17]:

VPMNS =


Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

 =


c12c13 s12c13 s13e

−iδ

−c23s12 − s13s23c12e
iδ c23c12 − s13s23s12e

iδ s23c13

s23s12 − s13c23c12e
iδ −s23c12 − s13c23s12e

iδ c23c13


where cij , sij denote cos θij , sin θij . θij denotes three mixing angles θ12, θ23 or θ13. δ is the CP-

violating phase. In the ultra relativistic limit m << E, the probability of neutrino oscillation from

flavor α to flavor β can be written as [18]

P (α→ β) =
∑
i

|Uβi|2|Uαi|2 +Re
∑
i 6=j

UβiU
∗
βjUαiU

∗
αje
−i∆m2

ijL/2E, (1.2)

where ∆m2
ij = |m2

j − m2
j | is the difference of mass squared for mass eigenstates i and j. L is

the path length from creation to observation, E is the energy of the neutrino, α, β are the flavors

of neutrinos at the creation and detection point. For three flavor neutrino mixing, there are two

differences of mass squared, the solar mass splitting ∆m2
21 = |m2

2 − m2
1| and the atmospheric

mass splitting ∆m2
31 = |m2

3 − m2
1|. m2 > m1 is known from solar and atmospheric neutrino

experiments [19], while the sign of ∆m2
31 is undetermined. The ordering of neutrino mass states

is referred to as the “neutrino mass hierarchy” (MH). The case m3 > m1 is defined as normal

hierarchy (NH), while m3 < m1 is defined as inverted hierarchy (IH). Tab. 4 shows the best-fit

values and 3σ allowed ranges of the 3-neutrino oscillation parameters derived from a global fit

of the current neutrino oscillation data [2]. Future long-baseline neutrino oscillation experiments,

such as Deep Underground Neutrino Experiment (DUNE) [3], are designed to measure unknown

parameters, such as δ and the mass hierarchy. Neutrino and antineutrino cross sections and their

shape with energy are needed to measure oscillation parameters.
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Parameter Mass Hierarchy Best-fit 3σ Parameter range

∆m2
21 7.50+0.19

−0.17 (10−5eV 2) 7.03→ 8.09 (10−5eV 2)

∆m2
3l Normal +2.524+0.039

−0.040 (10−3eV 2) +2.407→ +2.643 (10−3eV 2)

∆m2
3l Inverted −2.514+0.038

−0.041 (10−3eV 2) -2.635→ -2.399 (10−3eV 2)

sin2θ12 0.306± 0.012 0.271→ 0.345

sin2θ23 Normal 0.441+0.027
−0.021 0.385→ 0.635

sin2θ23 Inverted 0.587+0.020
−0.024 0.393→ 0.640

sin2θ13 Normal 0.02166± 0.00075 0.01934→ 0.02392

sin2θ13 Inverted 0.02179± 0.00076 0.01953→ 0.02408

δ/π Normal 1.45+0.28
−0.33 0→ 2.00

δ/π Inverted 1.54+0.22
−0.26 0.81→ 2.17

Table 4: The best-fit values and 3σ allowed ranges of the 3-neutrino oscillation parameters, derived

from a global fit of the current neutrino oscillation data. ∆m2
3l = ∆m2

31 > 0 for normal hierarchy

(NH), ∆m2
3l = ∆m2

32 < 0 for inverted hierarchy (IH) (Taken from [2]).

The oscillation probability of νµ → νe through matter, to first order, is given by [20]

P (νµ → νe) = sin2θ23sin
22θ13

sin2(∆31 − aL)

(∆31 − aL)2
∆2

31

+ sin2θ23sin2θ13sin2θ12
sin(∆31 − aL)

(∆31 − aL)
∆31

sin(aL)

aL
∆21cos(∆31 + δ)

+ cos2θ23sin
22θ12

sin2(aL)

(aL)2
, (1.3)

where ∆ij = ∆m2
ijL/4Eν , a = GFNe/

√
2, GF is the Fermi constant, Ne is the density of elec-

trons in the Earth’s crust, L is the baseline in km, and Eν is the neutrino energy in GeV. For the

probability of ν̄µ → ν̄e, both δ and a (matter effect) change sign in Eq. 1.4, which is written as

5



P (νµ → νe) = sin2θ23sin
22θ13

sin2(∆31 + aL)

(∆31 + aL)2
∆2

31

+ sin2θ23sin2θ13sin2θ12
sin(∆31 + aL)

(∆31 + aL)
∆31

sin(aL)

aL
∆21cos(∆31 − δ)

+ cos2θ23sin
22θ12

sin2(aL)

(aL)2
. (1.4)

If the CP violating phase term, δ, differs from zero or π, it is relevant to the matter-antimatter

asymmetry in the universe. The CP asymmetry is defined as

Acp =
P (νµ → νe)− P (ν̄µ → ν̄e)

P (νµ → νe) + P (ν̄µ → ν̄e)
. (1.5)

To leading order in ∆m2
21, it can be written as

Acp '
cosθ23sin2θ12sinδ

sinθ23sinθ13

(
∆m2

21L

4Eν
) + matter effects. (1.6)

Fig. 1 (left) shows the νe appearance probability as a function of neutrino energy for different δ

values (δ = −π
2
, 0, + π

2
) for normal hierarchy. The probability changes largely with different

values of δ. Fig. 1 (right) shows the reconstructed neutrino energy distribution of selected events

for neutrinos with normal hierarchy for δ = 0 . In order to measure the observed shape of νµ → νe

and ν̄µ → ν̄e below 10 GeV, knowing neutrino and antineutrino interaction cross sections and

fluxes well in this energy region is essential.

With a baseline of 1300 km, DUNE will be capable of measuring the sign of ∆31 through the

matter effect term that also causes a CP asymmetry. The matter effect and δ effect on Acp need to

be disentangled in the electron neutrino appearance probability.
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Figure 1: Left shows the νe appearance probability as a function of neutrino energy at 1300 km for

different δ values for neutrinos for normal hierarchy. Right shows simulated energy distribution

of DUNE events assuming normal hierarchy, δCP = 0 and a 150 kt· MW· year exposure in the

neutrino-beam mode (Both taken from [3]).
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1.3 NEUTRINO INTERACTIONS

As described by the Standard Model, neutrino interactions are weak interactions via leptonic

charged current jµW and neutral current jµW , which are written as,

jµW = 2
∑

α=e,µ,τ

νL,αγ
µlαL, (1.7)

jµZ = 2
∑

α=e,µ,τ

gνLναLγ
µναL + gfLlαLγ

µlαL + gfRlαRγ
µlαR. (1.8)

The Lagrangian describing neutrino interactions is written as,

LCC = − g

2
√

2
(jµWWµ + jµ,†W W †

µ), (1.9)

LNC = − g

2cosθW
jµZZµ. (1.10)

1.3.1 Kinematics

Fig. 2 shows the tree level Feynman diagram of a muon neutrino-nucleon charged-current scat-

tering. A muon neutrino with four momentum k1 scatters off a nucleon with momentum P, the

final state includes a muon with four momentum k2 and a recoil hadronic system. The energy

transferred to the hadronic system is defined as

ν =
P · q
M

. (1.11)

The inelasticity is defined as

y =
P · q
P · k1

. (1.12)

The momentum transfer to the nucleon, negative squared four-momentum of the boson, is defined

as

Q2 = −q2 = −(k1 − k2)2. (1.13)

The Bjorken scaling variable is defined as

x =
Q2

2P · q
. (1.14)
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Figure 2: Feynman diagram of νµN CC interaction.

The invariant mass of the boson-nucleon system is defined as

W 2 = (P + q)2. (1.15)

In lab frame, the nucleon is at rest and its four-momentum is P = (M, 0, 0, 0), the kinematic

variables can be written as

ν = Eν − Eµ = Ehad, (1.16)

y =
Ehad
Eµ

, (1.17)

Q2 = 2EνEµ(1− cosθµ), (1.18)

x =
Q2

2Mν
, (1.19)

W 2 = M2 −Q2 + 2Mν. (1.20)

9



1.3.2 Deep-inelastic scattering (DIS)

In deep inelastic scattering, the neutrino scatters off a quark in the nucleon via the exchange of a

virtual W or Z boson producing a lepton and a hadronic system in the final state. The Feynman

diagram of deep-inelastic scattering is shown in Figure 3. The differential cross section for neutrino

Figure 3: An example of charged-current deep-inelastic scattering. A muon neutrino scatters off a

proton, producing a muon and a hadron shower.

(or antineutrino) inelastic interaction can be written as [21]

d2σν(ν̄)N

dxdy
=

G2
FMEν

π(1 +Q2/M2
W )2

[
y2

2
2xF

ν(ν̄)N
1 (x,Q2)+(1−y−Mxy

2Eν
)F

ν(ν̄)N
2 (x,Q2)±y(1−y

2
)xF

ν(ν̄)N
3 ],

(1.21)

where F1, F2 and F3 are structure functions that describe the quark structure of the nucleon. The

plus (minus) sign in front of xF3 is for neutrino (antineutrino). The ratio of the longitudinal to

transverse virtual boson absorption cross section is often defined as,

RL(x,Q2) =
σL
σT

=
F2(x,Q2)(1 + 4M2x2/Q2)− 2xF1(x,Q2)

2xF1(x,Q2)
, (1.22)

The quark parton model (QPM) [22] describes the structure functions in terms of parton dis-

tribution functions (PDFs). In QPM, a nucleon is described as a system with 3 valence quarks and

sea quarks. For quark q and anti-quark q̄, there PDFs are written as

q(x) = qv(x) + qs(x), (1.23)
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and

q̄(x) = q̄s(x) = qs(x), (1.24)

the subscript v stands for valence quark and the subscript s stands for sea quark.

According to Callan-Gross relation [23], for scattering off spin-1
2

constituents,

2xF1 = F2. (1.25)

For neutrino interactions with proton (constituted by spin-1
2

partons),

2xF νp
1 (x) = F νp

2 (x) = 2x(d(x) + ū(x) + s(x) + c̄(x)), (1.26)

and

xF νp
3 (x) = 2x(d(x)− ū(x) + s(x)− c̄(x)), (1.27)

where u(x), d(x), s(x) and c(x) stands for the parton distribution functions for up, down, strange

and charm quarks respectively, which describe the probability of a quark carrying fraction x of

the momentum of a nucleon. Similarly, structure functions for neutrino neutron interaction can be

written as

2xF νn
1 (x) = F νn

2 (x) = 2x(u(x) + d̄(x) + s(x) + c̄(x)), (1.28)

and

xF νn
3 (x) = 2x(u(x)− d̄(x) + s(x)− c̄(x)). (1.29)

Combining these structure functions for scattering from an isoscalar target (defined as equal num-

ber of neutrons and protons) are given as

F νN
2 (x) = x(u(x) + d(x) + 2s(x) + ū(x) + d̄(x) + 2c̄(x)), (1.30)

and

xF νN
3 (x) = x(u(x) + d(x) + 2s(x)− ū(x)− d̄(x)− 2c̄(x)), (1.31)

assuming that s(x) = s̄(x), and c(x) = c̄(x).

For antineutrinos, assuming there is no quark mixing, the isoscalar structure functions are

F ν̄N
2 (x) = F νN

2 (x), (1.32)
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and

xF ν̄N
3 (x) = xF νN

3 (x)− 4x(s(x)− c(x)). (1.33)

If considering quark mixing, the structure functions F2 are written as

F ν
2 (x) = V 2

cd

(
uv + dv

2

)
+V 2

cd

(
us + ds

2

)
+ssV

2
cs+V

2
ud

(
uv + dv

2

)
+V 2

ud(us+ds)+V
2
us

(
us + ds

2

)
+ssV

2
vs,

(1.34)

and

F ν̄
2 (x) = V 2

cd

(
us + ds

2

)
+ssV

2
cs+V

2
ud

(
uv + dv

2

)
+V 2

ud(us+ds)+V
2
us

(
us + ds

2

)
+ssV

2
vs+V

2
us

(
uv + dv

2

)
.

(1.35)

Vcd, Vcs, Vus and Vud are quark mixing angles from the CKM quark mixing matrix [24]. Eqs. 1.34

and 1.35 give a small difference between neutrino and antineutrino’s structure functions F2, which

will be used in Sec. 6.1.

Quantum Chromo Dynamics (QCD) introduces additional quantum number, color. It describes

the interactions between quarks and gluons within SU(3) group of color, which is referred to as the

strong interaction. One property of QCD is the confinement, it explains the lack of observation of

free quarks. Quarks and gluons carry color number, however, they can only be observed in hadrons

which are colorless. Gluons interact with themselves since they also carry the color charges. A

large amount of energy, which increases linear with distance, is required to break up hadrons. QCD

predicts that with Q2 increasing, structure functions increase at small x and decrease at larger x.

1.3.3 Resonance production (RES)

Neutrinos can also inelastically scatter producing a nucleon excited state (∆, N∗). The Feynman

diagram of resonance production is shown in Figure 4. Such baryonic resonances quickly decay,

most often to a nucleon and single pion final state. In this section we briefly show the calculation

of cross section for a single pion production and the dynamics of this process in the FKR [25]

model following Ref. [26].

For the process

ν +N → l +N∗, (1.36)
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Figure 4: An example of charged-current single pion production. A muon neutrino scattering off a

proton, producing a muon, a pion and a proton in the final state.

the production matrix is given by

T (νN → lN∗) =
G√

2
[ūlγ

β(1− γ5)uν ]〈N∗|J+
β (0)|N〉. (1.37)

The hadronic current operator contains a vector and an axial vector part,

J+
β = Vβ − Aβ = 2MFβ = 2M(F V

β − FA
β ), (1.38)

where M is the resonance mass, F V
β and FA

β are charged current operator corresponding to vector

and axial vector part, respectively. Define three standard polarization vectors eµL, eµR and eµ0 , which

corresponding to left-handed, right-handed and scalar polarization, the leptonic current can be

rewritten as

ūlγ
u(1− γ5)uν = −2

√
2E

√
−q2

Q2
{u · eµL − v · e

µ
R +
√

2uv · eµs}, (1.39)

in which E is the energy of incident neutrino, Q is the modulus of 3-momentum transfer in the lab

frame and q2 = ν2 −Q2. The 4-momentum of eµs is defined as

eµs =
1

−q2
(Q∗, 0, 0, ν∗). (1.40)
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Then, the full matrix element is written as

T (νN → lN∗) = −4GME{

√
−q2

Q2
〈N∗|uF− − vF+|N〉+

mN

M

√
2uv〈N∗|F0|N〉}, (1.41)

in which mN is the nucleon mass, with

F+ = eµRFµ = − 1√
2

(Fx + iFy), (1.42)

F− = eµLFµ =
1√
2

(Fx − iFy), (1.43)

and

F0 =

√
−q2

Q∗2
eµsFµ = Ft +

ν∗

Q∗
Fz, (1.44)

where Fx, Fy, Fz and Ft are components corresponding to the x, y, z and t direction of 4-

momentum. The production differential cross section of a single resonance with mass M and

negligible width is written as

dσ

dq2dν
=

1

32πmNE2
· 1

2
·
∑
spins

|T (νN → lN∗)|2δ(W 2 −M2). (1.45)

Adding up three terms of T incoherently gives

dσ

dq2dν
=

G2

4π2
(
−q2

Q2
)κ{u2σL + v2σR + 2uvσs}, (1.46)

where σL, σR and σs stand for the cross sections for the absorption of an intermediate vector boson

with positive, negative or zero helicity, which has δ(W − M) term in them. The conventional

kinematical factor is

κ = ν +
q2

2mN

=
M2 −m2

N

2mN

. (1.47)

For incident antineutrinos, the matrix element is given by

T (ν̄N → l̄N∗) = −4GME{

√
−q2

Q2
〈N∗|uF̄+ − vF̄−|N〉 −

mN

M

√
2uv〈N∗|F̄0|N〉}. (1.48)

The antineutrino differential cross section is given by

dσ̄

dq2dν
=

G2

4π2
(
−q2

Q2
)κ{u2σ̄R + v2σ̄L + 2uvσ̄s}, (1.49)
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in which σ̄L, σ̄R and σ̄s stand for the antineutrino cross sections for the absorption of an inter-

mediate vector boson with positive, negative or zero helicity. For resonances of finite width, the

δ−function is replaced by a Breit-Wigner factor

δ(W −M)→ 1

2π
· Γ

(W −M)2 + Γ2/4
, (1.50)

in which, Γ is the resonance width. Then, the total cross sections can be obtained by integrating

Eq. 1.46 and 1.49 within W and q2 bounds.

The FKR model, proposed by Feynman, Kislinger and Ravndal, is a harmonic oscillator quark

model. It is adopted by [26] to compute the production and decay amplitudes. In FKR model, the

hamiltonian of a four-dimensional harmonic oscillator is written as

H = 3(p2
a + p2

b + p2
c) +

1

36
Ω2[(ua − ub)2 + (ub − uc)2 + (uc − ua)2] + const, (1.51)

where pa is the four-momentum operator of quark a, and ua is its conjugate position, which means

pa = i ∂
∂ua

. The electromagnetic and weak interaction terms can be simplified as

eµjV,Aµ = 2W (etF
V,A
t + ezF

V,A
z − e+F

V,A
− − e−F V,A

+ ), (1.52)

in which eµ, is a wave of polarization vector, jV,Aµ is vector or axial-vector current, F V,A
± and F V,A

0

are charged current which include a dipole factor term

GV,A(q2) = (1− q2

4m2
N

)1/2−n(
1

1− q2/m2
V,A

)2. (1.53)
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Figure 5: An example of charged-current quasi-elastic scattering. Incoming muon neutrino scatters

off a neutron and produces a muon and a proton in the final state.

1.3.4 Quasi-elastic scattering(QEL)

The Feynman diagram for quasi-elastic scattering is shown in Fig. 5. Neutrino (or antineutrino)

quasi-elastic scattering refers to the processes, νµ +n→ µ−+ p (or ν̄µ + p→ µ+ +n). A charged

lepton and single nucleon are ejected in the elastic interaction of a neutrino (or antineutrino) with

a nucleon in the target material. The nucleon changes, but does not break up. The hadronic current

describing the process of neutrino scattering off a nucleon

ν(k1) + n(p1)→ l−(k2) + p(p2) (1.54)

can be written as

〈p(p2)|J+
λ |n(p1)〉 = cosθcū(p2)Γλu(p1), (1.55)

in which ν is the incoming neutrino with momentum k1, n is the nucleon with momentum p1, while

the final state includes a lepton l− with momentum k2 and a nucleon p with momentum p2. J+
λ

is the current which increases the charge of initial state nucleon the neutrino interacts with. θc is

Cabibbo angle and Γλ is a function of different form factors which are described below. Similarly,

for antineutrino case, the current may be written as

〈n(p2)|J−λ |p(p1) >= cosθcū(p2)Γ̃λu(p1) =< p(p1)|J+
λ |n(p2)〉∗, (1.56)
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in which

Γ̃λ(p1, p2) = γ0Γ+
λ (p2, p1)γ0, (1.57)

and ∗ denotes its conjugated term. In [27], the differential cross section is derived as

dσ

d|q2|
(νn→l

−p
ν̄p→l+n) =

M2G2cos2θc
8πE2

ν

[A(q2)∓B(q2)
(s− u)

M2
+
C(q2)(s− u)2

M4
], (1.58)

where s and u are Mandelstam variables and

s− u = 4MEν + q2 −m2. (1.59)

A, B and C are functions of form factors, and given explicitly below

A(q2) = (m2−q2)
4M2 [(4− q2

M2 )|FA|2 − (4 + q2

M2 )|F 1
V |2 −

q2

M2 |ξF 2
V |2(1 + q2

4M2 )

−4q2ReF 1
V ξF

2
V

M2 + q2

M2 (4− q2

M2 )|F 3
A|2 − m2

M2 (|F 1
V + ξF 2

V |2+

|FA + 2FP |2 + ( q2

M2 − 4)(|F 3
V |2 + |FP |2))],

(1.60)

B = − q2

M2
ReF ∗A(F 1

V + ξF 2
V )− m2

M2
Re[(F 1

V +
q2

4M2
ξF 2

V )∗F 3
V − (FA +

q2Fp
2M2

)∗F 3
A], (1.61)

and

C =
1

4
(|FA|2 + |F 1

V |2 −
q2

M2
|ξF

2
V

2
|2 − q2

M2
|F 3
A|2), (1.62)

where the axial form factor

FA(q2) =
FA(0)

(1− q2

M2
A

)2
, (1.63)

describes the axial structure of a nucleon, in which MA is referred to as the axial mass. The

pseudo-scalar form factor is given by

Fp(q
2) =

2M2FA(q2)

M2
π − q2

, (1.64)

in which Mπ is the charged pion mass and M is the mass of the nucleon.
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1.4 STATUS OF CHARGED-CURRENT INCLUSIVE CROSS SECTION

MEASUREMENT

The total charged-current cross section is the sum of these three components (DIS, RES and QEL),

as well as other small components, such as coherence (COH), which we will not discuss in detail.

Figure 6 is an illustration of how each component dominates in different neutrino energy regions.

The inclusive cross section is dominated by DIS above 10 GeV. QEL, RES and DIS all contribute

below 10 GeV.
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Figure 6: Neutrino (left) and antineutrino (right) total charged-current cross sections and the com-

ponents of QEL, DIS and RES. Those plots are made with GENIE 2.8.4, which is the model used

to simulate events in this analysis.

Many experiments have measured the charged-current inclusive cross sections for neutrino

and antineutrino scattering off nucleons [24], as shown in Figure 7. At high energy (above 20

GeV), the inclusive cross sections are precisely measured to be almost linear with neutrino energy

(dominated by DIS). Below 10 GeV, they are not well measured, especially for antineutrinos, due

to the limited knowledge and data.
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Figure 7: Measurements of νµ and ν̄µ CC inclusive scattering cross sections divided by neutrino

energy as a function of neutrino energy (Taken from [4]).
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Neutrino cross sections were firstly measured by bubble chamber experiments in 1970s and

1980s, which includes ANL [28] [29], BNL [30][31], Gargamelle [32] [33] and SKAT [34]. Then

followed more precise experiments on different nuclei, ITEP [35] on iron and JINR [36] on alu-

minum. More recently, NOMAD [37] measured neutrino cross sections on carbon from 2.5 - 40

GeV with 4% uncertainty, which is smaller than previous measurements. Also, MINOS [38] re-

ported isoscalar corrected neutrino cross section on iron with similar size of uncertainty in 3-50

GeV energy range. Recently, SciBooNE [39] reports neutrino cross section in the energy range

of 0.38-2.47 GeV. ArgoNeuT [40] reported neutrino cross section at 4.3 GeV with an uncertainty

of 16%. T2K measured the neutrino cross section at 0.85 GeV with an uncertainty of 12% [41]

in the energy range 1.0-3.3 GeV with uncertainty 13% - 19% [42]. Our measurement of neu-

trino cross section overlaps in the energy range 2-22 GeV with comparable precision as previous

measurements.

Antineutrino cross sections at low neutrino energy are less well measured compared with neu-

trino cross sections. Most measurements were performed in the 1970s and 1980s, such as measure-

ments by BNL [43], FNAL [44], Gargamelle [32] using bubble chambers, and ITEP [45] [35] on

iron. Then followed the measurement of JINR [36] on aluminum in 1990s. The most recent mea-

surements are MINOS [38] on iron above 5 GeV and ArgoNeuT [46] at 3.6 GeV. Our measurement

is the most precise to date below 6 GeV.

The ratio of antineutrino to neutrino cross section, r, is poorly measured as well. Fig. 8 shows

all previous measurements. The first r measurement was performed by the bubble chamber exper-

iment Gargamelle [32] in 1-10 GeV, with an uncertainty of 18% - 90%. Then, ITEP [35] measured

r in 3-30 GeV on iron with an uncertainty of 8% - 20% . The third and the latest measurement

was by MINOS, in the energy region of 6-50 GeV, which greatly improved the precision to 7.2% -

2.2%.

In this thesis, we report the measurement of neutrino and antineutrino inclusive cross sections

below 22 GeV with uncertainty of 4.3%-10.1% for neutrino and 6.1%-10.5% for antineutrino, as

well as the antineutrino to neutrino ratio with an uncertainty of 5.0%-7.5%. The ratio benefits from

the cancellation of systematic uncertainties between neutrino and antineutrino. The measurement

of r also provides information about neutrino spectra needed for determining CP asymmetry in

oscillation experiments.
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Figure 8: Measurements of antineutrino to neutrino charged-current cross section ratio.
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2.0 THE NUMI BEAM, MINERνA DETECTOR AND MINOS NEAR DETECTOR

The MINERνA detector [8] is designed to measure cross sections for neutrino interactions on nu-

clei in the energy region of<20 GeV. The Neutrinos at the Main Injector (NuMI) [5] neutrino beam

at Fermilab provides an intense source of neutrinos and antineutrinos for MINOS, MINERνA, and

NOvA experiments [47]. The MINERνA and MINOS Near Detector (ND) are 1 km downstream

of the target in NuMI Hall 100 m underground. In this chapter, we describe the NuMI beam,

MINERνA detector and MINOS ND and their calibrations.

2.1 THE NUMI BEAM

Neutrinos are produced by directing a 120 GeV proton beam onto a graphite target. Mesons are

produced and then focused by two magnetic horns and enter a helium filled “decay pipe” where a

fraction of them decay into neutrinos. At the end of decay volume follows a hadron absorber, after

which only muons and neutrinos are left in the beam. The muon and neutrino beam then passes

throughout 240 m thick rocks, where most of the muons are absorbed. Fig. 9 shows a schematic of

the NuMI beamline.

The proton beam originates from an H− ions source accelerated in the Linac to 400 MeV. The

Booster synchrotron [5] then converts them to protons and accelerates them to 8 GeV in about 67

ms, the protons are then directed into the Main Injector ring, which accelerates the protons to 120

GeV. Protons are delivered to NuMI target every 2.2 s in a single turn extraction, which lasts about

10 µs and store about 4.2×1013 protons. The protons are separated into six time batches as shown

in Fig. 13.

The mesons produced from the graphite target are focused by two magnetic horns downstream
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Figure 9: Schematic of the NuMI Beam(taken from [5] ).

Figure 10: A illustration of two possible trajectories inside two magnetic horns. The first horn

focus either positive or negative hadrons, and the second horn further focus them (taken from [5]).

of the target. The horns are pulsed with a current to bend charged mesons to the proton beams

path.The target to horn distance and separation between two horns are flexible, which can change

the spectrum of focused particles, thereby change the energy distribution of neutrinos. The polarity
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Figure 11: A illustration of forward horn current (top) and reverse horn current (bottom) modes

(taken from [6]).

Figure 12: A sketch of the area downstream of the decay pipe, which includes the hadron absorber,

the hadron monitor, and the three muon monitors (taken from [5]).
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Figure 13: A illustration of six time batches structure from MINOS online monitoring page.

of the horn current can be reversed, thus allow the hadron focusing to produce neutrino-enhanced

or antineutrino-enhanced beam as shown in Fig. 11.

After being focused by the magnetic horns, mesons enter the decay pipe, where they decay

into charged leptons, neutrinos and other mesons. The decay pipe is downstream of the target, it is

675 m long and filled with helium.

Just downstream of the decay pipe is an absorber made of aluminum, steel and concrete struc-

ture. Undecayed mesons and uninteracted protons are stopped in the absorber, which also serves

to protect ground water from irradiation. The 240 m of rock and dirt between the absorber and

the MINOS ND hall, will range out the remaining muons in the NuMI beam. Muons created by

neutrino interactions in the rock region upstream of MINERνA are still present, these are referred

as “rock muon” later in this thesis.

To make a neutrino-enhanced beam, the polarity of the horn current is set to focus positive

mesons, which is called “forward horn current” (FHC). In order to make an antineutrino-enhanced

beam, the polarity of the horn current is reversed to “reversed horn current” (RHC) mode, which

focuses negative charges. Fig. 14 shows the energy spectrum of neutrino and antineutrino beams

and their backgrounds used in the simulated Monte Carlo samples. RHC antineutrino-enhanced
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mode contain larger wrong-sign background comparing with FHC neutrino-enhanced mode.

The fluxes shown were produced with the FTFP BERT model of GEANT4 9 2 p03 [48] and

significantly constrained with hadron production data (NA49 [49]). Uncertainties on these data are

propagated into flux [7].
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Figure 14: Predicted fluxes in FHC and RHC beam modes obtained using the “PPFX gen-2 thin”

flux described in [7].

2.2 MINERνA DETECTOR

Fig 15 shows the front view of MINERνA detector. It is a hexagonal cylinder with an apothem of

1.7 m and 5 m in length. Fig. 16 shows the side view of the detector. The downstream-most plane

of MINERνA is 2 m upstream of the front face of the MINOS ND. There is a steel shield and veto

wall upstream of the main detector, which shields the low energy particles, photons and also tags

the rock muons. A liquid helium target (not used in this analysis) is placed between the veto wall

and the main detector. There are two major subsections called the inner detector (ID) and outer

detector (OD).
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1.85 m
2.99 m

Figure 15: Front view of MINERνA detector, taken from [8].

2.2.1 Inner Detector

The inner detector is divided into four regions, which are the nuclear target region, active track-

ing region (tracker), downstream electromagnetic calorimeter (ECAL) and downstream hadronic

calorimeter (HCAL) region.

2.2.1.1 Scintillator Planes MINERνA uses scintillator planes which are 1.7 cm thick and 3.3

cm wide and have 127 triangular strips, each scintillator has a hole at the triangle center, 0.85 cm

above the widest edge [8]. Two planes of scintillator are mounted in one frame, which is called

a module. The scintillator planes are installed in three different directions, as shown in Fig. 17,

which allows precise tracking reconstruction by three dimension tracking.

MINERνA uses extruded plastic scintillator in the tracker region of the inner detector. The

scintillator is made from Dow Styron 663 W polystyrene ((CH)8n) and doped with 1% 2,5-

diphenyloxazole (PPO) and 0.03% 1,4-bis(5-phenyloxazol-2-yl) benzene (POPOP) by weight. The
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Figure 16: Side view of MINERνA detector, showing the nuclear target region, tracker region,

surrounding calorimeters and MINOS ND, taken from [8].

strips are co-extruded with a 0.25 mm white coating based on 15% TiO2 (by weight) in polystyrene

to improve internal reflection [8].

2.2.1.2 Nuclear Targets The nuclear target region is located at the upstream of the detector. It

consists of 22 tracking modules and 5 passive targets. Passive targets are numbered from 1 to 5

from upstream to downstream, and are built with four types of nuclear targets: Fe, C, Pb and He.

Target 1 and 2 consists of iron and lead, with direction of iron and lead flipped. Target 3 consists

of iron, lead and carbon, Target 4 consist of lead only and is thinner than other targets. Target 5

consists of iron and lead and has half the thickness of target 1. Nuclear targets are not used in this

measurement.

2.2.1.3 Active Tracker region This measurement uses neutrino and antineutrino interactions

in this active tracker region. This region consists of 62 modules, each of which includes two

scintillator planes. It is the main region to reconstruct tracks of charged particles as they go through
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the detector.

Figure 17: From left to right are X, U and V scintillator plane orientations. The lines show the

direction of scintillator strips, taken from [8].

2.2.1.4 Electromagnetic Calorimeter(ECAL) The ECAL follows immediately downstream

of the tracker region as shown in Fig. 16. It consists of 10 modules, each of which includes two

scintillator planes. The surface of each plane is covered with 0.2 cm thick lead sheet which act

as an absorber. The sides of the nuclear target and tracker regions are also surrounded by ECAL

modules (side ECAL).

2.2.1.5 Hadronic Calorimeter(HCAL) The HCAL begins at the downstream of the ECAL

(and also surrounds the side ECAL). It consists of 20 modules, each of which includes a 1 inch

thick steel absorber and one scintillator plane.

2.2.2 Outer Detector

The outer detector (OD) is the blue region shown in Fig. 15. It surrounds the inner detector and has

a width of 56 cm. It serves to tag and possibly contain particles exiting from the side of detector. It

is composed of a steel frame with scintillator strips instrumented. It also serves as the supporting

structure. The OD is not used in energy reconstruction but it is used to veto muons with wide

angles in this analysis.
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2.2.3 Light Collection

A wavelength shifting (WLS) fiber is embedded in the hole of each strip, which is at the triangle

center, 0.85 cm above the widest edge. The WLS fiber is 1.2 mm in diameter, 175 ppm Y-11

doped, S-35, multiclad fiber made by the Kuraray corporation. One end of the WLS fiber is mir-

rored in order to minimize the light loss. WLS fiber collects the blue light, shifts it to green. The

shifted green light is reflected internally in the fiber and passed along to the end of the strip and

directed out of the scintillator by a Fujikura-DDK connector, which connects to cables containing

eight clear optical fibers transmitting light from the WLS fibers to the PMT boxes above the de-

tector. Each connector groups eight fibers. Eight connectors are plugged into each Photomultiplier

tubes(PMTs) box for a total of 64 fibers per box. Light collected from scintillators are amplified

into a measureable signal by 507 Hamamatsu Photonics H8804MOD-2 multi-anode PMTs (which

are the same PMTs used by MINOS) [8]. Each PMT has 64 pixels distributed in 8×8 array on a 2

cm × 2 cm grid, called “cookie”. The fibers from adjacent scintillator strips are arranged to be not

from adjacent pixels in the PMT, which minimize the effect of cross talk. Each PMT is mounted

onto a base circuit board that contains the Cockroft-Walton high voltage generator. The operating

high voltage is generally around 820 V. The PMT and base circuit board are installed inside a 2.36

mm thick steel cylindrical box which provides shieldings from MINOS ND’s residual magnetic

fields. The PMT boxes are mounted onto racks directly above the detector.

2.2.4 Data Acquisition

PMT signals are read by front end boards (FEBs), which are attached to the PMT boxes. FEBs

store timing and charge for all 64 channels in six TriP-t chips, which are controlled by a Field-

Programmable Gate Array (FPGA). Up to ten FEBs are daisy-chained to form a readout chain.

The readout chain is connected at both ends to a custom VME module called the Chain Read

Out Controller-Ethernet (CROC-E), which serves up to 4 FEB chains. The CROC-Es receive

timing and trigger commands from a custom module, the CROC-E Interface Module (CRIM),

which services four CROC-Es. The CROC-Es and CRIMs are divided into two VME crates along

with a CAEN V2718 crate controller. Timing information, like the NuMI and MINOS triggers, is

communicated among VME modules by CRIM.
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MINERνA reads out the entire detector for 16 µs for a trigger signal from the end of each 10

µs spill of the NuMI beam. The additional 6 µs ensure that any delayed detector activity, such as

from Michel electrons from muon decays, are recorded.

2.2.5 Calibration

Calibration of MINERνA data is described in detail in [8]. Fig. 18 shows the schematic of the

components in each readout channel which requires calibration. Four effects must be included to

convert ADC to energy deposited:

• The scintillation light is attenuated as it travels long the WLS.

• The digit is also attenuated in the clear optical fiber.

• Photons reaching the PMT are converted into photoelectrons, which are amplified by the dyn-

ode chain.

• The readout charge is digitized on the FEB to an ADC.

The full calibration chain is described as

Ei = [C(t) · Si(t) · ηatti · eli/λclear ·Gi(t) ·Qi(ADC)]× ADCi, (2.1)

where Ei is the estimated energy deposited in channel i, C(t) is overall energy scale for the entire

detector and Si(t) is the relative correction factor for channel i, ηatti is the correction factor for

attenuation within the scintillator strip, eli/λclear is the correction factor for attenuation within the

clear optical fiber of length li, Gi(t) is the gain of PMT dynode chain, and Qi(ADC) is the ADC-

to-charge conversion factor for the FEB channel used to read out strip i.

2.2.5.1 Ex situ calibrations Some calibrations are measured before the final assembly of the

detector.

• Module mapper. The goal is to determine the optical attenuation a function of position along

the scintillator strip. This test uses two Cs-137 radioactive sources, the sources are moved in

a pre-defined scan pattern over each detector module. ηatti in Eq. 2.1 is determined for each

strip.
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Figure 18: Schematic of a single optical channel in MINERνA, taken from [8].

• FEB response. FEBs were tested before the installation in the detector, which includes the

measuring its response to charge in low, medium and high gain channels. The conversion of

charge to ADC count was measured and Qi in Eq. 2.1 is determined from this calibration.

• PMT testing. All PMTs were tested before installed in the optical boxes for efficiency, dark

noise and cross-talks. Six PMTs are mounted onto cookies on the light-tight test stand and

tested at once.
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2.2.5.2 In situ calibrations In situ calibration constants are measured during the run with the

operating detector using rock muons that occur during the beam spill, or special calibration triggers

(pedestal or light injection) taken between beam spills.

• Pedestal monitoring. The pedestal is measured by reading out the detector when there is

no light. Pedestal runs are taken between NuMI triggers. The mean of the ADC distribu-

tion, which coming from the noise of cosmic rays and PMT dark current, is subtracted during

calibration.

• PMT gain monitoring. To monitor the fluctuations in PMT gain for each channel in the de-

tector, data with light injection triggers is taken between NuMI spills. Two LED light injection

boxes are used, they are tuned so that one photoelectron is generated in each channel. The gain

is calculated from the difference of RMS between the pedestal ADC and light injection ADC.

• Scintillator plane alignment. The scintillator planes can be misaligned either by shifting by

the same distance to one side, or rotating about the z axis. Rock muons are used in this cali-

bration since they travel along the beam direction. The overall shift is measured by comparing

the peak of energy depositions. The rotation parameter is determined from the overall shift of

planes.

• Relative strip-to-strip response variations. A strip-to-strip calibration is performed to ac-

count for the variations in light level between different strips. The resulting constant for each

strip is obtained by measuring the energy per length of rock muons which exit from the back

face of the detector, the variation in the peak of energy per length distribution gives the strip-

to-strip constant.

• Timing calibration. This calibration corrects for time offset due to the transport in optical

fiber, time slewing and position of FEB in a chain. It uses rock muons as well.

• Cross-talk. It is identified as the signal measured in channels that were produced by rock

muons in another channel in same PMT. The energy distribution of cross-talk is compared to

the simulation to obtain a correction.

2.2.5.3 Absolute energy scale The absolute energy scale is described in terms of a muon equiv-

alent unit (MEU) of energy deposited, which is well understood in the scintillator planes. Rock

muons are used for this calibration. The calibration is the ratio of the MEU extracted from the fit
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of energy deposition distribution of data to simulation. Fig. 19 shows a comparison of data and

simulated MEU used to do the calibration and the fit of energy distribution, the peak of which is

set as the MEU value.

Figure 19: Absolute energy scale calibration using MEU. Left one shows the comparison of data

to MC MEU used to do the calibration, right one shows the fit of energy distribution, from which

the peak is set as the MEU value. (taken from [8]).

2.2.5.4 Hadron energy scale Low energy hadrons and electrons are calibrated using a mock-

up of the MINERνA detector (with 40 planes) placed in a test beam at Fermilab. Incoming beam

of protons, pions and electron are used to measure detector response of each particle. The re-

constructed shower energy (discussed in Chapter 4) uses measured single particle response as

systematic uncertainty on each type of particle in this analysis as described in Chapter 7. Details

of MINERνA test beam detector can be found in [50].
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2.3 MINOS NEAR DETECTOR

The Main Injector Neutrino Oscillation Search (MINOS) [51] is a two detector neutrino oscillation

experiment. MINOS Near Detector (ND) sits 2 m downstream of MINERνA along the NuMI

beam. It is magnetized and serves as a muon spectrometer to measure the momentum of muons

exiting from the downstream end of MINERνA detector.

Fig. 20 shows the schematic of the MINOS ND. It is has a squashed octagonal shape, which

is 4.8 m in width, 3.8 m in height and 16.6 m in length. It consists of 282 steel planes, each of

which is 2.54 cm thick, of which 152 are instrumented with 4.1 cm wide and 1 cm thick scintillator

planes.

Figure 20: Schematic of the MINOS ND. Left shows the front view of MINOS ND, the shaded

area is partially instrumented active scintillator plane and the dashed line within shows the fiducial

region. Right shows the longitudinal view of the calorimeter and muon spectrometer, taken from

[8].

The upstream 120 planes of MINOS ND, which are partially-instrumented scintillator planes

(with 64 scintillator strips), is the “calorimeter region”. The downstream 162 planes, which have no

partially instrumented planes and every fifth plane is fully-instrumented (with 96 scintillator strips),

is the “muon spectrometer”. Naming of two regions is for the purpose of MINOS experiment itself.

The magnetic field of MINOS ND is generated by an aluminum coil through the whole detector

along the beam direction. The coil is located 1.5 m from the beam center, it carries a current of

40000 A-turns with each 48 turns carrying 833 A. A toroidal field with 1.3 T is generated, which
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causes tracks produced by charged particles to curve. The direction of curvature measures the

particle’s charge sign, and the radius of curvature is used to determine the particle momentum.

MINOS ND measures muon momentum by range (Prange) or curvature (Pcurv) based on whether

it stops inside or exits the detector. For muon tracks which exit MINERνA and stop inside MINOS

ND, the muon momentum, Prange, is determined by the length of track segment in MINOS ND.

The uncertainty of momentum reconstructed by range is about 2%, which includes the 1% dis-

agreement of reconstructed and true muon energy above 1 GeV obtained from the MINOS Monte

Carlo event sample, the 1% uncertainty of energy loss in the simulation and the less than 1% un-

certainty due to detector mass model which comes from the thickness and position of planes. (The

coil hole geometry is also simulated in the model [18]).

For muon tracks which exit MINOS ND, curvature is used to measured the momentum. The

curvature of a muon track is defined as [8].

1

R
=

0.3B

P
, (2.2)

in which, B is the magnetic field in kG, P is the momentum component perpendicular to the field,

and R is the radius of curvature in cm. The uncertainty of muon momentum reconstructed by cur-

vature is determined by the term 1/Pcurv−1/Prange as shown in Fig. 21. The uncertainty obtained

is 0.6% for muons with Pcurv > 1GeV and 2.5% for muons with Pcurv < 1GeV. A summary of

muon energy scale can be found in Chapter 6, where we discuss the systematic uncertainty of this

measurement.
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Figure 21: Left shows Pcurv − Prange for inclusive events with muon stops in the calorimeter of

MINOS, right shows 1/Pcurv − 1/Prange for the same events (taken from [8]).
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3.0 GENERATOR MODELS

In this chapter, we describe the cross section models of two generators, GENIE [1] and NuWro [52],

which are both used to calculate the model-dependent corrections in this analysis. GENIE 2.8.4

is the default model used to generate Monte Carlo (MC) samples of neutrino interactions. It uses

relativistic Fermi gas (RFG) to model the nuclei and it includes interaction components of quasi-

elastic scattering, resonance production, deep inelastic scattering, coherent production, etc. How-

ever, GENIE 2.8.4 can not well describe the data with low momentum transfer processes, such

as quasi-elastic and ∆(1232) resonance production region. Recent study [13] has suggested that

we include a “Hybrid piece” into GENIE 2.8.4 to better describe data at low momentum transfer

region. Therefore, we introduce a modified GENIE model called “GENIE Hybrid”, and use this

model to obtain the model-dependent corrections for our primary results. In order to study the

cross section model dependence of this measurement, we use NuWro, as an alternative event gen-

erator, to re-calculate model-dependent corrections and obtain alternative results. Sec. 3.1 presents

the GENIE Hybrid model, including GENIE 2.8.4 and the Hybrid piece. Sec. 3.2 describes the

NuWro model.

3.1 GENIE HYBRID

In this section, we first describe the model components in GENIE 2.8.4, including QEL, RES, DIS,

COH and tuning of the overlapping region. Then, we introduce the Hybrid piece, which includes

Random Phase Approximation(RPA) [9], Meson Exchange Current(MEC or “2p2h”) [10] and pion

reweighting[53]. Finally, we discuss the final state interaction (FSI) model in GENIE 2.8.4.
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3.1.1 GENIE 2.8.4

3.1.1.1 Quasi-Elastic Scattering (QEL) Quasi-elastic scattering is modeled using Llewellyn-

Smith model as described in Sec. 1.3.4. BBBA2005 [54] parametrization of electromagnetic form

factors is used, of which there are two remaining form factors. The pseudo-scalar form factor has

the form as suggested by partially conserved axial current hypothesis, which is written as

Fp(q
2) =

2M2FA(q2)

M2
π − q2

, (3.1)

and the axial form factor FA(q2) is given by a dipole form

FA(q2) =
FA(0)

(1− q2

M2
A

)2
. (3.2)

The value of FA(0) is determined from neutron beta decay measurements to be -1.267. The

MA parameter is set to0.99 GeV/c2 [1]. For nuclear targets, a suppression factor is applied in

the RFG model, which requires that the momentum of the outgoing nucleon is larger than the

Fermi momentum kF , which is 0.221 GeV/c2 for nucleons in carbon 12. A summary of related

parameters are given in Tab. 5.

parameter value

axial mass MA 0.99 GeV

vector mass MV 0.84 GeV

proton anomalous magnetic moment 2.7930

neutron anomalous magnetic moment -1.913

axial form factor at Q2 =0 -1.267 GeV 2

Table 5: Parameters for QEL model in GENIE 2.8.4.
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3.1.1.2 Baryon Resonance Production (RES) Baryon resonance production is included using

Rein-Sehgal model [54]. There are 16 resonances considered, which are P22(1234), P11(1450),

D13(1525), S11(1540), S31(1620), S11(1640), P33(1640),D13(1670),D15(1680), F15(1680), P11(1710),

D33(1730), P13(1740), P31(1920), F35(1920), F37(1950), P33(1960) and F17(1970). Two reso-

nances in the original paper are not included, since they are listed as ambiguous in the PDG tables.

The interference between neighboring resonances is not included. In the calculation of differential

cross section, lepton mass terms are not included, but the effect of the lepton mass on the phase

space boundaries is considered. Resonance axial vector massMA, defined in Eq. 1.53, is set to 1.12

GeV/c2 by default according to the global fit in Ref. [55]. While the vector mass MV in Eq. 1.53

is set to 0.84 GeV/c2. Constant Ω in FKR model, as defined in Eq. 1.51, for baryon excitation is

set to 1.05.

3.1.1.3 Deep Inelastic Scattering (DIS) Deep inelastic scattering is defined as non-resonance

inelastic scattering in GENIE. It is calculated in an effective leading order model, and modifi-

cations suggested by Bodek and Yang are used [21]. In this model, a new scaling variable and

modifications to the low Q2 parton distributions are used to account for the higher twist and target

mass corrections. This scaling variable is defined as

ξ =
2x(Q2 +M2

f +B)

Q2[1 +
√

1 + 4M2x2/Q2] + 2Ax
, (3.3)

where Mf is the mass of quark in the final state. The parameter A accounts for the higher order

QCD terms in the form of an enhanced target mass term, while B accounts for the initial state

quark transverse momentum and final state quark effective ∆Mf . Cross section is modeled us-

ing quark parton model. The default parameters are determined based on the GRV98 LO parton

distributions [56]. K factors are defined to describe the low Q2 data,

K(Q2) = [1−G2
D(Q2)]× Q2 + Cv2

Q2 + Cv1

, (3.4)

whereGD is the proton elastic form factor. An overall scale factor 1.032 is applied in order to agree

with the measured value (0.675 cm2/GeV ) at 100GeV. This scale factor needs to be recalculated

if cross section models in GENIE are changed. Parameters used in DIS structure function model

are listed in Tab. 6.
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BY model parameter Name in GENIE Value

AHT BY-A 0.538

BHT BY-B 0.305

Csu BY-CsU 0.363

Csd BY-CsD 0.621

CV 1u BY-Cv1U 0.291

CV 2u BY-Cv2U 0.189

CV 1d BY-Cv1D 0.202

CV 2d BY-Cv2D 0.255

X0 BY-X0 -0.00817

X1 BY-X1 0.0506

X2 BY-X2 0.0798

Table 6: Constants in the Bodek-Yang (BY) DIS structure function model and in the Bodek-Yang

GRV-LO-98 PDF used in GENIE v2.8.4.

3.1.1.4 Other Contributions Other than the components we just talked about, the largest con-

tribution considered is coherent pion production (COH), which is modeled using the Rein-Sehgal

model [57]. A modified PCAC formula which includes lepton mass terms used in the implemen-

tation, since it requires a small momentum transfer. In Rein-Seghal model, it begins with PCAC

form atQ2=0, assuming a dipole dependence for non-zeroQ2, and then calculates the cross section

from measured data on total and pion scattering.

There are a few other channels contributing to the inclusive cross section in GENIE 2.8.4,

but are much smaller. These includes quasi-elastic charm production which is modeled using

Kovalenko local duality inspired model [58] and tuned to NOMAD data; deep-inelastic charm

production which is modeled using [59] and inclusive inverse muon decay which is modeled us-

ing [60] which takes into account of all one-loop radiactive corrections.
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Figure 22: Q2 vs hadron energy distributions for DIS, RES and QEL, obtained from MC sample

generated with GENIE 2.8.4. QEL dominates at low Q2 and low hadronic energy, RES is at the

transition region between QEL and DIS, and DIS dominates at high hadronic energy region.
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3.1.1.5 Cross section model tuning The parameters in QEL, RES and DIS models are deter-

mined by the global fits [54] [55]. In order to model the transition region in GENIE [1], the total

cross section can be written as

σtot = σQEL ⊕ σRES ⊕ σDIS (3.5)

The total inelastic differential cross section is computed as

d2σinel

dQ2dW
=
d2σRES

dQ2dW
+
d2σDIS

dQ2dW
, (3.6)

in which
d2σRES

dQ2dW
= Σk(

d2σRS

dQ2dW
)k ·Θ(Wcut −W ), (3.7)

where k runs over all the available baryon resonances in GENIE, ( d2σRS

dQ2dW
)k is the differential cross

section of kth resonance as predicted by Rein-Seghal model, Wcut is a configurable parameter. The

DIS term is defined so that in the region W < Wcut, the RES/DIS mixture agrees with inclusive

cross section, exclusive 1-pion and 2-pion data,

d2σDIS

dQ2dW
=
d2σDIS,BY

dQ2dW
·Θ(W −Wcut) +

d2σDIS,BY

dQ2dW
·Θ(Wcut −W ) · Σmfm (3.8)

where m refers to the multiplicity of hadronic system. The factor fm is defined as fm = RmP
had
m ,

where Rm is a tunable parameter and P had
m is the probability the DIS final state hadronic system

multiplicity equals to m. The parameters are tuned to be Wcut = 1.7 GeV, R2(νp) = R2(ν̄n) =

0.1,R2(νn) = R2(ν̄p) = 0.13, andRm=1.0 for allm > 2 interactions, based on electron scattering

data [61] and neutrino structure function data1 [18]. Fig. 22 shows the Q2 vs ν distribution for

generated charged-current neutrino events. QEL dominates where ν < 1 GeV, QEL and RES

overlap, as ν increases, DIS becomes the only contributor.

1This parameter is set to 0.3 in GENIE v2.8.4, it is scale to 43% based on the study in [53]
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3.1.2 Hybrid Only Model Components

3.1.2.1 Random Phase Approximation (RPA) RPA effect describes the suppression of cross

section due to long-range nucleon-nucleon correlations. The strong interaction between nucleons

makes the electroweak couplings change from their free nucleon values. Fig. 23 shows the contri-

bution of adding RPA on the W-self energy. In one particle one hole (1p1h) interactions, the RPA

corrections do not only depend on the different terms of the nucleon currents, but also on the par-

ticular component of the hadronic tensor which is being renormalized [9]. In order to implement

the RPA effect, a two-dimensional suppression factor in (q0, q3) shown in Fig. 24 is applied to

the QE events generated by GENIE 2.8.4. The suppression factor is calculated in Ref. [62], it is

defined as the ratio of cross sections bewteen the model with RPA effect and the model without

RPA effect for neutrino (antineutrino) carbon interaction at 3 GeV.

3.1.2.2 MEC 2 particles 2 holes (“2p2h”) interaction refers to the process that excites two

particles out of the nucleus leaving two holes, it contributes to the cross section with two nucleons

in the final state. The Feynman diagrams in Fig. 25 shows an example of 2p2h event that have an an

internal pion exchange. Since these processes produce two particle final states at low momentum,

it enhances the predicted hadron energy. As shown in Fig. 26, 2p2h has large contribution between

QEL and ∆ overlapping region, as well as the peak region of both QEL and ∆.

We take the Eν = 2.5 GeV neutrino and antineutrino samples as an example to further explain

the kinematic distributions of 2p2h events. Tab. 7 shows the number of non-2p2h events, 2p2h

events in generated samples. For 100,000 generated neutrino (antineutrino) events, about 6% (

9%) are predicted to be 2p2h events. Fig. 27 shows hadron energy and muon energy distributions,

for generated neutrino and antineutrinos samples. For both neutrino and antineutrino, 2p2h events

populate the Ehad < 1.2 GeV (Eµ > 1.3 GeV) region, which enhance the peak of hadron energy

distribution at 0.5 GeV, where QE and ∆ overlaps.
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Figure 23: Set of irreducible diagrams responsible fore RPA effect in 1p1h contribution to W-self

energy, taken from [9].
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Figure 24: Two-dimensional correction in (q0 , q3) which is formed from the ratio of cross sections

between the model with and without RPA effect.
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Figure 25: Feynman diagram for 2p2h (MEC) interaction.

Figure 26: Neutrino and antineutrino CC differential cross section in oxygen, at 60 degrees of

scattering angle and neutrino energy at 0.75 GeV, taken from [10].
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flag neutrino antineutrino

non-2p2h 94286 90797

2p2h 5714 9203

total 100000 100000

Table 7: 2p2h contributions in generated sample at Eν = 2.5 GeV.

3.1.2.3 Pion Reweighting We reduce the GENIE single pion non-resonant component with

initial state ν + n for neutrino(or ν̄ + p for antineutrino) by 57%. Recent study has shown that it

improves agreement with observed deuterium data [53].

3.1.3 Final State Interaction (FSI) Model

FSI changes the spectrum of reconstructed neutrino energy, which is essential for this measure-

ment. Tab. 32 and Tab. 36 show the parameters in the FSI model.

Hadrons produced in the nuclear region (within 4R, where R is the nucleus radius) may re-

interact on their way out of the nucleus, which changes the kinematic observables. The GENIE

model for FSI simulates the re-scattering of pions in the nucleus. It steps through the nucleus

in steps of 0.1 fm, where for each step, it calculates the probability of the particles’ interactions,

which is related to the density of nucleus and the cross section of intranuclear reactions.

Final state interactions change the number and type of final state hadrons. There are four types

of interactions simulated, including elastic scattering, inelastic scattering, absorption and charge

exchange. For elastic scattering, pion remains the same charge after scattering and the final state

nucleus is in its ground state, while for inelastic scattering, pion scatters and the nucleus is left in

an excited state. The pion can also be absorbed in the nucleus with no pions in the final state. In

addition, there might be a hadron of the same type but different charge in the final state, which is

called charge exchange.

48



Hadron energy (GeV)
0 0.5 1 1.5 2 2.5 3

0

500

1000

1500

2000

2500

3000

3500

4000

4500

nominal+2p2h 

nominal 

2p2h 

Hadron energy (GeV)
0 0.5 1 1.5 2 2.5 3

0

1000

2000

3000

4000

5000

6000

7000

8000

nominal+2p2h 

nominal 

2p2h 

Muon energy (GeV)
0 0.5 1 1.5 2 2.5 3

0

500

1000

1500

2000

2500

3000

3500

4000

4500

nominal+2p2h 

nominal 

2p2h 

Muon energy (GeV)
0 0.5 1 1.5 2 2.5 3

0

1000

2000

3000

4000

5000

6000

7000

8000
nominal+2p2h 

nominal 

2p2h 

Figure 27: Hadron energy distributions of generated MC neutrino events with Eν = 2.5 GeV for

neutrino (top left) and antineutrino (top right) and muon energy distributions of those events for

neutrino (bottom left) and antineutrino (bottom right). Nominal is from GENIE v2.8.4 model,

2p2h is from Nieves model.

3.2 NUWRO

Here we discuss the model differences between NuWro [52] and GENIE. Default parameters of

NuWro model are shown in Tab. 8 ( with RFG nuclear model). The four basic charged-current

49



interaction channels, QEL, RES, DIS and COH [11], which are in common with GENIE. However,

they are implemented differently.

Parameter Value Description

qel vector ff set 2 Electromagnetic form factors parametrization: BBBA05

qel axial ff set 1 Axial form factors parametrization: dipole form

qel strange 0 Turn on strange quark contribution to the NC axial form factors

qel strangeEM 0 Turn on strange quark contribution to the NC vector form factors

delta s -0.15 gsA

qel cc axial mass 1200 MeV The axial mass value for charged current form factors

qel nc axial mass 1350 MeV The axial mass value for neutral current form factors

qel s axial mass 1200 MeV The axial mass value used in the dipole strange form factor

qel rpa 0 Do not use RPA

delta FF set 1 ∆ production form factor: dipole form

pion axial mass 0.94 GeV The axial mass value used in pion production form factor.

pion C5A 1.19 GeV The CA
5 value used in pion production form factor.

spp precision 500 MeV Controls the precision in RES-DIS boundary region

res dis cut 1600 MeV Boundary of RES-DIS transition

coh mass correction 1 Turn off Rein-Seghal correction to CC coherent pion production

coh new 1 improved implementation of coherent pion production

mec kind 1 Transverse Enhancement model

mec ratio pp 0.6 The fraction of mixed initial nucleon pairs for CC interaction

Table 8: Parameters used in NuWro generator.

• QEL: NuWro uses the same form factor parametrization for QEL as GENIE (described in

Sec. 3.1.1.1), but with different axial mass values, which causes large difference in the kine-

matic corrections, as described later in Chapter 7.

• RES: In NuWro, RES is defined as the region with W < 1.6 GeV, where W is the invariant

hadronic mass. The dominant contribution comes from the single pion production mediated by
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the ∆(1232) resonance. Different from GENIE’s model described in Sec. 3.1.1.2, ∆ resonance

in NuWro is described by the form factors as in [63]. The axial mass value and axial vector

transition form factor CA
5 value are shown in Table. 8.

• DIS: DIS channel is defined as the region with W > 1.6 GeV in NuWro. The total cross

sections are also evaluated using the Bodek-Yang model described in Sec 3.1.1.3. However,

NuWro uses modified parton distribution functions GRV94 for DIS interaction, while GENIE

uses GRV98LO.

• Modeling of Overlap Region: Unlike the model tunning of GENIE (described in Sec. 3.1.1.5),

in NuWro, exclusive cross sections for single pion production (SPP) channels are given by

dσSPP

dW
=
dσ∆

dW
(1− α(W )) +

dσDIS

dW
F SPP (W )α(W ) (3.9)

in which F spp is the percentage of the given single pion production channel within the overall

DIS cross section. α(W ) defines the transition between two single pion production models,

which accounts for the non-resonance background.

• MEC: In NuWro, MEC is modeled using transverse enhancement model [12], which is also

different from GENIE (described in Sec. 3.1.2.2). Inclusive cross section data is fitted as a

sum of four components: the longitudinal QE contribution, the transverse QE contribution,

a transverse excess (TE), and the contribution of inelastic pion production. The transverse

enhancement ratio is defined as

RT =
QEtran + TE

QEtran
. (3.10)

Fig. 30 shows the values of RT as a function of Q2. The data are parametrized as

RT = 1 + AQ2e−Q
2/B (3.11)

with A=6.0 and B=0.34. The parametrization of RT is used to modify nucleon form factors,

which leads to the enhancement of QEL structure functions.

Fig. 28 and Fig. 29 show the inclusive neutrino and antineutrino cross sections up to 300 GeV pre-

dicted by NuWro. Neutrino cross section shows good agreement with world measurement above

30 GeV. While antineutrino cross section is below world measurements in the same neutrino en-

ergy range. Contributions from QEL, DIS and SSP are also shown in those figures. The difference

between GENIE-Hybrid and NuWro models is shown later in Sec. 8.1.
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Figure 28: Inclusive neutrino cross section predicted by NuWro, taken from [11].
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Figure 29: Inclusive antineutrino cross section predicted by NuWro, taken from [11].
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Figure 30: Transverse enhancement ratio as a function of Q2, taken from [12].

54



4.0 RECONSTRUCTION

Reconstruction of MINERνA neutrino interaction events starts with grouping hits into clusters in

time and in space. Groups of clusters are then used to identify tracks of charged particles. In

this analysis, we study charged-current muon neutrino interactions which contain a high energy

muon. A primary muon track is identified as the longest track which is matched into MINOS

ND. Cluster energies which are not associated with the muon tracks form the recoil system, which

are summed calorimetrically to obtain the hadronic energy. Fig 31 shows an example of a recon-

structed charged-current event. The steps of reconstruction are described in this chapter.

Figure 31: The display of a neutrino interaction event, with a vertex and three tracks reconstructed.
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4.1 CLUSTER FORMATION

Due to the high rate beam, multiple events occur within a single NuMI beam spill in the MINERνA

detector. Fig. 32 shows an example of a readout gate, of which 7 time slices are identified (with

different colors). A time slice is found by scanning the hit time distribution within a spill in blocks

of 80 ns. In a scanned block, the photoelectrons are integrated, if it reaches 10 photoelectrons (PE),

a new time slice begins. Clusters are formed from groups of hits in a single plane within the same

time slice. The time of a cluster is chosen as the hit time for the hit with the most energy.

Slice 1 Slice 2 Slice 3 Slice 4 Slice 5 Slice 6 Slice 7

Figure 32: Time slices within the MINERvA Run 2160 Subrun 1 Gate 594. Seven time slices are

specified. Black hits are below the energy threshold and not included in energy time slices. (Taken

from Arachne [64] page http://minerva05.fnal.gov/Arachne/arachne.html )

The summed energy of all hits forms the “cluster energy”. The location of a cluster is calcu-

lated from the energy-weighted position of all hits in a cluster. The resulting clusters are classified

based on the energy or number of hits: low activity are those with energy less than 1 MeV, track-

able clusters have total energy between 1 and 12 MeV, and have not more than 4 hits, with at least

one hit’s energy more than 0.5 MeV. If more than two hits have hit energy greater than 0.5 MeV,

they must be next to each other. Heavily ionizing clusters have total energy greater than 12 MeV

and the cluster must have at least one hit with energy more than 0.5 MeV. Hits with energies more

than 0.5 MeV must be adjacent to each other. Superclusters are with energy more than 1 MeV that

do not fit the criteria for trackable or heavily ionizing clusters, and any cluster with more than four

hits, or cross-talk are made of hits that are correlated with PMT pixels within the cluster. Some

clusters are not used in the recoil system reconstruction, based on their classification, which will

be described in Sec. 4.5.
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4.2 TRACK RECONSTRUCTION

A track is reconstructed to approximate a charged particle’s trajectory in the detector. The Long-

Tracker pattern recognition creates tracks using trackable and heavy ionizing clusters within a time

slice. It starts with forming seeds from trackable and heavy ionizing clusters, which are grouped by

X, U or V view. 2-d track candidates formed by track seeds in different views are then combined

to a 3-d track candidate. Once identified, tracks are fitted with a Kalman filter [65] routine. The

fitted track is then projected into upstream and downstream directions. If there is an unused cluster

in the track projection, it is added to the track.

A track cleaning [8] procedure is then applied, which breaks the clusters and removes the

associated energy away from the track. We apply a reconstruction correction to improve the muon

and recoil energy separation of this “cleaning” algorithm as described in Sec. 4.6.1.

The longest track is chosen as the “anchor track” and its origin is defined as the event vertex.

It must be longer than 25 nodes and the origin of the anchor track is defined as the event vertex.

The pattern recognition is then repeated with the non-anchor track clusters. If the projection of

the track found is less than 100 mm away from the vertex and its origin is less than 250 mm from

the vertex, the track is kept and it is called “anchored track”. This step is repeated and uses fewer

clusters each time, and tracks and vertices are fitted after each pattern recognition. More details of

track reconstruction can be found in [8].

4.3 VERTEX RECONSTRUCTION

A vertex is reconstructed as the starting point of one or more tracks. The neutrino interaction point

is defined as a primary vertex. The position of an interaction vertex is an important criteria in event

selection, as described in next chapter.

MINERνA uses Kalman filter method [65] for finding the best position of interaction vertex

by minimizing the sum of distance between the position of energy deposited and the estimated

of track parameters of fitted vertex. This algorithm produces parameters of position, slope, and

covariance matrix for each cluster. For two or more tracks with a common interaction vertex, the
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point of closest approach (POCA) of the tracks are taken as the initial vertex position. If there

are more than two tracks, a weight is assigned to POCA which is related to the distance between

tracks. Tracks with poor compatibility are weighted down in order to improve the reconstruction.

4.4 CHARGED-CURRENT EVENT RECONSTRUCTION

A track that begins in the fiducial volume of MINERνA , penetrates into MINOS ND and has

hits in at least one of the four upstream MINOS planes is considered a “MINOS-matched” muon

candidate.

The magnetic field of MINOS ND deflects a charged track. The charge-sign of each MINOS-

matched track is determined by the direction of curvature of deflection. The reconstructed track

momentum includes the amount of energy lost in the material traversed within MINERνA and

the momentum reconstructed in MINOS ND. MINOS ND uses two methods to reconstruct muon

momentum: by range or by curvature, which has been described in Sec. 2.3. Reconstruction by

range is more precise and is used for lower energy. If the muon is energetic enough to escape from

the calorimeter region of MINOS ND, its momentum is reconstructed by curvature. If it passes

through the coil hole region, the tracking algorithm may fail and curvatures as well as momentum

will be poorly reconstructed. We removed these events from our analysis by applying a coil hole

cut, which is described in Chapter 5.

4.5 RECOIL SYSTEM RECONSTRUCTION

The recoil system is constructed from the sum of all the clusters that were not included in the

MINOS-matched muon track. The component clusters are required to be within a time window

[20, +35] ns of the event time and not to be identified as low activity(less than 1 MeV) or cross

talk. The energy value of the recoil is computed calorimetrically [8], it is defined as

Ehad = α×
∑
i

CiEi (4.1)
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where α is an overall scale factor, Ci is the calorimetric constant for subdetector i and Ei is the

total visible recoil energy in subdetector i, with i=Tracker, Ecal, Hcal.

The calorimetric constants, Ci, are calculated as

Ci =
Eabs + Escint
f × Escint

(4.2)

where Eabs is the energy lost in a single plane of absorber and Escint is the energy lost in a scin-

tillator plane respectively of a minimum ionizing particle traveling perpendicular to the plane. f

is the active fraction (CH) of the scintillator plane [66]. For tracker, Eabs = 0 and f = 81.85%,

which gives Ctracker = 1.22 as the constant. The constants measured for ECAL and HCAL are

CECAL = 2.013 and CHCAL = 10.314, respectively. The overall scale factor, α, is set to 1.51 for

neutrino and 1.54 for antineutrino, to make the reconstructed recoil energy match the true recoil

energy.

In addition, the calorimetric summed recoil energy is corrected with a polyline. This polyline

correction is derived from the quantity Ereco
had −E

true
had

Etrue
had

in bins of Etrue
had .

4.6 RECONSTRUCTED EVENT CORRECTIONS

Reconstruction corrections are applied to showers and track vertex before we select a event sample

for this analysis. “Shower cleaning corrections” improve the separation of reconstructed hadron

energy and muon energy. “Calorimetry fix” removes the effect of PMTs with problematic behav-

iors. “Vertex correction” removes the events originated outside the fiducial region. In addition

tracking efficiency corrections, which account for inefficiency in MINOS-matched tracks and are

only applied to Monte Carlo sample, will be discussed later in Sec. 8.3.

4.6.1 Shower Cleaning Corrections

“MINOS-matched” rock muon samples (as described in Sec. 2.1) are used to study the distribution

of “muon fuzz” (delta or bremsstrahlung) energy.
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Correction Effect

Shower cleaning corrections Change hadronic energy and muon energy distribution

Calorimetry fix Removes bad PMTs in minerva1 sample, change hadronic energy

Vertex correction Removes events with vertices outside fiducial region

and changes hadronic energy

Table 9: Reconstructed event corrections.

We define the energy sum of all non-muon track clusters found inside subdetector i as Esh,R
i

(assuming the inner detector is a cylinder with radius R=1000mm). This can be written as

Esh,R
i = ΣjE

sh,R
i,j , (4.3)

where j stands for the cluster ID based on truth information (for example, a proton, pion, neutron,

muon, cross talk, etc.) Similar as Eq. 4.1, Esh,R
i is a calorimetrical sum of cluster energies.

For the case of the rock muon sample, which has no true hadronic shower, Esh,R
i is from the

muon track (muon fuzz), Esh,r=1000mm
i = Esh

i,muon . We obtain Esh
i (per mm) δEsh

i from

δEsh
i =

Esh,R
i

Di/cosθµ
, (4.4)

where Di is the z distance between the starting point and end point of muon track in subdetector i

(in mm). θµ is the muon track angle with respect to (w.r.t.) the beam direction.

As shown in Fig. 33, there is more ∆Esh
i in data than in MC. The MC at the simulation stage

does not generate enough “muon fuzz”. In a charged-current event, this “extra” true muon energy is

associated with the hadron shower system. In order to better determine muon track energy, Etrack
µ ,

and hadron energy, Ehad, in a charged-current event, as discussed below, we introduce two energy

corrections (based on region), which are then subtracted from hadron energy Ehad and added into

muon track energy Etrack
µ for both data and MC.
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Figure 33: δEsh
i distributions in subdetector i (i=tracker, ecal, or hcal) for rock muon sample of

data(left) and MC(right).

4.6.1.1 Cylinder Region Fig. 34 shows an example of a charged current event. The black line

with the arrow represents a muon track. We define a cylinder along the muon track, which starts at

a distance d=300mm, from the vertex of muon track. We allow it to have different radii in different

regions of the detector, for example, radius in sub-detector i (i=tracker, ecal or hcal) is defined

as ri (rtracker=80mm, recal=100mm, and rhcal=100mm).

Sum of all non-muon track energies found inside a cylinder with radius, ri, is defined as

Esh,ri
i = ΣjE

sh,ri
i,j . (4.5)

Muon purity, Fi, is defined as the fraction of true muon energy out of all cluster energy found

inside the cylinder

Fi =
Esh,ri
i,muon

Esh,ri
i

, (4.6)

in which true cross talk is removed from the denominator. Muon purities for different ν values

are obtained using separate MC samples for neutrino and antineutrino charged-current events. The

given results are shown in Tab. 10. Neutrino and antineutrino samples have the similar size of muon
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Figure 34: An example of a muon track starting in the tracker. A cylinder along the track is defined.

It starts at a distance, d, away from the vertex, and has different radii in different regions of the

inner detector.

purity in each hadron energy bin, while the difference in the hadron energy distribution between

neutrino and antineutrino makes the overall muon purity different.

An energy correction, Esh
in , is defined inside the cylinder as

Esh
in = ΣiE

sh
i Fi. (4.7)

In order to avoid negative hadron energies, if Esh
in ≥ Ehad, it is set to zero.

4.6.1.2 Non-cylinder Region Another energy correction is needed to remove muon related

energy that is deposited outside the cylinder region.

First, we define muon completeness, Ti, as

Ti =
Esh,ri
i,muon

Esh,R
i,muon

, (4.8)

which is related to how much of the muon energy leaks out of the cylinder with radius ri. For

simplicity, the rock muon sample is used to study the muon completeness, since Esh,ri
i,muon = Esh,ri .
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Muon completeness, Ti’s, are found to be 57%,100% and 95% for tracker, ecal and hcal, re-

spectively.

For each muon track of a reconstructed charged-current event, we randomly pick a rock muon

track from the distribution of δEsh
i from the rock muon sample and obtain a correction

Esh
out = ΣiδE

sh
i Li(1− Ti), (4.9)

where δEsh
i is defined in Eq. 4.4. which is different between data and MC as shown in Fig. 33. Li

is the track length of the muon track in subdetector i in an inclusive event, which is defined as

Li =
Di

cosθµ
. (4.10)

If Esh
out ≥ Ehad, we will randomly pick another rock muon, until Efuzz

out < Ehad. The corrected

hadron energy is

Enew
had = Ehad − Esh

in − Esh
out, (4.11)

while the corrected muon energy becomes

Enew
µ = Etrack

µ + Esh
in + Esh

out. (4.12)

We refer to effect of Ehad − Enew
had and Enew

µ − Etrack
µ as the shower cleaning correction.

Fig. 35 shows the effect of this “shower cleaning correction” on the distribution of hadron

energy within neutrino energy bin 2-3 GeV for data and MC. For both data and MC, events migrate

to lower hadron energy bins after applying shower cleaning correction.

4.6.2 Calorimetry Fix

Two PMTs, which are at module 103 (strip:65-96) and module 105 (strip:65-96), in the HCAL

were found to have high un-simulated cross-talk [67]. For minerva1 data and simulated Monte

Carlo (MC) samples, cluster energy (which are not identified as cross talk or low activity cluster

energy and within [-20,+35] ns time window) measured using these two PMTs are removed from

the hadronic energy. This is not a problem for later run periods minerva5 and minerva13C, before

which the problem was fixed.
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4.6.3 Vertex Correction

A correction is applied to correct the vertex position of events whose vertices are poorly recon-

structed due to the presence of an energetic hadron shower [67]. We search for visible activity in a

cone upstream of the muon track and move the vertex location upstream along the muon trajectory.

The cone is defined as one scintillator strip wide at the module of the reconstructed vertex and

expands by one strip for every additional upstream module. A 1.5 MeV threshold cluster energy

is required to shift the vertex(one module wide gaps are permitted). The approximate energy de-

position of a muon traversing a plane is removed from the recoil system for every plane the vertex

is shifted. Events whose vertex is moved out of fiducial volume after this correction are removed

from the sample.
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neutrino antineutrino

subdetector tracker ecal hcal tracker ecal hcal

ν < 0.3GeV 97.7% 99.6% 99.9% 97.3% 99.4% 99.9%

0.3 < ν < 0.5GeV 91.7% 98.0% 99.8% 87.3% 96.7% 99.4%

0.5 < ν < 1GeV 79.3% 93.7% 99.1% 74.8% 91.1% 98.6%

1 < ν < 2GeV 60% 82.6% 96.5% 58% 81% 95.9%

2 < ν < 22GeV 27.1% 46.9% 74.9% 27.3% 50.7% 79.3%

Average(ν < 22GeV ) 54.8% 73.3% 89.0% 63.3% 80.9% 93.6%

Table 10: Muon purity used in the cylinder correction. Corrections are applied in bins of hadron

energy for ν < 0.3 GeV , 0.3 < ν < 0.5 GeV , 0.5 < ν < 1 GeV , 1 < ν < 2 GeV and

2 < ν < 22 GeV , respectively. Bottom row shows the average muon purity for the inclusive

sample, these are not used (only for the sake of over all hadron energy region comparison between

neutrino and antineutrino).
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Figure 35: Effect of shower cleaning correction on hadron energy in Eν=(2,3) GeV for neutrino

(top) and antineutrino (bottom) data and MC.
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5.0 EVENT SELECTION

5.1 DATA SAMPLE

MINERνA first started collecting data in November 2009, as shown in Figure 36. It completed

construction and installation of its modules in the MINOS ND hall in March 2010. In April 2012,

MINERνA completed data-taking run with the low-energy(LE) beams for both FHC (neutrino-

enhanced) and RHC (antineutrino-enhanced) mode. Medium energy mode started in September

2013.

In this analysis, we are using FHC mode data which corresponds to an exposure of 3.2× 1020

proton on target (POT) and RHC mode data, which corresponds to an exposure of 1.0× 1020 POT.

The MC samples used are about ten times the size of data samples.

The event samples needed to extract the cross section and flux are described below. The inclu-

sive sample is related to the total charged current event rate measured in our detector. This sample

includes all charged-current events with a muon reconstructed in the MINOS ND. The flux sample

is a subset of the inclusive sample used to measure the shape of the incident beam flux with energy.

The selection criteria are:

1. Fiducial volume. Fiducial vertex is defined as a vertex with a hexagonal apothem less than

850mm from the axis passing through the center of the detector, which has a minimum of 20

cm from the edge of active scintillator region and a z position larger than 5990mm and less than

8340mm, which excludes the first 8 planes at upstream and the last 12 planes at downstream

of active scintillator region.

2. Charged current selection. We require a MINOS-matched track, a reconstructed track exit-

ing from the back of MINERνA, matching to a reconstructed track in MINOS, with negative
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Figure 36: MINERνA Low Energy data starting from November 2009.

(positive) curvature for neutrino (antineutrino) and a reconstructed momentum in MINOS.

3. Track quality. To remove tracks with large error on q/p measurement, we require tracks to

have an error on measured charge to momentum ratio (q/p) to be less than 30%. It removes

about 9% events in MC sample and reduces the wrong-sign contamination by 20% at higher

neutrino energy region for MINOS upstream sample, which is defined in the next section.

4. Kinematic cuts. We require a minimum energy of 1.8 GeV and a maximum muon angle w.r.t

beam of 0.35 rads (20 deg) for reconstructed muon track. It improves the overall sample ac-

ceptance in the lowest energy bins and allows us to compute an explicit model-based kinematic

acceptance correction, which will be discussed in detail later in next chapter.

5. Coil hole removal. We remove those tracks which end on the left and 80cm away from MINOS

coil hole center, in which region the wrong-sign contamination of MINOS upstream sample is

up to about 50% at high energy. This cut removes those events which are poorly reconstructed

due to the coil hole, therefore it reduces the wrong-sign contamination in the selected samples.

About 2.2% events is removed due to this cut for FHC neutrino data and simulated samples.

6. Dead time cut. We require the number of dead discriminator pairs in the (primary) track

upstream projection to be zero or 1, since readout electronics have 200 ns dead time after each
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recording, which would cause failures of event reconstruction coming later in time.

MC simulation shown in this section uses the samples with hadron production model flux, GENIE-

Hybrid model and are data overlaid.

Figure 37 shows the effect of each cut applied step by step for FHC neutrino sample. The black

points shows the the ratio of number of events passing fiducial and MINOS-Matched cuts to the

number of events with no cuts, in each reconstructed neutrino energy bin. The fraction increases

with neutrino energy up to 60% at 20 GeV. The other color show the ratio with one additional cut

applied in each case. The coil hole and dead time cuts have only a tiny effect comparing with

others. Muon energy and muon angle cut have the largest effect at low energy. Fig. 38 shows

a comparison of the reconstructed energy spectrum of FHC neutrino sample with each applied

cut. Tab. 11 shows the number of events left after applying each cut for FHC neutrino and RHC

antineutrino data and simulated samples.

selection neutrino % neutrino % antineutrino % antineutrino %

data MC data MC

fiducial events 285153 100% 1957050 100% 167397 100% 1118470 100%

MINOSMatched 134173 47.1% 1036170 52.9% 92764 55.4% 731112 65.3%

charge selection 110842 38.9% 858347 43.9% 44822 26.8% 383575 34.3%

track quality 100165 35.1% 777741 39.7% 40673 24.3% 348829 31.2%

coil hole cut 97932 34.3% 759198 38.8% 40062 23.9% 343615 30.7%

dead time cut 96700 33.9% 752714 38.5% 39780 23.8% 341869 30.6%

kinematic cuts 94086 33.0% 727923 37.2% 38994 23.3% 334276 29.9%

Table 11: Effect of event selection cuts for both FHC (minerva13C only) and RHC data and sim-

ulated samples. The second column in each section shows the fraction remaining after each cut.

Hadron production flux described in Sec. 2.1 is used for MC.

Figure 39 shows the effect of each cut applied step by step for RHC antineutrino sample. The

fiducial cut and MINOS-matched cut show similar size of effect as FHC neutrino. However, the

charge cut removes more than 30% of events above 7 GeV, which is due to a much larger fraction
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Figure 37: Cut efficiency as a function of reconstructed neutrino energy for FHC neutrino data

(left) and simulated (right) samples. Hadron production flux described in Sec. 2.1 is used for MC.
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Figure 38: Inclusive Sample of FHC neutrinos with and without all cuts. (39% of FHC data is used

for this figure.)
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of neutrino contamination in the RHC antineutrino beam. Fig. 40 shows a comparison of RHC

antineutrino sample with and without any cuts.
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Figure 39: Cut efficiency as a function of reconstructed neutrino energy for RHC antineutrino data

(left) and simulated samples.
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Figure 40: Inclusive Sample of RHC neutrinos with and without all cuts.

The raw flux event sample in a given energy bin is defined as the number of CC-inclusive

events in the bin with a hadron energy cut ν < νo. The same selections are applied to this sample
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with one additional requirement on the maximum ν value. Table 12 shows the value of νo for each

energy bin.

The selected inclusive and flux samples are shown in Fig. 41. The ratios of selected flux

samples to inclusive sample are shown in Fig. 42. The ν cut is increased with neutrino energy to

improve flux sample statistical precision.
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Figure 41: Cross section and flux samples for FHC neutrino(left) and RHC antineutrino(right).
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Figure 42: Ratio of flux samples to inclusive sample for FHC neutrino(left) and RHC antineu-

trino(right).

Energy range (GeV) Energy bin (GeV) ν0 (GeV)

2-3 2-3 0.3

3-4

3-7 4-5 0.5

5-7

7-12 7-9 1.0

9-12

12-15

12-22 15-18 2.0

18-22

Table 12: Value of νo for each energy range.
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5.2 MINOS SUBSAMPLE STUDY

Muon tracks ending in different regions of MINOS ND are reconstructed differently (i.e. the

momentum of tracks end in the downstream part of MINOS ND are always reconstructed by cur-

vature, while for those ends in the upstream part, both range and curvature are used). In order to

understand the acceptance correction (detector smearing effect and bin migrations) of MINOS, the

selected samples is divided into four categories based on where the muon track ends in MINOS

ND.

Four MINOS subsamples are defined if tracks exiting MINERVA and entering MINOS

• Upstream Stopping: Contained in MINOS upstream calorimeter region,

• Downstream Stopping: Contained in MINOS downstream spectrometer region,

• Upstream Exiting: Exiting the MINOS upstream calorimeter region,

• Downstream Exiting: Exiting the MINOS downstream calorimeter region.

The muon momentum for both two downstream samples are reconstruction by curvature. However,

we still separate those two samples in order to be consistent with MINOS’s definition.

Fig. 43 shows the muon track end distribution in MINOS ND for each subsample. Events

that with tracks stopping at a distance of greater than 50 cm from the edge of the detector and

greater than 80 cm from the coil hole center are defined as stopping sample. Otherwise, they are

defined as exiting sample. Events with muon track exiting from the downstream end of MINOS

ND, regardless of (x, y) position, is defined as downstream exiting.

Fig. 44 shows the reconstructed muon energy distribution of selected inclusive sample for

FHC neutrinos. The upstream samples dominate in the region Eµ < 6 GeV, while the downstream

samples dominates above 6 GeV muon energy region. Fig. 45 shows the reconstruction efficiency

as a function of reconstructed muon energy for selected inclusive sample for FHC neutrinos. The

reconstruction efficiency is defined as the ratio of the number of events reconstructed in an energy

bin to the number of events generated in that bin. The overall shape for inclusive sample is given by

the sum of the four components. Fig. 46 and Fig. 47 show similar behaviors for inclusive sample

of RHC antineutrinos.

The distributions of MINOS subsamples as a function of reconstructed muon energy are inde-
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pendent of the ν cut. The overall reconstruction efficiency increases as ν cut decreases for both

FHC neutrinos and RHC antineutrinos. It is about 70% (80%) at high energy for FHC (RHC)

inclusive sample, which it is 90% (90%) for ν < 0.3 GeV flux sample.
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Figure 43: Muon track end distributions of four MINOS subsamples. Upper left: upstream stop-

ping, upper right:upstream exiting (blank region is the same region as in upper left figure), bottom

left: downstream stopping (tracks ending within 80 cm from the coil hole center are excluded),

bottom right: downstream exiting.
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Figure 44: FHC inclusive neutrino sample divided into four subsamples in MINOS ND.
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Figure 45: Reconstruction efficiency of different MINOS subsamples for inclusive sample of FHC

neutrinos.
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Figure 46: RHC inclusive antineutrino sample divided into four subsamples in MINOS ND.
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Figure 47: Reconstruction efficiency of different MINOS subsamples for inclusive sample of RHC

antineutrinos.
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5.3 BACKGROUND

There are two types of backgrounds in the selected samples, wrong-sign contamination and neutral-

current contamination.

Neutral-current (NC) contamination is from neutral-current events with a long track passing

charged-current event sample cuts.

Reconstructed CC && True NC events

Reconstructed CC events

Fig. 48 shows the fractional NC contaminations for neutrino and antineutrino samples. NC con-

tamination is small (� 1%) for both samples.
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Figure 48: Neutral-current contamination of cross section and flux samples for FHC neutrino (left)

and RHC antineutrino (right).

Wrong-sign (WS) contamination is from opposite charge sign events comparing with the gen-

erated truth charge sign,

Reconstructed CC && True CC && True WS events

Reconstructed CC events

Fig. 49 shows the fractional wrong-sign contamination for selected neutrino and antineutrino sam-

ples. The wrong-sign contamination for FHC neutrino sample is always small(< 1%). However,

wrong-sign contamination for the RHC antineutrino inclusive sample is non-negligible (about 4%
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Figure 49: Wrong-sign contamination of cross section and flux samples for FHC neutrino(left) and

RHC antineutrino(right).

above 10 GeV), which is due to a higher νµ component as neutrino energy increasing in RHC beam

mode.

The contaminations obtained from MC shown here are subtracted fractionally from data sam-

ples, before any correction is applied. Details are presented in Sec. 6.2.
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6.0 FLUX AND CROSS SECTION EXTRACTION

In this chapter, we present the method of cross section, the ratio, r, and flux measurements. We

introduce the low-ν technique for flux measurement, procedure of cross section extraction, method

of data-based normalization, and generator level model-dependent corrections computed.

6.1 LOW-ν FLUX MEASUREMENT TECHNIQUE

The low-ν method extracts the shape of the flux with energy in neutrino and antineutrino samples.

To obtain an absolute flux, an external normalization is needed as discussed below. The method

relies on the independence of the low-ν (ν=energy transfer to the hadronic system, which is the

hadronic energy, as defined in Sec. 1.3.1) part of the cross section with energy in the limit ν → 0.

Neutrino and antineutrino scattering off of a target with isospin symmetry are related through

the fundamental structure of the charged-current weak interaction. The general form of the cross

section in Eq. 1.21 can be re-written in terms of the structure functions and relativistic invariants

(x, y,Q2),

d2σν(ν̄)

dxdy
=

G2
FMEν

π(1 +Q2/M2
W )2

((
1− y − Mxy

2E
+
y2

2

1 + 4M2x2/Q2

1 +R(x,Q2)

)
F
ν(ν̄)
2 (x,Q2)

± y
(

1− y

2

)
xF

ν(ν̄)
3 (x,Q2)

)
. (6.1)

The parity violating F3 term changes sign for antineutrinos.

The differential dependence of the cross section in terms of ν can be written as

dσν,ν̄

dν
= A(1 +

Bν,ν̄

A

ν

E
− Cν,ν̄

A

ν2

2E2
). (6.2)

80



The coefficients A, Bν,ν̄ , and Cν,ν̄ depend on integrals over structure functions,

A =
G2
FM

π

∫
F2(x)dx, (6.3)

Bν,ν̄ = −G
2
FM

π

∫
(F2(x)∓ xF3(x))dx, (6.4)

Cν,ν̄ = Bν,ν̄ − G2
FM

π

∫
F2(x)R̃dx, (6.5)

where,

R̃ = (
1 + 2Mx

ν

1 +RL

− Mx

ν
− 1). (6.6)

In the limit of y = ν/E → 0 theB and C terms vanish and both cross sections approach a constant

value independent of energy. The low energy behavior of the cross sections can be recovered by

replacing the structure functions by form factor dependent terms. The factor A is the same for

neutrino and antineutrino probes scattering off an isoscalar target (up to a small correct for quark

mixing as described below). The magnitude of the coefficient B is larger for antineutrino, since F2

and xF3 terms have the same sign for antineutrino in Eq. 3. We use a correction computed from

the generator level cross section model to account for a finite ν0 > 0 value

Sν(ν̄)(ν0, E) = 1 +

∫ ν0

0

Bν,ν̄

A

ν

E
−
∫ ν0

0

Cν,ν̄

A

ν2

2E2
,

As described by Eq. 6.2, as ν → 0, in absence of quark mixing, σν = σν̄ . However, if

quark mixing is accounted for, the structure function F2 is not exactly the same for neutrinos and

antineutrinos as shown by Eq. 1.34 and Eq. 1.35. The difference of neutrino and antineutrino

structure functions is written as

∆F2 = F ν
2 − F ν̄

2 = V 2
cd

uv + dv
2

− (V 2
us

us + ds
2

+ ssV
2
vs). (6.7)

An additional correction is applied when normalizing the antineutrino cross section to account for

∆F2. This ν−dependent correction is computed from model using

Gcorr(ν0) =
σν̄(ν < ν0, E →∞)

σν(ν < ν0, E →∞)
. (6.8)
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6.2 CROSS SECTION AND FLUX EXTRACTION

The charged-current total cross sections are measured from the inclusive charged-current scattering

rate, Γ
ν(ν̄)
CC (E), and the incident neutrino flux, Φν(ν̄)(E). The selected CC event sample, N ν(ν̄)

CC (E),

is corrected for acceptance and backgrounds to determine Γ
ν(ν̄)
CC (E):

Γ
ν(ν̄)
CC (E) = (N

ν(ν̄)
CC (E)−Bν(ν̄)

CC (E))× Aν(ν̄)
CC (E). (6.9)

The raw flux sample is also corrected for backgrounds and acceptance

Φν(ν̄)
uc (E) = (F ν(ν̄)(E)−Bν(ν̄)

Φ (E))× Aν(ν̄)
Φ (E). (6.10)

Then the model-based Sν(ν̄)(ν0, E) and normalization Hν(ν̄)
iso (νo) corrections are applied to obtain

Φν(ν̄)(E).

Φν(ν̄)(E) = Hν(ν̄)(νo)Φ
ν(ν̄)
uc (E)/Sν(ν̄)(ν0, E). (6.11)

Hν(ν0) and H ν̄(ν0) are related by Gcorr(ν0) defined in Eq. 6.8 and α(ν0), which is defined in

Sec. 6.5.1. The measured cross sections are obtained from

σ
ν(ν̄)
CC (E)

E
=

1

E

Γ
ν(ν̄)
CC (E)

Φν(ν̄)(E)
=

1

E

(
(N

ν(ν̄)
CC (E)−Bν(ν̄)

CC (E))× Aν(ν̄)
CC (E)

Hν(ν̄)(νo)(F ν(ν̄)(E)−Bν(ν̄)
Φ (E))× Aν(ν̄)

Φ (E)/Sν(ν̄)(ν0, E)

)
.

(6.12)

The components in Eq. 6.12 are

• N ν(ν̄)
CC (E) is the selected CC event sample and F ν(ν̄)(E) is the flux sample, which are shown

in Fig. 41.

• Bν(ν̄)
CC (E) and Bν(ν̄)

Φ (E) are the backgrounds in the inclusive-CC and flux samples respectively,

which are shown in Fig. 48 and Fig. 49. For each sample, the background includes wrong-sign

contamination and neutral-current (NC) contamination. NC contamination is small (< 1%)

for both neutrino and antineutrino samples. However, wrong-sign contamination for the RHC

antineutrino inclusive sample is non-negligible as shown on the right of Fig. 49 (about 3.5% at

10 GeV and larger above that), a systematic uncertainty is included for this in the antineutrino

cross section and the ratio, r.
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• Aν(ν̄)
CC (E) corrects for acceptance and smearing effects in the raw samples and is obtained from

the Monte Carlo simulation

A
ν(ν̄)
CC (E) =

N
ν(ν̄)
true (Ei)

N
ν(ν̄)
reco (Ei)

, (6.13)

where N ν(ν̄)
true (Ei) is the number of true events in an energy bin Ei (in true neutrino energy) and

N
ν(ν̄)
reco (Ei) is the number of events reconstructed in that bin (in reconstructed neutrino energy)

passing all the selection cuts described for theNν(ν̄)
CC (E) event sample. Aν(ν̄)

CC (E) can be written

as the product of two contributions.

A
ν(ν̄)
CC (E) = Aν(ν̄),KIN × Aν(ν̄),DET

CC . (6.14)

The ADET
CC term accounts primarily for detector resolution and reconstruction smearing effects

rather than geometric acceptance. It uses the MINERνA GEANT4-based detector simulation

with GENIE 2.8.4 event generator to provide an underlying event distribution that populates

regions where the detector has good geometric acceptance. This correction also has a model

dependence arising from final state interactions (FSI) that result in bin migration. We used

GENIE 2.8.4 model to compute ADET
CC as shown in Fig. 51. The kinematic correction Aν(ν̄),KIN

will be described in detail in Sec. 6.3.2.

• Aν(ν̄)
Φ (E) corrects for acceptance and smearing in the flux sample. Therefore, no separate

kinematic correction is needed in this case. The maximum ν requirement selects muons which

are scattered in the forward direction and are all above the minimum energy threshold even for

our lowest binned energy 2-3 GeV. Aν(ν̄)
Φ (E) is obtained from

A
ν(ν̄)
Φ (E) =

F
ν(ν̄)
true (Ei)

F
ν(ν̄)
reco (Ei)

, (6.15)

where F ν(ν̄)
true (Ei) is the number of true events with true hadron energy cut in an energy bin Ei

(in true neutrino energy) and F ν(ν̄)
reco (Ei) is the number of events reconstructed in that bin (in

reconstructed neutrino energy) passing all the selection cuts described for the F ν(ν̄)(E) sample.

A
ν(ν̄)
Φ (E) is shown in Fig. 51.
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Figure 50: (Left) Distribution of true muon energy for generated and reconstructed events. (Right)

Distribution of true muon angle w.r.t beam for generated and reconstructed events, both with an

minimal true muon energy cut of 1.8 GeV applied. Top figures show neutrino samples for all

neutrino energies. Bottom figures show antineutrino samples for all neutrino energies.

Before applying any generator level corrections we define

R
ν(ν̄)
C =

(N
ν(ν̄)
CC (E)−Bν(ν̄)

CC (E))× Aν(ν̄),DET
CC (E)

(F ν(ν̄)(E)−Bν(ν̄)
Φ (E))× Aν(ν̄)

Φ (E)
, (6.16)

which includes all the terms discussed in this section.
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Figure 51: ADET
CC for cross section and AΦ(Ei) for flux samples of FHC neutrinos (left) and RHC

antineutrinos (right).

6.3 GENERATOR LEVEL MODEL-DEPENDENT CORRECTIONS

We rewrite Eq. 6.12 by separating out all model dependent components, and the neutrino (antineu-

trino) cross section becomes

σ
ν(ν̄)
CC (E)

E
=

1

E
×Rν(ν̄)

C × A
ν(ν̄),KIN
CC (E)× Sν(ν̄)(ν0, E)

Hν(ν̄)(νo)
. (6.17)

Two independent neutrino Monte Carlo generator models are used for computing the model depen-

dent corrections, low-ν correction Sν , kinematic correction AKINCC , and isoscalar correction I iso.

Our primary result uses the GENIE-Hybrid model which is described in Sec. 3.1.

6.3.1 Low-ν correction

The low-ν correction Sν(ν̄)(ν0, E), described in Sec. 6.1, is computed directly from a model using

Sν(ν̄)(ν0, E) =
σν(ν̄)(ν < νo, E)

σν(ν̄)(ν < νo, E →∞)
. (6.18)
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The term σν(ν̄)(ν < ν0, E) is the value of the integrated cross section (on carbon 12) below our

chosen ν0 cut at energy E, and σν(ν̄)(ν < ν0, E → ∞) is its value in the high energy limit. The

size of this correction is modest for neutrinos but sizable for antineutrinos.

6.3.2 Kinematic Correction

As shown in Eq. 6.14, we define two terms (for both neutrino and antineutrino samples),

A
ν(ν̄),DET
CC =

N
ν(ν̄)
true (Ei, Eµ > Eµmin, θµ < θµmax)

N
ν(ν̄)
reco (Ei)

(6.19)

and

Aν(ν̄),KIN =
N
ν(ν̄)
true (Ei)

N
ν(ν̄)
true (Ei, Eµ > Eµmin, θµ < θµmax)

. (6.20)

N
ν(ν̄)
true (Ei, Eµ > Eµmin, θµ < θµmax) is a subset ofN ν(ν̄)

true (Ei), which passes additional minimal true

muon energy cut and maximum true muon angle cut as described below. Aν(ν̄),KIN is computed by

calculating the ratio of the number of all generated CC neutrino events to number of generated CC

neutrino events with a minimum muon energy cut Eµmin = 1.8GeV and a maximum muon angle

cut θµmax = 0.35 rads. The minimum energy requirement excludes events which are not energetic

enough to penetrate the MINOS Near detector and produce a measureable track while the maxi-

mum angle requirement removes those outside of the MINOS angular acceptance. Fig. 50 shows

the distribution of true muon energy of generated and selected events (left), and the true muon

angle and component with reconstructed muon angle after applying the minimal muon energy cut

Eµ > 1.8 GeV (right) for FHC neutrinos and RHC antineutrinos. Tab. 17 shows the fraction of

events removed by kinematic cuts for both neutrino and antineutrino samples. The contribution

from events with muon energy below the threshold needed to obtain total cross section is large at

low energy and must be computed from a model.

6.3.3 Isoscalar correction

The MINERνA scintillator target requires a model dependent non-isoscalarity correction to ac-

count for the proton excess from the hydrogen bound in scintillator. Tab. 18 shows the composition
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by mass of a MINERνA scintillator plane [8]. Since this correction is nearly flat with energy, the

primary effect is on the normalization (discussed in Sec. 7.1).

We define the fraction of proton and fraction of neutron in scintillator plane as

fproton =
Z

N + Z
, (6.21)

and

fneutron =
N

N + Z
, (6.22)

respectively. We compute the fractions from Tab. 18 and obtain the fractions fproton = 53.97%,

and fneutron = 46.03%. The isoscalar correction is defined as

I
ν(ν̄)
iso (ν0, E) =

J
ν(ν̄)
iso (E)

J
ν(ν̄)
iso (ν0, E)

(6.23)

where Jν(ν̄)
iso (E) is the isoscalar correction for the total cross section and Jν(ν̄)

iso (ν0, E) is the isoscalar

correction for the flux sample.

The isoscalar correction for the total cross section is defined as

J
ν(ν̄)
iso (E) =

σ
ν(ν̄)
iso (E)

σ
ν(ν̄)
real (E)

, (6.24)

in which σν(ν̄)
iso (E) is the isoscalar corrected cross section which has equal contributions from pro-

ton and neutron,

σ
ν(ν̄)
iso (E) =

σ
ν(ν̄)
proton(E) + σ

ν(ν̄)
neutron(E)

2
(6.25)

and σν(ν̄)
real is the cross section on real scintillator,

σ
ν(ν̄)
real (E) =

σ
ν(ν̄)
proton(E)Z + σ

ν(ν̄)
neutron(E)N

N + Z
(6.26)

σ
ν(ν̄)
real = σ

ν(ν̄)
proton(E)fproton + σ

ν(ν̄)
neutron(E)fneutron (6.27)

Therefore, the isoscalar correction for the cross section is calculated as

J
ν(ν̄)
iso (E) =

1
2
(σ

ν(ν̄)
proton(E) + σ

ν(ν̄)
neutron(E))

fprotonσ
ν(ν̄)
proton(E) + fneutronσ

ν(ν̄)
neutron(E)

(6.28)
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where σν(ν̄)
proton(E) is the neutrino (antineutrino) cross section on a proton in carbon 12, and σν(ν̄)

neutron(E)

is the neutrino (antineutrino) cross section on a neutron in carbon 12.

The ν0-dependent isoscalar corrections for the flux samples are calculated similarly as

J
ν(ν̄)
iso (ν0, E) =

1
2
(σ

ν(ν̄)
proton(ν0, E) + σ

ν(ν̄)
neutron(ν0, E))

fprotonσ
ν(ν̄)
proton(ν0, E) + fneutronσ

ν(ν̄)
neutron(ν0, E)

(6.29)

where σν(ν̄)
proton(ν0, E) is the neutrino (antineutrino) cross section on a proton in carbon 12 with

ν < ν0, and σν(ν̄)
neutron(ν0, E) is the neutrino (antineutrino) cross section on a neutron in carbon 12

with ν < ν0.

GENIE Hybrid Gcorr corrections are listed in Tab. 23.

6.4 NUWRO-BASED MODEL-DEPENDENT CORRECTIONS

We also extract cross sections using NuWro-based Corrections. Since GENIE 2.8.4 with FSI

(turned on by default) is used to simulate the fully reconstructed MINERνA MC samples and to

correct for detector effects we deliberately turn the FSI processes off in NuWro to avoid double

counting. In this section, we present the model-dependent correction calculated from NuWro, and

the comparison of GENIE-Hybrid-based and NuWro-based corrections.

A comparison of GENIE-based and NuWro-based low−ν corrections is shown in Fig. 53. The

NuWro-based low-ν correction is calculated by counting the number of events which passes a

ν < ν0 cut, N(E, ν < ν0). Then by computing

σν(ν̄)(ν < ν0, Ei) =
N(Ei, ν < ν0)

N(Ei)
× σ(Ei) (6.30)

N(Ei) is the number of events generated at each energy.

Fig. 52 shows a comparison of GENIE-Hybrid and NuWro-based kinematic correction AKINCC

for neutrinos (left) and antineutrinos (right). The corrections differ by less than 1% except for in

the first neutrino energy bin. The differences are due to QEL and RES model kinematics in the

two models.
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In order to understand the difference in AKINCC correction between GENIE-Hybrid and NuWro,

we break down the hadron energy distributions based on interaction types for the numerator and

denominator of AKINCC in the energy region 2 < Eν < 3 GeV, which are shown in Fig. 54 for

neutrino and Fig. 55 for antineutrino. Due to different MA values and kinematic modeling, NuWro

has 8% more QEL events generated in the first neutrino energy bin, 2 < Eν < 3 GeV. The MEC

model used is different between GENIE (Nieves) and NuWro (TEM), which also contributes to

the AKINCC difference. In the first neutrino energy bin 2 < Eν < 3 GeV, QEL and MEC events

dominate. NuWro has better acceptance than GENIE for these events, which results in a smaller

AKINCC . As neutrino energy increases, above 3 GeV, DIS and RES pieces become dominant and

GENIE has better acceptance.

Fig. 56 shows the isoscalar correction calculated from GENIE and NuWro, which includes

isoscalar corrections for both inclusive and flux samples. It is a step function because the isoscalar

correction for flux sample is strongly ν0 dependent, and ν0 differs depending on the neutrino energy

range. These corrections are nearly identical in the two models.

We do not report Gcorr in NuWro, since quark mixing is not included in NuWro. GENIE-

Hybrid-Based Gcorr corrections are applied to NuWro-based final results, as shown in Sec. 8.4.1.

The model dependent corrections needed to extract neutrino cross sections in the low-ν method

described above are tabulated for the GENIE Hybrid model in Tab. 19 and NuWro in Tab. 20.

Those used to extract antineutrino cross section are in Tab. 21 and Tab. 22.

6.5 FLUX NORMALIZATION

The normalization procedure couples the flux measurement to the cross section sample and relies

on external information to obtain a value for the neutrino normalization factor Hν(ν0). Since

neutrino and antineutrino scattering rates are related (as described in Sec 6.1), as described further

below, the antineutrino normalization (Hν(ν0 = 2)) is obtained using the same precise external

neutrino scattering measurements.
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The isoscalar corrected total neutrino cross section is written,

σνCC(E)iso
E

=
1

E

(
(N ν

CC(E)−Bν
CC(E))× AνCC(E)× Sν(ν0, E)

(F ν(E)−Bν
Φ(E))× AνΦ(E)

)
Iνiso(ν0, E)

Hν
iso(νo)

. (6.31)

σ
ν(ν̄)
CC (E)iso

E
=

1

E
×Rν(ν̄)

C × A
ν(ν̄),KIN
CC (Ei)× Sν(ν̄)(ν0, E)× Iν(ν̄)

iso (ν0, E)

H
ν(ν̄)
iso (νo)

. (6.32)

The procedure for computing I
ν(ν̄)
iso (ν0, E) from a given neutrino generator model is given

in Sec. 6.3.3. After the isoscalar correction is applied, the unnormalized neutrino cross section

obtained using flux with ν < ν0 at energy E is written as

σ
ν(ν̄)
CC (νo, Ei)unnorm =

1

E
×Rν(ν̄)

C × Aν(ν̄),KIN
CC (Ei)× Sν(ν̄)(ν0, E)× Iν(ν̄)

iso (ν0, E). (6.33)

The normalization factor for neutrino cross section, Hν
iso(νo), is computed using the unnormal-

ized data cross section in the energy bin 12-22 GeV (at 17 GeV), σνunnorm(E = 17GeV ),

1

Hν
iso(ν0)

=
σEXT (E = 17GeV )

σunnorm(ν0, E = 17GeV )
, (6.34)

where σEXT is obtained from external world data (discussed in Sec. 6.5.2). The uncertainty in

normalization is also obtained from the external data and must be propagated through the analysis.

The normalization value must be obtained for each ν0 cut. To do this we measure a value of

σunnorm(ν0, E = 17GeV ) for each ν0 value. Tab. 15 gives the values of Φν
uc(E) for each ν0 value

needed as input to obtain Hν
iso(νo).

The normalization value Hν
iso(νo) is obtained after the model dependent corrections Sν(ν0, E),

Iνiso(ν0, E), and AKINCC (E) are applied to the data in Tab. 13 and 15.
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6.5.1 Antineutrino Cross Section Normalization

The factor, H ν̄
iso(νo), is applied to the isoscalar corrected antineutrino cross section

σν̄CC(E)

E
=

1

E
×Rν̄

C

Aν̄,KINCC (E)× S ν̄(ν0, E)× I ν̄iso(ν0, E)

H ν̄
iso(νo)

. (6.35)

H ν̄
iso(νo) is related to Hν

iso(νo) by

Hν
iso(νo) = H ν̄

iso(νo)×Gcorr(ν0)× α(ν0), (6.36)

where Gcorr(ν0) is the quark mixing correction defined in Eq. 6.8 and α(ν0) is an additional cor-

rection obtained from low-ν antineutrino data.

The correction α(ν0) is needed to account for unmodeled ν dependent cross section contribu-

tions that are observed in our data. If uncorrected, they result in differences in flux event sample

rates that are inconsistent in the normalization bin (12-22 GeV). This is demonstrated in Fig. 57

which shows the extracted antineutrino cross section (normalized as in Eq.6.36 but with α(ν0) = 1

) obtained for each value νo applied across all energy bins. For each νo value a shift in the level

of the cross section in the normalization region (12-22 GeV) is observed. To remedy this, we con-

strain the measured antineutrino cross section in the normalization bin to agree across all νo values

by define α(ν0) for each ν0 using

Gcorr(ν0)α(ν0)
σν̄CC(ν0, E = 17GeV )unnorm

Hν
iso(ν0)

= Gcorr(ν0 = 2)
σν̄CC(ν0 = 2, E = 17GeV )unnorm

Hν
iso(ν0 = 2)

.

(6.37)

To preserve the relationship between neutrino and antineutrino cross sections defined in Sec. 6.1

we apply define α(ν0) = 1 for the ν0 = 2 sample in Eq. 6.36. The antineutrino cross section is

then

σν̄CC(Ei) =
σν̄CC(Ei)unnorm

Hν
iso(νo)

×Gcorr(ν0)× α(ν0). (6.38)

The overall normalization factor Hν
iso(νo) cancels in r which becomes

r =
σν̄CC(Ei)

σνCC(E)
=
σν̄CC(Ei)unnorm
σνCC(E)unnorm

×Gcorr(ν0)× α(ν0). (6.39)

Tab 24 shows the size of α(ν0) obtained from our data sample and its uncertainty for different ν

cuts. The statistical error of unnormalized antineutrino cross section at 17 GeV, σν̄CC(ν < ν0, E =

17GeV )unnorm, is assigned as the uncertainty of α(ν0).
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6.5.2 External Cross Section Measurements between 12 and 22 GeV (normalization bin).

Fig. 58 shows the world data of CC inclusive neutrino cross section in our normalization bin

of 12-22 GeV. Table 25 shows the most precise measurements from MINOS and NOMAD. All

cross sections are isoscalar corrected. We normalize our neutrino cross section in the 12-22GeV

energy bin to the NOMAD measurement which has an average value 0.699 × 10−38cm2/GeV

with an uncertainty of 3.58%. We use NOMAD for several reasons. It is a measurement of the

neutrino cross section on an isoscalar carbon target, and it is the most precise measurement in our

normalization energy range. MINOS also measures neutrino cross section in 12-22 GeV energy

range, but uses a heavier (iron) target. Also, because the MINOS near detector is used to measure

the muon momentum in MINERνA, the results are partially correlated. To avoid accounting for

this, we do not include the MINOS measurement in our “external” normalization.
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E(GeV) Nν
CC stat. err. Bν

CC ADET
CC F ν stat. err Bν

Φ Aνφ

(%) (%)

2.5 20660.0 0.70 52.92 2.38 11493.0 0.93 29.17 1.94

3.5 44360.0 0.47 61.20 2.30 25530.0 0.63 19.23 1.76

4.5 29586.0 0.58 64.78 1.92 11765.0 0.92 12.95 1.45

6.0 32026.0 0.56 169.65 1.70 8046.0 1.11 28.80 1.34

8.0 23750.0 0.65 171.05 1.86 6980.0 1.20 31.97 1.59

10.5 29161.0 0.59 207.48 1.95 6165.0 1.27 31.26 1.60

13.5 24093.0 0.64 158.49 1.94 7438.0 1.16 39.49 1.42

16.5 19011.0 0.73 104.46 1.85 5041.0 1.41 17.23 1.28

20.0 18475.0 0.74 98.26 1.78 3826.0 1.62 13.55 1.25

Table 13: Measured neutrino cross section and flux sample yields corrected for wrong-sign and

neutral current background contaminations. The ADET
CC correction term accounts for reconstruction

resolution and smearing effects but not for events outside of the acceptance . (Additional model

dependent corrections for kinematic regions where the spectrometer has no acceptance and for

energy dependence in the low-ν sample must be applied to compute the total cross sections as

described in the text).
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E(GeV) N ν
CC stat. err. Bν

CC ADET
CC F ν stat. err Bν

Φ Aνφ

(%) (%)

2.50 5359.00 1.37 17.79 1.99 3673.00 1.65 6.37 1.60

3.50 10133.00 0.99 24.88 1.94 6560.00 1.23 4.33 1.56

4.50 5955.00 1.30 24.42 1.65 2871.00 1.87 1.68 1.36

6.00 5284.00 1.38 73.73 1.47 1764.00 2.38 4.13 1.27

8.00 3261.00 1.75 101.68 1.58 1224.00 2.86 5.61 1.50

10.50 3400.00 1.71 141.36 1.66 1007.00 3.15 8.75 1.53

13.50 2496.00 2.00 115.01 1.63 1033.00 3.11 8.85 1.42

16.50 1690.00 2.43 76.73 1.48 595.00 4.10 5.56 1.23

20.00 1418.00 2.66 72.34 1.44 427.00 4.84 5.00 1.23

Table 14: Antineutrino measured cross section and flux sample rates corrected for wrong sign and

neutral current background contaminations.
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ν cut(GeV) E(GeV) F ν(ν̄)(E) stat(%) B
ν(ν̄)
Φ (E) Aφ

13.5 1315 2.76 9.64 1.18

0.3 16.5 863 3.40 4.40 1.12

20.0 662 3.89 3.89 1.05

13.5 2415 2.03 15.34 1.28

0.5 16.5 1613 2.49 6.59 1.19

20.0 1190 2.90 4.13 1.16

13.5 4419 1.50 25.32 1.36

1.0 16.5 2967 1.84 12.14 1.25

20.0 2235 2.12 8.03 1.21

13.5 7438 1.16 39.49 1.42

2.0 16.5 5041 1.41 17.23 1.28

20.0 3826 1.62 13.55 1.25

Table 15: Neutrino raw data in 12-22 GeV for different flux samples.
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ν cut(GeV) E(GeV) F ν(ν̄)(E) stat (%) B
ν(ν̄)
Φ (E) Aφ

0.3 13.5 247 6.36 0.91 1.04

16.5 147 8.25 0.69 0.94

20.0 110 9.53 0.91 0.96

0.5 13.5 385 5.10 2.17 1.21

16.5 224 6.68 1.29 1.09

20.0 159 7.93 1.70 1.12

1.0 13.5 636 3.97 4.69 1.33

16.5 373 5.18 2.64 1.18

20.0 260 6.20 3.47 1.19

2.0 13.5 1033 3.11 8.85 1.42

16.5 595 4.10 5.56 1.23

20.0 427 4.84 5.00 1.23

Table 16: Antineutrino raw data in 12-22 GeV for different flux samples.
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Neutrino Antineutrino

Bin(GeV) Eµ > 1.8 GeV +θµmax < 0.35 rads Eµ > 1.8GeV +θµmax < 0.35 rads

2-3 39.7% 81.6% 59.6% 89.1%

3-4 60.9% 82.9% 85.3% 90.7%

4-5 68.4% 83.9% 91.3% 92.4%

5-7 75.8% 84.6% 94.6% 94.5%

7-9 81.8% 86.1% 96.3% 96.6%

9-12 85.9% 87.9% 96.8% 97.4%

12-15 89.1% 89.6% 97.4% 98.4%

15-18 90.9% 91.2% 97.8% 98.8%

20.0 92.6% 92.3% 97.9% 99.0%

Table 17: Effect of kinematic cuts. Column 2 and 4 show the percentage of all generated events

passing the Eµ > 1.8 GeV cut for neutrino and antineutrino, respectively. Column 3 and 5 show

the percentage of generated events with Eµ > 1.8 GeV cut passing the θµmax < 0.35 rads cut for

neutrino and antineutrino, respectively.

Component H C O Al Si Cl Ti

planes 8.18% 88.5% 2.5% 0.07% 0.07% 0.20% 0.47%

Table 18: Composition of scintillator planes, by mass percentage.
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E AKINCC Sν(ν̄)(ν0, E) I
ν(ν̄)
iso (ν0, E) H

ν(ν̄)
iso (νo) stat

2.5 3.094 1.096 0.954 3.83 0.091

3.5 1.981 1.040 0.982

4.5 1.746 1.032 0.983 1.96 0.035

6 1.559 1.023 0.984

8 1.423 1.007 0.998 1.02 0.014

10.5 1.326 1.005 0.998

13.5 1.253 0.995 0.999

16.5 1.207 0.992 0.999 0.574 0.006

20 1.171 0.995 0.999

Table 19: Neutrino cross section model dependent corrections computing using GENIE hybrid.

E AKINCC Sν(ν̄)(ν0, E) stat I
ν(ν̄)
iso (ν0, E) stat

2.5 2.904 1.12 0.0095 0.955 0.0015

3.5 2.099 1.068 0.0072 0.981 0.0013

4.5 1.820 1.053 0.0072 0.983 0.0015

6 1.607 1.039 0.0073 0.985 0.0017

8 1.453 1.016 0.0055 1.002 0.0015

10.5 1.344 1.011 0.0056 1.002 0.0017

13.5 1.267 0.996 0.0043 0.999 0.0020

16.5 1.218 0.996 0.0043 1.003 0.0016

20 1.180 0.995 0.0043 1.003 0.0018

Table 20: Neutrino cross section model dependent corrections computed using NuWro.
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E AKINCC Sν(ν̄)(ν0, E) I
ν(ν̄)
iso (ν0, E)

2.5 1.883 0.801 1.042

3.5 1.293 0.809 1.016

4.5 1.185 0.850 1.016

6 1.118 0.884 1.016

8 1.076 0.869 1.005

10.5 1.060 0.899 1.005

13.5 1.044 0.875 1.004

16.5 1.035 0.893 1.004

20 1.032 0.912 1.004

Table 21: Antineutrino cross section model dependent corrections computed using GENIE hybrid.

E AKINCC Sν(ν̄)(ν0, E) stat I
ν(ν̄)
iso (ν0, E) stat

2.5 1.756 0.798 0.0068 1.041 0.0010

3.5 1.346 0.804 0.0052 1.016 0.0008

4.5 1.219 0.847 0.0052 1.015 0.0010

6 1.137 0.883 0.0052 1.017 0.0011

8 1.087 0.872 0.0040 1.001 0.0010

10.5 1.059 0.903 0.0040 1.000 0.0011

13.5 1.042 0.875 0.0030 0.998 0.0009

16.5 1.033 0.893 0.0030 1.002 0.0011

20 1.027 0.913 0.0031 1.000 0.0012

Table 22: Antineutrino cross section model dependent corrections computed using NuWro.
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Figure 52: Kinematic corrections for FHC neutrino(left) and RHC antineutrino(right).

ν < ν0 cut Gcorr(ν0)

ν < 0.3 1.000

ν < 0.5 1.004

ν < 1 1.015

ν < 2 1.026

Table 23: GENIE-based Gcorr(ν0) correction for different ν cut.
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Figure 53: GENIE-based (solid curves) and NuWro-based (dots) low-ν correction for neutrinos

(upper) and antineutrinos (lower). Both versions have similar shape as a function of neutrino

energy, however, the NuWro-based version is always above the GENIE-based value.
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Figure 54: Hadron energy distributions and their breakdown in the energy region 2 < Eν < 3 GeV

of simulated GENIE (left) and NuWro (right) samples for neutrino. Plots on top show all generated

events, while the bottom ones show events which pass kinematic cuts.
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Figure 55: Hadron energy distributions and their breakdown in the energy region 2 < Eν < 3 GeV

of simulated GENIE (left) and NuWro (right) samples for antineutrino. Plots on top show all

generated events, while the bottom ones show events which pass kinematic cuts.
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Figure 56: GENIE-based and NuWro-based isoscalar corrections for neutrinos and antineutrinos.
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Figure 57: Extracted antineutrino cross sections using different ν cuts. Error bars are statistical

errors only.

ν cut α(ν0) Statistical error

0.3 1.126 5.95%

0.5 1.056 4.83%

1 1.005 3.88%

Table 24: α(ν0) and its statistical uncertainty.
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Figure 58: World measurements of CC inclusive neutrino cross section between 12 and 22 GeV.

Experiment Target Energy bin center (GeV) σ/E (×10−38cm2/GeV )

NOMAD(2007) Carbon 12.5 0.697 ± 0.025

13.5 0.700 ± 0.025

14.5 0.698 ± 0.025

16.2 0.698 ± 0.025

18.7 0.700 ± 0.025

21.2 0.699 ± 0.024

MINOS(2009) Iron 13.43 0.691 ± 0.028

16.42 0.708 ± 0.020

19.87 0.689 ± 0.016

Table 25: World isoscalar neutrino cross section data at 12-22 GeV.
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7.0 SYSTEMATIC UNCERTAINTY

In this chapter, we present the evaluation of systematic uncertainties of measured quantities. These

include normalization, reconstruction related (including muon energy scale and hadron energy

scale, shower cleaning correction and background), and cross section model uncertainties. GENIE

2.8.4 is used to simulate event samples with our full detector simulation and to correct for recon-

struction effects. The reweightable GENIE cross section model and FSI uncertainties are evaluated

from default GENIE 2.8.4. GENIE-Hybrid model specific uncertainties are evaluated separately

as described below.

7.1 NORMALIZATION

There are three pieces in normalization uncertainty, uncertainty on the external normalization of

data samples, uncertainty of Gcorr and statistical error of our data in normalization region (which

propagates to all energies through the normalization procedure). External normalization uncer-

tainty is 3.58% from NOMAD measurement described in Sec. 6.5.2. This enters into cross section

and flux measurements, however, it cancels for the ratio, r. An uncertainty due to the computed

Gcorr is evaluated by calculating the fractional difference between the nominal Gcorr corrections

(Tab. 23) and the shifted values with GENIE cross section model parameters shifted by 1 σ (dis-

cussed in Sec. 7.7). This uncertainty enters into antineutrino flux and cross section, as well as

the ratio, r. Tab. 26 shows a summary of sources of normalization uncertainty. The statistical er-

ror introduced by the normalization procedure is included in the total statistical error of measured

quantities and will be shown in Sec. 8.1.

107



Eν ν cut External Gcorr(ν0) Stat. err. of α(ν0)

(GeV) (GeV) uncertainty uncertainty unnormalized σνCC(17GeV ) uncertainty

2-3 0.3 3.58% 0% 2.38% 5.95%

3-7 0.5 3.58% 0.12% 1.79% 4.83%

7-12 1.0 3.58% 0.26% 1.37% 3.88%

12-22 2.0 3.58% 0.43% 1.05% NA

Table 26: Summary of normalization related uncertainties.

7.2 RECONSTRUCTION

Reconstruction uncertainty includes muon energy scale, hadron energy scale, shower cleaning

correction and background modeling.

7.2.1 Muon Energy Scale

There are three sources of uncertainty considered for muon energy reconstruction, which are in-

dependent and added in quadrature. Tab. 27 shows the sources which include MINOS range and

curvature measurement and uncertainties of energy loss in MINERvA. MINOS range uncertainty

is present for all reconstructed muon tracks, while MINOS curvature uncertainty is only relevant

to muon tracks which are reconstructed by curvature.

These uncertainties are evaluated with MC by simultaneously shifting cross section and flux

samples. The 1 σ parameter uncertainties are shown in Tab. 27. The analysis is repeated in 100

universes1. For each universe, four components of muon energy scale are shifted at the same time

and the effect is added in quadrature. An error band is obtained from the RMS band in resulting

measured quantities.

1For a certain systematic, each “universe” represents a deviation from the nominal value. Those deviations are
expected to form a Gaussian distribution.

108



Error Source Error

MINOS Range 2.%

MINOS Curvature (pµ < 1GeV ) 2.5%

MINOS Curvature (pµ > 1GeV ) 0.6%

MINERvA dE
dx

(scintillator) 30 MeV

MINERvA mass (scintillator) 11 MeV

Table 27: Components of muon energy scale.

7.2.2 Hadron Energy Scale

From MINERνA test beam studies [50], we obtain an uncertainty for each type of particle de-

positing energy in the MINERνA detector as listed in Tab. 28. The muon response comes from

the uncertainty of determining minimum-ionizing energy unit (MEU), which is due to the detec-

tor mass model, and also the uncertainty of Bethe-Bloche process used to simulate the deposited

energy. The electromagnetic response is obtained by studying the difference between data and sim-

luation of the energy spectrum of Michel electrons (produced in the decay of an antimuon). The

1σ uncertainty is the average for each particle type weighted by the fraction of energy contributed

by that particle. The procedure of evaluating hadron energy scale is similar as for the muon energy

scale.

The hadron energy scale uncertainties for neutrino and antineutrino cross sections are shown

in Fig. 59 and Fig. 60 and Fig. 61. There is partial cancellation between neutrino and antineutrino

cross section uncertainties in the ratio, r. Uncertainties from all components are shown in Tab. 29,

Tab. 30, and Tab. 31 for neutrino, antineutrino cross sections and the ratio, r, respectively.
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Energy Source Error

Proton 3.5%

Neutron(KE< 50MeV ) 25%

Neutron(50 <KE< 150MeV ) 10%

Neutron(KE> 150MeV ) 20%

Muon 2.4%

γ, π0, e± 3%

π±, Kaon 5%

Cross talk 20%

Other 20%

Table 28: Hadron energy scale uncertainty components.

Source 2.5 3.5 4.5 6 8 10.5 13.5 16.5 20

GeV GeV GeV GeV GeV GeV GeV GeV GeV

pion 0.0008 0.0021 0.0050 0.0028 0.0013 0.0000 0.0031 0.0047 0.0083

proton 0.0068 0.0034 0.0010 0.0005 0.0005 0.0000 0.0015 0.0013 0.0016

high n 0.0031 0.0016 0.0011 0.0006 0.0007 0.0000 0.0028 0.0034 0.0065

medium n 0.0012 0.0007 0.0005 0.0002 0.0002 0.0000 0.0002 0.0001 0.0002

low n 0.0008 0.0005 0.0002 0.0002 0.0002 0.0000 0.0002 0.0002 0.0002

em 0.0012 0.0008 0.0011 0.0007 0.0006 0.0000 0.0004 0.0015 0.0029

muon 0.0122 0.0069 0.0025 0.0016 0.0007 0.0000 0.0011 0.0007 0.0013

other 0.0021 0.0019 0.0033 0.0031 0.0014 0.0000 0.0023 0.0021 0.0040

xtalk 0.0127 0.0067 0.0016 0.0006 0.0009 0.0000 0.0033 0.0047 0.0061

Table 29: Breakdown of hadron energy scale uncertainty for neutrino cross section.
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Source 2.5 3.5 4.5 6 8 10.5 13.5 16.5 20

GeV GeV GeV GeV GeV GeV GeV GeV GeV

pion 0.0011 0.0017 0.0059 0.0043 0.0038 0.0029 0.0048 0.0083 0.0084

proton 0.0084 0.0074 0.0049 0.0018 0.0016 0.0012 0.0008 0.0016 0.0011

highn 0.0027 0.0018 0.0073 0.0047 0.0068 0.0073 0.0058 0.0080 0.0082

medium n 0.0009 0.0002 0.0004 0.0002 0.0005 0.0004 0.0003 0.0002 0.0003

low n 0.0006 0.0002 0.0007 0.0002 0.0003 0.0003 0.0002 0.0001 0.0003

em 0.0000 0.0002 0.0001 0.0004 0.0016 0.0009 0.0016 0.0012 0.0013

muon 0.0135 0.0083 0.0035 0.0008 0.0012 0.0008 0.0007 0.0018 0.0014

other 0.0021 0.0024 0.0039 0.0042 0.0031 0.0030 0.0031 0.0051 0.0049

xtalk 0.0149 0.0096 0.0034 0.0009 0.0012 0.0023 0.0027 0.0061 0.0048

Table 30: Breakdown of hadron energy scale uncertainty for antineutrino cross section.

Source 2.5 3.5 4.5 6 8 10.5 13.5 16.5 20

GeV GeV GeV GeV GeV GeV GeV GeV GeV

pion 0.0007 0.0005 0.0010 0.0016 0.0029 0.0029 0.0019 0.0043 0.0011

proton 0.0016 0.0040 0.0057 0.0018 0.0019 0.0012 0.0016 0.0005 0.0009

high n 0.0005 0.0034 0.0064 0.0046 0.0074 0.0073 0.0031 0.0047 0.0028

medium n 0.0003 0.0006 0.0008 0.0004 0.0007 0.0004 0.0003 0.0002 0.0004

low n 0.0003 0.0004 0.0007 0.0003 0.0004 0.0003 0.0002 0.0003 0.0002

em 0.0001 0.0002 0.0002 0.0004 0.0016 0.0009 0.0017 0.0013 0.0011

muon 0.0013 0.0014 0.0012 0.0010 0.0013 0.0008 0.0010 0.0014 0.0013

other 0.0001 0.0005 0.0006 0.0012 0.0018 0.0030 0.0010 0.0032 0.0012

xtalk 0.0022 0.0029 0.0037 0.0007 0.0008 0.0023 0.0010 0.0019 0.0026

Table 31: Breakdown of hadron energy scale uncertainty for the ratio, r.
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Figure 59: Breakdown of hadron energy scale uncertainties for neutrino cross section.
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Figure 60: Breakdown of hadron energy scale uncertainties for antineutrino cross section.
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Figure 61: Breakdown of hadron energy scale uncertainties for cross section ratio r.
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7.2.3 Shower Cleaning Correction

We include an estimated uncertainty in the size of the shower cleaning correction (described in

Sec. 4.6.1) in measured quantities. We assign 50% of the change of measured quantities with and

without shower cleaning correction as an estimate of its uncertainty. Fig. 62 and Fig. 63 show the

comparison with and without shower cleaning corrections. The largest effect on cross section is at

the lowest neutrino energy 2-3 GeV(about 1% for the neutrino and 2% for the antineutrino cross

section in that bin).

neutrino energy E (GeV)
2 4 6 8 10 12 14 16 18 20 22

/E
 (

*1
E
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Figure 62: Effect of shower cleaning corrections on cross sections.

7.2.4 Background

The wrong-sign contamination in the selected antineutrino samples in RHC beam mode is obtained

from MC simulation as shown in Fig. 49 (with nominal input flux). We include an uncertainty in

this source of background in the antineutrino cross section and r measurements.

To obtain an estimate of uncertainty from this background, a low-ν flux reweighting function

for RHC neutrinos is extracted. We vary neutrino flux in FHC mode with the reweighting function
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Figure 63: Effect of shower cleaning corrections on cross section ratio r.

shown in Fig. 64. The wrong-sign events (RHC neutrinos) are then reweighted and a new antineu-

trino cross section is extracted. The fractional difference between the nominal and reweighted

antineutrino cross section (and r) is taken as the uncertainty. Because the contamination is always

less than 4%, this uncertainty is less than 1% on the cross section and ratio, r, everywhere.

7.3 FINAL STATE INTERACTION UNCERTAINTIES

Hadrons produced in neutrino scattering interactions may rescatter in the nuclear environment

before they exit the nucleus, which modifies the observable distributions. The sources of FSI

uncertainties in GENIE are shown in Tab. 32 and Tab. 36 [1].

For those in Tab. 32, they are evaluated by reweighting MC events. For each uncertainty in

the table, cross section sample and flux samples are shifted ±1σ, cross sections are re-exacted,

the fractional difference from the nominal are assigned as the uncertainties. Each uncertainty in

the table is evaluated independently and added in quadrature. Fig. 66, Fig. 67 and Fig. 68 show
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Figure 64: Low-ν flux reweighting function for RHC neutrinos.

the uncertainties from each uncertainty on neutrino, antineutrino cross sections and the ratio, r,

respectively.

Uncertainties are shown in Tab. 36 which arise from the size of nuclear formation zone, and

variation of AGKY model, are evaluated using another set of MC samples with those parameters

each shifted by 1σ are generated. However, due to poor MC statistics, we re-extract cross sections

and r with a coarser binning (one neutrino energy bin for each ν cut region). The ratios of the

shifted quantities to the nominal are fitted to constants as shown in Fig. 65 and error bands are

obtained from fitted values. Uncertainties of non-reweightable FSI are less than 1%. These are

then added to reweightable components in quadrature to obtain full FSI uncertainties.
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Figure 65: Shifted / nominal neutrino (left) and antineutrino (middle) cross sections and r (right)

due to non-reweightable FSI uncertainties. The black line in each figure is the constant fit of the

data plots and is taken as the error of non-reweightable FSI model uncertainties.
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GENIE Knob name Description 1 σ

MFP N mean free path for nucleons ±20%

FrCex N nucleon fates - charge exchange ±50%

FrElas N nucleon fates - elastic ±30%

Frinel N nucleon fates - inelastic ±40%

FrAbs N nucleon fates - absorption ±20%

FrPiProd N nucleon fates - pion production ±20%

MFP pi mean free path for pions ±20%

FrCEx pi pion fates - charge exchange ±50%

FrElas pi pion fates - elastic ±10%

Frinel pi pion fates - inelastic ±40%

FrAbs pi pion fates - absorption ±30%

FrPiProd pi pion fates - pion production ±20%

AGKYxF1pi AGKY hadronization model x F ±20%

Theta Delta2Npi ∆ decay angular distribution on/off

RDecBR1gamma Res decay branching ratio to gamma ±50%

Table 32: Final state interaction uncertainties(reweightables) implemented in GENIE.
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Source 2.5 3.5 4.5 6 8 10.5 13.5 16.5 20

GeV GeV GeV GeV GeV GeV GeV GeV GeV

MFP pi 0.0178 0.0139 0.0108 0.0076 0.0027 0.0007 0.0015 0.0008 0.0021

MFP N 0.0024 0.0015 0.0007 0.0005 0.0007 0.0010 0.0009 0.0009 0.0006

FrAbs pi 0.0001 0.0013 0.0005 0.0017 0.0005 0.0013 0.0010 0.0005 0.0027

FrAbs N 0.0009 0.0010 0.0009 0.0008 0.0006 0.0007 0.0004 0.0000 0.0008

FrCEx pi 0.0013 0.0003 0.0004 0.0003 0.0000 0.0001 0.0004 0.0003 0.0005

FrCEx N 0.0047 0.0039 0.0029 0.0028 0.0014 0.0010 0.0004 0.0003 0.0003

FrElas pi 0.0002 0.0002 0.0001 0.0002 0.0001 0.0004 0.0001 0.0001 0.0000

FrElas N 0.0056 0.0035 0.0031 0.0026 0.0016 0.0020 0.0002 0.0007 0.0007

FrInel pi 0.0015 0.0014 0.0007 0.0015 0.0004 0.0015 0.0021 0.0004 0.0040

FrInel N 0.0013 0.0026 0.0016 0.0016 0.0010 0.0005 0.0007 0.0005 0.0008

FrPiProd pi 0.0002 0.0003 0.0002 0.0002 0.0002 0.0002 0.0000 0.0002 0.0002

FrPiProd N 0.0001 0.0001 0.0001 0.0002 0.0001 0.0004 0.0002 0.0003 0.0000

AGKYxF1pi 0.0018 0.0019 0.0052 0.0068 0.0058 0.0031 0.0013 0.0021 0.0003

Delta2Npi 0.0003 0.0010 0.0005 0.0008 0.0000 0.0002 0.0008 0.0009 0.0004

RDecBR1gamma 0.0000 0.0000 0.0000 0.0001 0.0001 0.0001 0.0000 0.0000 0.0001

Table 33: Breakdown of FSI uncertainty for the neutrino cross section.
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Source 2.5 3.5 4.5 6 8 10.5 13.5 16.5 20

GeV GeV GeV GeV GeV GeV GeV GeV GeV

MFP pi 0.0195 0.0162 0.0125 0.0110 0.0066 0.0049 0.0039 0.0018 0.0024

MFP N 0.0064 0.0042 0.0044 0.0037 0.0031 0.0004 0.0013 0.0004 0.0006

FrAbs pi 0.0048 0.0032 0.0021 0.0006 0.0009 0.0023 0.0015 0.0026 0.0000

FrAbs N 0.0015 0.0003 0.0001 0.0000 0.0012 0.0002 0.0009 0.0006 0.0021

FrCEx pi 0.0014 0.0016 0.0017 0.0010 0.0004 0.0012 0.0005 0.0005 0.0000

FrCEx N 0.0007 0.0008 0.0013 0.0018 0.0008 0.0012 0.0013 0.0016 0.0003

FrElas pi 0.0014 0.0013 0.0005 0.0007 0.0000 0.0006 0.0000 0.0002 0.0005

FrElas N 0.0047 0.0020 0.0017 0.0011 0.0015 0.0005 0.0014 0.0012 0.0056

FrInel pi 0.0011 0.0012 0.0014 0.0027 0.0004 0.0002 0.0028 0.0030 0.0009

FrInel N 0.0030 0.0028 0.0030 0.0031 0.0014 0.0003 0.0006 0.0009 0.0018

FrPiProd pi 0.0002 0.0002 0.0002 0.0002 0.0000 0.0000 0.0002 0.0004 0.0003

FrPiProd N 0.0003 0.0004 0.0003 0.0002 0.0003 0.0003 0.0000 0.0005 0.0003

AGKYxF1pi 0.0042 0.0005 0.0035 0.0054 0.0069 0.0049 0.0059 0.0019 0.0010

Delta2Npi 0.0001 0.0000 0.0000 0.0001 0.0001 0.0000 0.0000 0.0001 0.0000

RDecBR1gamma 0.0002 0.0001 0.0000 0.0001 0.0001 0.0000 0.0002 0.0001 0.0000

Table 34: Breakdown of FSI uncertainty for the antineutrino cross section.
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Source 2.5 3.5 4.5 6 8 10.5 13.5 16.5 20

GeV GeV GeV GeV GeV GeV GeV GeV GeV

MFP pi 0.0017 0.0023 0.0016 0.0034 0.0039 0.0042 0.0024 0.0026 0.0045

MFP N 0.0088 0.0026 0.0037 0.0032 0.0024 0.0006 0.0022 0.0005 0.0013

FrAbs pi 0.0049 0.0045 0.0026 0.0022 0.0014 0.0010 0.0025 0.0030 0.0027

FrAbs N 0.0024 0.0006 0.0008 0.0008 0.0018 0.0009 0.0005 0.0007 0.0013

FrCEx pi 0.0000 0.0013 0.0020 0.0013 0.0004 0.0011 0.0009 0.0003 0.0005

FrCEx N 0.0040 0.0030 0.0016 0.0010 0.0006 0.0002 0.0016 0.0018 0.0000

FrElas pi 0.0017 0.0012 0.0004 0.0005 0.0001 0.0002 0.0000 0.0003 0.0005

FrElas N 0.0103 0.0055 0.0048 0.0038 0.0031 0.0015 0.0013 0.0005 0.0050

FrInel pi 0.0026 0.0001 0.0021 0.0012 0.0008 0.0017 0.0049 0.0026 0.0031

FrInel N 0.0016 0.0003 0.0013 0.0014 0.0005 0.0002 0.0001 0.0014 0.0025

FrPiProd pi 0.0003 0.0005 0.0004 0.0004 0.0002 0.0002 0.0003 0.0006 0.0005

FrPiProd N 0.0003 0.0003 0.0002 0.0000 0.0004 0.0007 0.0003 0.0008 0.0004

AGKYxF1pi 0.0024 0.0024 0.0017 0.0014 0.0011 0.0018 0.0046 0.0040 0.0007

Delta2Npi 0.0002 0.0011 0.0005 0.0009 0.0001 0.0002 0.0008 0.0008 0.0004

RDecBR1gamma 0.0001 0.0000 0.0000 0.0001 0.0002 0.0001 0.0002 0.0001 0.0001

Table 35: Breakdown of FSI uncertainty for the ratio, r.
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Figure 66: Size of GENIE-based FSI model uncertainty for neutrino cross section.
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Figure 67: Size of GENIE-based FSI model uncertainty for antineutrino cross section.
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Figure 68: Size of GENIE-based FSI model uncertainty for cross section ratio r.
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Figure 69: FSI uncertainty of extracted FHC neutrino flux. It shows the sum of contributions from

each component and three components with the largest contribution.
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Figure 70: FSI uncertainty of extracted RHC antineutrino flux. It shows the sum of contributions

from each component and three components with the largest contribution.

EFNUCR Increase/decrease to nuclear size for low energy hadrons (±0.6 fm).

FZONE Change formation time by 50%

Hadronization Alt1 Change AGKY model to do a simple phase space decay of hadrons.

Table 36: Final state interaction uncertainties (non-reweightables) not implemented in GENIE .
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7.4 CROSS SECTION MODEL UNCERTAINTIES

The generator-level cross section model has an effect on all extracted model-based corrections

needed for this measurement. Tab. 37 lists cross section model uncertainties and their values

considered. All are implemented with reweighting in GENIE MC (GENIE reweightable), except

for the last two 2p2h and RPA model uncertainties, which are evaluated separately. Uncertainties

of GENIE reweightable uncertainties, 2p2h and RPA model uncertainties are added in quadrature

in error summary plots as cross section model uncertainty.

7.4.1 GENIE reweightable uncertainties

For each GENIE source in the table, we compute shifted values for kinematic correction AKINCC ,

and for low-ν correction Sν,ν̄ for the model. The effect of cross section model uncertainties is

negligible for the isoscalar correction I iso and Gcorr.

The fractional difference from the nominal cross section is taken as the error. Each source

is evaluated independently and added in quadrature to obtain a combined error band. Fig. 71,

Fig. 72 and Fig. 73 show the uncertainties in neutrino, antineutrino cross sections and the ratio, r,

respectively, from each source. This uncertainty is dominated by uncertainty of parameter MA and

MV in Rein-Sehgal model, since for the first four bins, we use ν < 0.3 GeV and ν < 0.5 GeV cut

which is at the range where resonance piece has a dominated contribution.

Fig. 74 shows the breakdown of GENIE cross section model uncertainty for extracted FHC

neutrino flux, similarly as neutrino cross section, it is also dominated by MA and MV of Rein-

Seghal model. Fig. 75 shows the breakdown of GENIE cross section model uncertainty for ex-

tracted RHC antineutrino flux.
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GENIE Knob name Description 1 σ

MaRES adjust MA in Rein-Sehgal cross section ±20%

MvRES adjust Mv in Rein-Sehgal cross section ±10%

Rvp1pi 1 pi production from νp non-resonant interactions ±50%

Rvn1pi 1 pi production from νn non-resonant interactions ±15%

Rvp2pi 2 pi production from νp non-resonant interactions ±50%

Rvn2pi 2 pi production from νn non-resonant interactions ±50%

VeCFFCCQEshape Changes from BBBA to dipole on or off

AhtBY Bodek-Yang parameter AHT ±25%

BhtBY Bodek-Yang parameter BHT ±25%

CV1uBY Bodek-Yang parameter CV 1u ±30%

CV2uBY Bodek-Yang parameter CV 2u ±40%

2p2h reweighting 2p2h model on or off

RPA reweighting RPA model on or off

Table 37: Cross section model uncertainties considered [1].
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Source 2.5 3.5 4.5 6 8 10.5 13.5 16.5 20

GeV GeV GeV GeV GeV GeV GeV GeV GeV

MaRES 0.0441 0.0016 0.0112 0.0146 0.0102 0.0060 0.0027 0.0020 0.0021

Rvp2pi 0.0234 0.0061 0.0025 0.0042 0.0029 0.0016 0.0005 0.0001 0.0009

Rvp1pi 0.0078 0.0033 0.0007 0.0017 0.0013 0.0008 0.0002 0.0001 0.0003

Rvn2pi 0.0265 0.0162 0.0050 0.0008 0.0022 0.0015 0.0006 0.0002 0.0007

Rvn1pi 0.0396 0.0184 0.0014 0.0055 0.0051 0.0030 0.0007 0.0001 0.0013

MvRES 0.0290 0.0023 0.0055 0.0073 0.0050 0.0029 0.0012 0.0008 0.0011

CCQEPauli 0.0190 0.0065 0.0036 0.0020 0.0009 0.0004 0.0001 0.0000 0.0001

VecFFCCQ 0.0051 0.0007 0.0011 0.0013 0.0006 0.0004 0.0002 0.0001 0.0002

AhtBY 0.0021 0.0063 0.0082 0.0065 0.0036 0.0014 0.0002 0.0001 0.0004

BhtBY 0.0045 0.0107 0.0132 0.0103 0.0055 0.0025 0.0011 0.0008 0.0009

CV1uBY 0.0029 0.0057 0.0067 0.0043 0.0018 0.0006 0.0001 0.0001 0.0002

CV2uBY 0.0028 0.0058 0.0063 0.0039 0.0017 0.0005 0.0000 0.0000 0.0000

Table 38: Breakdown of cross section model uncertainty for neutrino cross section.
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Source 2.5 3.5 4.5 6 8 10.5 13.5 16.5 20

GeV GeV GeV GeV GeV GeV GeV GeV GeV

MaRES 0.0419 0.0131 0.0050 0.0000 0.0020 0.0016 0.0022 0.0063 0.0063

Rvp2pi 0.0131 0.0044 0.0012 0.0002 0.0009 0.0009 0.0011 0.0013 0.0013

Rvp1pi 0.0047 0.0024 0.0006 0.0003 0.0003 0.0003 0.0005 0.0005 0.0006

Rvn2pi 0.0165 0.0091 0.0041 0.0019 0.0010 0.0008 0.0012 0.0018 0.0017

Rvn1pi 0.0239 0.0115 0.0043 0.0016 0.0021 0.0019 0.0029 0.0025 0.0023

MvRES 0.0147 0.0055 0.0023 0.0009 0.0038 0.0031 0.0029 0.0049 0.0046

CCQEPauli 0.0152 0.0037 0.0017 0.0006 0.0001 0.0001 0.0002 0.0003 0.0003

VecFFCCQE 0.0024 0.0035 0.0033 0.0028 0.0022 0.0016 0.0012 0.0008 0.0007

AhtBY 0.0011 0.0006 0.0006 0.0002 0.0011 0.0007 0.0003 0.0008 0.0005

BhtBY 0.0004 0.0012 0.0004 0.0005 0.0002 0.0003 0.0000 0.0018 0.0014

CV1uBY 0.0007 0.0016 0.0019 0.0013 0.0006 0.0005 0.0004 0.0001 0.0001

CV2uBY 0.0007 0.0011 0.0016 0.0008 0.0003 0.0001 0.0000 0.0005 0.0005

Table 39: Breakdown of cross section model uncertainty for antineutrino cross section.
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Source 2.5 3.5 4.5 6 8 10.5 13.5 16.5 20

GeV GeV GeV GeV GeV GeV GeV GeV GeV

MaRES 0.0023 0.0115 0.0162 0.0146 0.0122 0.0076 0.0048 0.0043 0.0042

Rvp2pi 0.0104 0.0017 0.0037 0.0045 0.0038 0.0025 0.0016 0.0013 0.0004

Rvp1pi 0.0030 0.0009 0.0014 0.0020 0.0016 0.0011 0.0007 0.0005 0.0003

Rvn2pi 0.0100 0.0071 0.0009 0.0027 0.0032 0.0023 0.0017 0.0016 0.0010

Rvn1pi 0.0157 0.0068 0.0029 0.0071 0.0073 0.0049 0.0035 0.0026 0.0011

MvRES 0.0143 0.0032 0.0079 0.0082 0.0088 0.0060 0.0041 0.0041 0.0034

CCQEPauli 0.0038 0.0028 0.0020 0.0014 0.0008 0.0005 0.0003 0.0002 0.0001

VecFFCCQE 0.0075 0.0041 0.0022 0.0014 0.0016 0.0012 0.0010 0.0010 0.000

AhtBY 0.0032 0.0069 0.0088 0.0068 0.0025 0.0006 0.0002 0.0007 0.0010

BhtBY 0.0049 0.0119 0.0135 0.0098 0.0057 0.0023 0.0010 0.0011 0.0006

CV1uBY 0.0022 0.0041 0.0048 0.0030 0.0012 0.0002 0.0003 0.0000 0.0001

CV2uBY 0.0021 0.0048 0.0048 0.0031 0.0014 0.0004 0.0000 0.0006 0.0005

Table 40: Breakdown of cross section model uncertainty for the ratio, r.
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knob 2.5 3.5 4.5 6 8 10.5 13.5 16.5 20

GeV GeV GeV GeV GeV GeV GeV GeV GeV

MaRES 0.0029 0.0049 0.0045 0.0040 0.0047 0.0043 0.0040 0.0066 0.0052

Rvp2pi 0.0015 0.0016 0.0016 0.0016 0.0020 0.0019 0.0018 0.0015 0.0020

Rvp1pi 0.0009 0.0011 0.0009 0.0009 0.0009 0.0008 0.0008 0.0007 0.0007

Rvn2pi 0.0019 0.0019 0.0019 0.0019 0.0020 0.0020 0.0019 0.0019 0.0019

Rvn1pi 0.0038 0.0050 0.0042 0.0039 0.0046 0.0042 0.0042 0.0033 0.0036

MvRES 0.0018 0.0022 0.0021 0.0020 0.0024 0.0021 0.0020 0.0030 0.0027

CCQEPauli 0.0004 0.0004 0.0004 0.0004 0.0004 0.0004 0.0004 0.0004 0.0004

VecFFCCQE 0.0057 0.0026 0.0020 0.0014 0.0006 0.0003 0.0002 0.0001 0.0002

AhtBY 0.0010 0.0010 0.0008 0.0009 0.0009 0.0010 0.0009 0.0004 0.0006

BhtBY 0.0004 0.0004 0.0003 0.0003 0.0004 0.0004 0.0002 0.0013 0.0010

CV1uBY 0.0005 0.0003 0.0005 0.0005 0.0005 0.0006 0.0006 0.0005 0.0005

CV2uBY 0.0006 0.0009 0.0007 0.0006 0.0006 0.0005 0.0005 0.0005 0.0006

Table 41: Breakdown of cross section model uncertainty for neutrino flux.
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knob 2.5 3.5 4.5 6 8 10.5 13.5 16.5 20

GeV GeV GeV GeV GeV GeV GeV GeV GeV

MaRES 0.0029 0.0029 0.0029 0.0028 0.0052 0.0047 0.0041 0.0076 0.0073

Rvp2pi 0.0015 0.0015 0.0016 0.0015 0.0020 0.0019 0.0017 0.0017 0.0016

Rvp1pi 0.0009 0.0007 0.0008 0.0008 0.0008 0.0008 0.0008 0.0007 0.0007

Rvn2pi 0.0019 0.0019 0.0019 0.0019 0.0021 0.0020 0.0020 0.0024 0.0022

Rvn1pi 0.0038 0.0036 0.0034 0.0034 0.0047 0.0041 0.0043 0.0036 0.0032

MvRES 0.0017 0.0035 0.0031 0.0027 0.0052 0.0044 0.0037 0.0054 0.0050

CCQEPauli 0.0004 0.0004 0.0004 0.0004 0.0004 0.0004 0.0004 0.0004 0.0004

VecFF 0.0064 0.0051 0.0038 0.0028 0.0022 0.0016 0.0012 0.0008 0.0007

AhtBY 0.0010 0.0004 0.0007 0.0007 0.0004 0.0001 0.0000 0.0007 0.0004

BhtBY 0.0003 0.0010 0.0006 0.0006 0.0018 0.0014 0.0012 0.0025 0.0022

CV1uBY 0.0005 0.0007 0.0006 0.0007 0.0006 0.0007 0.0007 0.0002 0.0002

CV2uBY 0.0005 0.0003 0.0004 0.0003 0.0004 0.0003 0.0003 0.0008 0.0008

Table 42: Breakdown of cross section model uncertainty for antineutrino flux.
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Figure 71: Cross section model uncertainty for the neutrino cross section.
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Figure 72: Cross section model uncertainty for the antineutrino cross section.
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Figure 73: Cross section model uncertainty for the ratio, r.
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Figure 74: Cross section model uncertainty of extracted FHC neutrino flux. It shows the sum of

contributions from each component and three components with the largest contribution.
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Figure 75: Cross section model uncertainty of extracted RHC antineutrino flux. It shows the sum

of contributions from each component and three components with the largest contribution.

7.4.2 RPA

The systematic of RPA is evaluated by turning on and off the RPA weight shown in Fig 24, half the

change in each measured quantity is assigned as the uncertainty. The size of the RPA uncertainty

is shown together with that from 2p2h in the next subsection.

7.4.3 2p2h Model Uncertainty

Fig. 76 (taken from [13]) shows the double-differential cross section in six regions of q3 is com-

pared to the GENIE 2.8.4 model with with RPA suppression and then combined with a QE-like

2p2h component (solid). This model is similar to the GENIE-Hybrid model, but with a slightly

different2 reweighting of the one-pion non-resonance component. The difference between data

and model (the solid lines) suggests we introduce a 2p2h model uncertainty to account for this

discrepancy.

2We use 57%, while Ref.[13] uses 50%.
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Figure 76: The double-differential cross section in six regions of q3 is compared to the GENIE

2.8.4 model with RPA suppression (long-dashed), and then combined with a QE- like 2p2h com-

ponent (solid). (Taken from [13])

A two-step data-driven fit is applied to MC simulation to obtain the 2p2h uncertainty. First, a

2-dimensional (q3, Eavail)-dependent reweighting function [14] is defined as shown in Fig. 77. It is

applied to the 2p2h events with q3 < 0.8 GeV. This improves the modeling of available energy in

six regions of q3 as shown in Fig. 78. The fit, though evaluated from the neutrino sample, is applied

to both neutrino and antineutrino MC simulation samples. After applying the 2-dimensional

reweighting, a discrepancy between data and model remains, as shown in Fig. 79. Another fit to

the MC simulation is evaluated to minimize remaining differences. This fit treats the initial state of

2p2h events separately. We define the hadron energy distribution from MC simulation for neutrino

as

T ν = N ν +Mν
nn ∗ α +Mν

np ∗ β, (7.1)
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Figure 77: 2p2h reweighting function accounting for the data MC discrepancy shown in Fig. 76.

(Taken from [14])

and for antineutrino as

T ν̄ = N ν̄ +M ν̄
pp ∗ γ +M ν̄

np ∗ δ, (7.2)

T ν(ν̄) stands for all MC simulation events, N ν(ν̄) stands for MC simulation events which are not

identified as 2p2h events,Mν
pp is the distribution for 2p2h events with“pp” in the initial state,Mν(ν̄)

np

is for 2p2h events with“np” in the initial state, and Mν
pp is for 2p2h events with“pp” in the initial

state. Without reweighting we have α = β = γ = δ = 1. The best fit values are α = 0, β = 1.11,

γ = 1.80 and δ = 0.78 and are used as the reweighting constants. These weights are applied only

to events with q3 < 0.8 GeV. The total effect of this 2-step data-driven fit is shown in Fig. 80. The

fit improves the agreement between data and MC, especially in the energy regionEhad < 0.3 GeV.

The fractional change of measured quantities using this reweighted model from the nominal model

is assigned as the 2p2h model uncertainty. Fig. 81, Fig. 82 and Fig. 83 show the size of 2p2h (and

RPA) uncertainty for neutrino, antineutrino cross sections and r, respectively. The uncertainty for

cross sections is less than 2%, since the major effect in Adet and Aφ terms are flat as a function of

neutrino energy, and the resulting overall shift is taken out by the normalization procedure.
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Figure 78: Effect of the 2-dimensional fitting in Fig. 77 on available energy distribution. Blue solid

shows MC after applying the fit, comparing orange dashed line without the fit, , which corresponds

to the solid curve in Fig. 76. (Taken from [14])
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neutrino antineutrino

Figure 79: Remaining difference in hadron energy distributions between data and simulation after

applying the 2-dimensional fitting for neutrino (left) and antineutrino (right) samples.
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Figure 80: Data MC comparison of hadron energy after with and without data-driven fits. Left is

for neutrino, Right is for antineutrino
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Figure 81: Effect of 2p2h reweighting on neutrino cross section.
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Figure 82: Effect of 2p2h reweighting on antineutrino cross section.
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Figure 83: Effect of 2p2h reweighting on the ratio, r.
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7.5 SUMMARY OF SYSTEMATIC UNCERTAINTIES

Summary of systematic uncertainties evaluated are shown Fig. 84,Fig. 85 and Fig. 86. Numbers

are available in Tab. 43, Tab. 44 and Tab. 45, for neutrino, antineutrino cross sections and the ratio,

r, respectively.

The uncertainty of the neutrino cross section has a minimum between 12 and 22 GeV, which

is due to the normalization method. At this value, we pin the cross section to match external world

data. The normalization uncertainty is constant with energy and also sizable (3.58%) for neutrino

and antineutrino cross sections, while for the ratio, r, it cancels.

The uncertainty is dominated by cross section model uncertainties at low energy and nor-

malization at higher energies. All systematic uncertainties other than normalization uncertainty

decrease as neutrino energy increases, which is due to the external normalization. Similarly, for

antineutrino cross section, cross section model also dominates at low energies, while uncertainty

of normalization has the second largest contribution. For the ratio, r, many uncertainties cancel

between neutrino and antineutrino cross sections, such as energy scales and normalization. The

cross section model uncertainty dominates as well.
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Figure 84: Error summary for neutrino cross section. External uncertainty is shown as the normal-

ization curve.
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Figure 85: Error summary for antineutrino cross section. External uncertainty and Gcorr(ν0) un-

certainty are added in quadrature and shown as the normalization curve.
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Figure 86: Error summary for the ratio, r. Gcorr(ν0) uncertainty is shown as the normalization

curve.
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Source 2.5 3.5 4.5 6 8 10.5 13.5 16.5 20

GeV GeV GeV GeV GeV GeV GeV GeV GeV

Muon Energy Scale 0.003 0.005 0.004 0.007 0.002 0.005 0.010 0.006 0.009

Hadron Energy Scale 0.025 0.017 0.007 0.006 0.007 0.007 0.003 0.002 0.005

shower cleaning 0.018 0.009 0.007 0.003 0.001 0.001 0.001 0.001 0.004

FSI 0.021 0.017 0.015 0.014 0.010 0.009 0.008 0.008 0.009

Normalization 0.036 0.036 0.036 0.036 0.036 0.036 0.036 0.036 0.036

Cross section model 0.082 0.030 0.023 0.025 0.016 0.013 0.004 0.003 0.003

Total 0.097 0.054 0.046 0.047 0.041 0.040 0.038 0.037 0.039

Table 43: Systematic uncertainty breakdown for the neutrino cross section.

Systematic uncertainties for flux measurements are shown in Fig. 87 and Fig. 88. At low

energy, the uncertainties of both neutrino and antineutrino flux are dominated by muon energy

scale, FSI and cross section model uncertainty.
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Source 2.5 3.5 4.5 6 8 10.5 13.5 16.5 20

GeV GeV GeV GeV GeV GeV GeV GeV GeV

Muon Energy Scale 0.006 0.010 0.001 0.003 0.006 0.009 0.006 0.009 0.007

Hadron Energy Scale 0.025 0.017 0.007 0.005 0.007 0.007 0.003 0.002 0.006

shower cleaning 0.017 0.011 0.009 0.012 0.001 0.000 0.003 0.001 0.004

Background 0.000 0.000 0.000 0.001 0.003 0.003 0.003 0.002 0.001

FSI 0.023 0.019 0.016 0.015 0.012 0.010 0.010 0.008 0.009

Normalization 0.036 0.036 0.036 0.036 0.036 0.036 0.039 0.039 0.039

Cross section model 0.059 0.023 0.010 0.006 0.008 0.006 0.008 0.009 0.009

Total on data 0.079 0.052 0.042 0.041 0.040 0.039 0.039 0.039 0.040

Table 44: Systematic uncertainty breakdown for the antineutrino cross section.

Source 2.5 3.5 4.5 6 8 10.5 13.5 16.5 20

GeV GeV GeV GeV GeV GeV GeV GeV GeV

Muon Energy Scale 0.008 0.005 0.005 0.005 0.005 0.004 0.004 0.004 0.005

Hadron Energy Scale 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Shower cleaning 0.001 0.002 0.002 0.009 0.001 0.000 0.001 0.000 0.000

Background 0.000 0.000 0.000 0.001 0.003 0.004 0.003 0.002 0.001

FSI 0.016 0.010 0.009 0.008 0.007 0.006 0.009 0.008 0.009

Cross section model 0.033 0.023 0.026 0.027 0.019 0.013 0.009 0.008 0.008

Total on r 0.038 0.026 0.028 0.030 0.021 0.016 0.015 0.014 0.014

Table 45: Systematic uncertainty breakdown for the ratio, r.
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Figure 87: Error summary ofor FHC neutrino flux. External uncertainty is shown as the normal-

ization curve.
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Figure 88: Error summary for RHC antineutrino flux. External uncertainty and Gcorr(ν0) uncer-

tainty are added in quadrature and shown as the normalization curve.
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8.0 RESULTS

In this chapter, we present the results of measured quantities, cross sections, fluxes and the cross

section ratio, r. We also show the comparison of kinematic variables between data and simulated

MC samples, as well as some cross check studies.

8.1 CROSS SECTIONS AND THE RATIO

Primary results presented here use GENIE Hybrid model corrections, as described in Sec. 6.3.

Extracted quantities using NuWro-based corrections are discussed in Sec. 8.4.1 as a cross-check.

Fig. 89 shows the extracted neutrino cross section. Measured cross sections agree with GENIE-

Hybrid model curve above 7 GeV. In 3-5 GeV, data is about 2 σ lower than the model curve. Fig. 90

shows the extracted antineutrino cross section, which agrees with model curve within the precision

of the data. Fig. 91 shows the extracted cross section ratio, r, which is above the model curve at

low energy and favors a flatter shape than model. Tab. 47, Tab. 48 and Tab. 46 show the measured

quantities, statistical and systematic errors.

In addition to the statistical error of binned data samples, there is additional statistical error

introduced by the normalization procedure. These include two sources. One comes from the

statistical error of unnormalized neutrino cross section in 12-22 GeV, which propagates into an-

tineutrino cross section, flux and cancels for the ratio, r. The other is from the statistical error of

the α(ν0) correction (defined in Sec. 6.5.1) for antineutrino cross section and the ratio, r (which

comes from the unnormalized antineutrino cross section in 12-22 GeV). A summary is shown in

Tab. 26. These errors are added in quadrature and included in the total statistical error for each

measured quantity.
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Figure 89: Measured neutrino cross section using GENIE-Hybrid corrections (solid points), com-

paring with GENIE Hybrid model curve. Error bar includes statistical error only and the shaded

band stands for total uncertainty. Measured neutrino cross section using NuWro-based corrections

(open circles) will be discussed in Sec. 8.4.1.

A comparison of statistical error and systematic error is shown in Fig. 92 , 93, 94. Uncer-

tainty of neutrino cross section is dominated by systematic uncertainty, while the uncertainty of

antineutrino cross section and r are dominated by statistical error.

8.2 FLUX

The measured normalized FHC-mode neutrino (RHC antineutrino) low-ν flux is shown in Fig. 95

(Fig. 96). Tab. 49 and Tab. 50 show the measured fluxes and their statistical and systematic error.

They are compared with the input simulated fluxes which have been discussed in Sec. 2.1. The
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Figure 90: Measured antineutrino cross section using GENIE-Hybrid corrections (solid points),

comparing with GENIE Hybrid model curve. Error bar includes statistical error only and the

shaded band stands for total uncertainty. Measured neutrino cross section using NuWro-based

corrections (open circles) will be discussed in Sec. 8.4.1.

measured low-ν flux has better precision for neutrinos (by 30% above 3 GeV) and comparable for

antineutrinos to that from simulation. The extracted low-ν neutrino (antineutrino) flux agrees with

the simulated flux within the precision of the data, neutrino (antineutrino) data prefers a smaller

(larger) flux below 3 GeV. While above 7 GeV, both neutrino and antineutrino fluxes are above the

simulated fluxes.
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Figure 91: Measured cross section ratio, r, using GENIE-Hybrid corrections (solid points), com-

paring with GENIE Hybrid model curve. Error bar includes statistical error only and the shaded

band stands for total uncertainty. Measured neutrino cross section using NuWro-based corrections

(open circles) will be discussed in Sec. 8.4.1.

8.3 COMPARISON OF DATA WITH MC MODEL

In this section, we show the comparison of data and MC simulation for reconstructed neutrino

energy, muon energy, muon angle and hadron energy.

Corrections are applied to MC simulation samples to account for trc=acking efficiency in

matching tracks from MINERνA into MINOS ND. Two tracking efficiency corrections are evalu-

ated for MINERνA and MINOS separately. MINERνA muon tracking efficiency correction [68]

is obtained using the sample of events which have a track at MINOS front face (the upstream end),

by calculating the fraction of events which point back to a found track in the MINERνA fiducial

region. This correction is 0.995, and is the same for all simulated MC samples. The MINOS muon
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Figure 92: Statistical and systematic errors comparison of neutrino cross section.
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Figure 93: Statistical and systematic errors comparison of antineutrino cross section.

tracking efficiency correction [68] is shown in Tab. 51. The sample is divided into high momentum

and low momentum samples and the correction is determined by identifying events with a track

in MINERνA that point to the MINOS fiducial area. MINOS tracking efficiency correction is the
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Figure 94: Statistical and systematic errors comparison of the ratio, r.

fraction of these events which have a track in MINOS.

For both data and MC, we are selecting events which pass the reconstructed cuts described

in Sec. 5.1. In addition, we require minimum and maximum reconstructed neutrino energy cut:

2 < Eν < 22 GeV, which allows only events used to extract cross sections and fluxes below 22

GeV.

In order to correct the input flux, a low-ν flux reweighting function based on our measured low-

ν flux is defined as f ν(Eν) for FHC neutrinos(f ν̄(Eν) for RHC antineutrinos). It is the ratio of the

low-ν flux extracted from data and MC input flux in Fig. 8.2, and binned in true neutrino energy.

Fig. 97 shows the low-ν flux reweighting function for FHC neutrinos and RHC antineutrinos. The

simulated events are reweighted by using low-ν flux reweighting functions. This reweighting is

performed for true neutrino energy 2 < Eν < 50 GeV.

Fig. 98 shows the distributions of neutrino energy for inclusive sample of FHC neutrinos

and RHC antineutrinos. After applying low-ν flux reweighting function, data and MC simula-

tion agreement is improved, especially above 7 GeV. The error bands includes the statistical error

of low-ν flux reweighting and total systematic error (uncertainty of external normalization not

included).
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E (GeV) r stat. err. syst. err. total err

2.5 0.447 0.065 0.038 0.075

3.5 0.466 0.052 0.026 0.058

4.5 0.459 0.056 0.028 0.062

6.0 0.455 0.059 0.030 0.067

8.0 0.460 0.058 0.021 0.062

10.5 0.454 0.060 0.016 0.062

13.5 0.457 0.047 0.015 0.050

16.5 0.482 0.060 0.013 0.062

20.0 0.453 0.070 0.014 0.072

Table 46: The ratio, r, and its statistical, systematic and total error. Errors are fractional.

Fig. 99 shows the distributions of muon energy for inclusive sample of FHC neutrinos and RHC

antineutrinos. After applying low-ν flux reweighting function, data and MC simulation agreement

is improved (for neutrinos above 5 GeV and for antineutrino in 5-12 GeV and 18-22 GeV).

Fig. 100 shows the distributions of muon angle w.r.t. beam for inclusive sample of FHC neu-

trinos and RHC antineutrinos. The small angle (0.058 rad) between the beam and z-axis of the

detector is accounted for. low-ν flux reweighting improves the agreement for wider muon angle.

Comparison of hadron energy distributions for FHC neutrinos and RHC antineutrinos are

shown in different neutrino energy bins. Fig. 101, 102, 103 and 104 show the comparison for sam-

ples with neutrino energy in the region of 2 < Eν < 3 GeV, 3 < Eν < 4 GeV, 4 < Eν < 5 GeV,

5 < Eν < 7 GeV, 7 < Eν < 12 GeV, 12 < Eν < 22 GeV and 2 < Eν < 22 GeV, respec-

tively. The black points show data and the red histograms show GENIE-Hybrid model with low-ν

flux. For most of the energy bins, data points are within the MC simulation error band. For neu-

trinos in the energy region 2 < Eν < 3 GeV, data is above the upper edge of error band for

0.1 < Ehad < 0.3 GeV. For antineutrinos data points are always lower than MC simulation and on

the edge of the error band for Ehad > 0.4 GeV. Hadron energy distributions for higher neutrino en-
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E (GeV) σ/E (10−38cm2/GeV ) stat. err. syst. err. total err

2.5 0.746 0.027 0.097 0.101

3.5 0.671 0.020 0.054 0.057

4.5 0.670 0.022 0.046 0.051

6.0 0.678 0.023 0.047 0.052

8.0 0.697 0.021 0.041 0.046

10.5 0.716 0.022 0.040 0.045

13.5 0.708 0.019 0.038 0.043

16.5 0.687 0.022 0.037 0.043

20.0 0.698 0.024 0.039 0.046

Table 47: Neutrino cross section its statistical, systematic and total error. Errors are fractional.

ergy bins show the similar difference between data and MC simulation. However, their systematic

uncertainty of hadron energy is larger, the difference is always within the systematic uncertainty.
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E σ/E (10−38cm2/GeV ) stat. err. syst. err. total err

2.5 0.333 0.069 0.079 0.105

3.5 0.313 0.055 0.052 0.075

4.5 0.308 0.058 0.042 0.071

6.0 0.308 0.061 0.041 0.074

8.0 0.321 0.058 0.040 0.070

10.5 0.325 0.060 0.039 0.071

13.5 0.324 0.047 0.039 0.061

16.5 0.331 0.060 0.039 0.071

20.0 0.316 0.070 0.040 0.08

Table 48: Antineutrino cross section its statistical, systematic and total error. Errors are fractional.

E(GeV) Φ(E) stat. err. syst. err. total err

2.5 70.290 0.026 0.092 0.095

3.5 78.716 0.019 0.058 0.061

4.5 30.052 0.021 0.061 0.065

6.0 9.557 0.022 0.058 0.062

8.0 5.269 0.020 0.049 0.053

10.5 3.136 0.020 0.050 0.054

13.5 1.916 0.018 0.052 0.055

16.5 1.173 0.020 0.050 0.054

20.0 0.651 0.022 0.053 0.057

Table 49: Neutrino flux in unit of neutrinos/GeV/m2/106pot and its statistical, systematic and

total error. Errors are fractional.

154



E (GeV) Φ(E) stat. err. syst. err. total err

2.5 68.851 0.067 0.089 0.112

3.5 66.833 0.053 0.056 0.077

4.5 24.171 0.056 0.061 0.083

6.0 6.676 0.059 0.058 0.082

8.0 3.017 0.053 0.047 0.071

10.5 1.625 0.055 0.049 0.074

13.5 0.895 0.039 0.049 0.063

16.5 0.437 0.050 0.057 0.076

20.0 0.229 0.060 0.059 0.085

Table 50: Antineutrino flux in unit of neutrinos/GeV/m2/106pot and its statistical, systematic

and total error. Errors are fractional.
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Figure 95: Measured FHC neutrino flux comparing with simulated MC flux. Error bars include

statistical error and systematic uncertainty.
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Figure 96: Measured RHC antineutrino flux comparing with simulated MC flux. Error bars include

statistical error and systematic uncertainty.

playlist pµ < 3GeV pµ > 3GeV

minerva1 0.963 0.990

minerva5 0.975 0.995

minerva7 0.975 0.995

minerva9 0.972 0.996

minerva13BCDE 0.971 0.994

Table 51: MINOS tracking efficiency correction.
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Figure 97: Low-ν flux reweighting function. Error bar includes statistical error as well as system-

atic uncertainties of extracted flux from data.
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antineutrino                      antineutrino
1

Figure 98: Comparison of data and MC simulation distributions of neutrino energy for FHC neu-

trinos (left) and RHC antineutrinos(right). Upper plots show the muon energy distributions.The

points show data and histograms show GENIE-Hybrid model with low-ν flux. The error bands

include the statistical error of low-ν flux reweighting and total systematic error (uncertainty of

external normalization not included).Bottom plots show the ratio of data to MC simulation. Black

points show the ratio of data to MC simulation with default flux (hadron production constrained

flux shown in Fig. 14), the red points show the ratio with the low-ν flux reweighting. The blue band

shows the statistical error of low-ν flux reweighting. The pink band shows the systematic error and

statistical error of low-ν flux reweighting added in quadrature. All plots are POT normalized.
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Figure 99: Comparison of data and MC simulation distributions of muon energy for FHC neutrinos

(left) and RHC antineutrinos(right). Upper plots show the muon energy distributions.The points

show data and histograms show GENIE-Hybrid model with low-ν flux. The error bands include

the statistical error of low-ν flux reweighting and total systematic error (uncertainty of external

normalization not included).Bottom plots show the ratio of data to MC simulation. Black points

show the ratio of data to MC simulation with default flux (hadron production constrained flux

shown in Fig. 14), the red points show the ratio with the low-ν flux flux reweighting. The blue band

shows the statistical error of low-ν flux reweighting. The pink band shows the systematic error and

statistical error of low-ν flux reweighting added in quadrature. All plots are POT normalized.
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Figure 100: Comparison of data and MC simulation distributions of muon angle w.r.t beam for

FHC neutrinos (left) and RHC antineutrinos(right). Upper plots show the muon energy distribu-

tions.The points show data and histograms show GENIE-Hybrid model with low-ν flux. The error

bands include the statistical error of low-ν flux reweighting and total systematic error (uncertainty

of external normalization not included).Bottom plots show the ratio of data to MC simulation.

Black points show the ratio of data to MC simulation with default flux (hadron production con-

strained flux shown in Fig. 14), the red points show the ratio with the low-ν flux reweighting. The

blue band shows the statistical error of low-ν flux reweighting. The pink band shows the system-

atic error and statistical error of low-ν flux reweighting added in quadrature. All plots are POT

normalized.
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Figure 101: Comparison of data and MC simulation distributions of hadronic energy with 2 <

Eν < 3 GeV (top) and 3 < Eν < 4 GeV (bottom) for FHC neutrinos (left) and RHC antineu-

trinos(right). The points show data and histograms show GENIE-Hybrid model with low-ν flux.

The error bands includes the statistical error of low-ν flux reweighting and total systematic error

(uncertainty of external normalization not included). Plots are area normalized.
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Figure 102: Comparison of data and MC simulation distributions of hadronic energy with 4 <

Eν < 5 GeV (top) and 5 < Eν < 7 GeV (bottom) for FHC neutrinos (left) and RHC antineu-

trinos(right). The points show data and histograms show GENIE-Hybrid model with low-ν flux.

The error bands includes the statistical error of low-ν flux reweighting and total systematic error

(uncertainty of external normalization not included). Plots are area normalized.
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Figure 103: Comparison of data and MC simulation distributions of hadronic energy with

7 < Eν < 12 GeV (top) and 12 < Eν < 22 GeV (bottom) for FHC neutrinos (left) and RHC

antineutrinos(right). The points show data and histograms show GENIE-Hybrid model with low-ν

flux. The error bands includes the statistical error of low-ν flux reweighting and total systematic

error (uncertainty of external normalization not included). Plots are area normalized.
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Figure 104: Comparison of data and MC simulation distributions of hadronic energy with 2 <

Eν < 22 GeV for FHC neutrinos (left) and RHC antineutrinos(right). The points show data and

histograms show GENIE-Hybrid model with low-ν flux. The error bands includes the statistical

error of low-ν flux reweighting and total systematic error (uncertainty of external normalization

not included). Plots are area normalized.
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8.4 CROSS CHECK AND ADDITIONAL STUDIES

8.4.1 NuWro-based results

Since NuWro does not include quark mixing, we applyGcorr from GENIE-Hybrid model to correct

the NuWro extracted results. A comparison of NuWro-based and GENIE Hybrid neutrino cross

section is shown in Fig. 89. The first three neutrino energy bins show large differences between

the two models. This is mainly due to the difference in kinematics correction AKINCC (discussed

in Sec. 6.3.2). The two results agree at high energy since we normalize each to the same exter-

nal world data. Fig. 90 shows a comparison for antineutrino cross section and Fig. 91 shows a

comparison for the ratio, r. For antineutrino, the difference at high energy is due to the differ-

ent DIS PDF library used by two models, which results in different model-dependent corrections.

This gives both neutrino and antineutrino unnormalized cross sections about 1% difference, which

propagates into the normalization constants.

8.4.2 Extract cross sections with low-ν flux reweighted

A comparison of re-extract cross sections with low-ν flux reweight and nominal results are shown

in Fig 105 for neutrino and antineutrino cross sections. The extraction of cross section and flux

converges after applying the flux weighted, which shows that this method of extracting cross sec-

tion is independent of input simulated flux.
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Figure 105: Measured neutrino (top) and antineutrino (bottom) cross sections with low-ν flux

reweighted, comparing with the nominal on the left, the ratio of reweighted to nominal neutrino

cross section on the right. Error bars are statistical error only.
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8.4.3 Extract cross sections in opposite modes

We extract neutrino cross section from RHC sample and antineutrino cross section from FHC

sample, then compared with nominal results. The comparison with nominal results are shown in

Fig 106 for neutrino and antineutrino cross sections. The measured quantities overlap above 7

GeV, but show discrepancy below 7 GeV. The differences of measured quantities at low energy are

likely due to the large wrong-sign contamination in the opposite modes, as shown in Fig. 107. The

wrong-sign contamination for FHC antineutrino (RHC antineutrino) is as large as 30% (50%) at

the lowest neutrino energy bin.

8.4.4 Extract cross sections in different regions of detector

We study the MINOS ND geometry effect by extracting cross section in different regions of MI-

NOS ND separated by where the muon track enters it. We divide MINOS ND into left and right

regions based on whether a muon enters MINOS ND on the left or right of beam center, (264 mm,

-241 mm) in MINERνA coordinate. We extract cross sections and the ratio, r, from left and right,

respectively. The comparison of left and right are shown in Fig 108 for both neutrino and antineu-

trino cross sections. The cross sections from left is about 2% larger than those extracted from right.

This asymmetry is due to the modeling of the coil hole of MINOS ND, which has has larger effect

on tracks with vertices in the left region.

8.5 SUMMARY

In this chapter, we have shown the measured results of neutrino and antineutrino cross section and

the ratio, r. The energy-dependent shapes of cross sections and the ratio are compared with GENIE

Hybrid model. Both cross sections are flat above 9 GeV, while at lower energy, both show a dip

around 5 GeV comparing with the model. The shape of the ratio, r, agrees with GENIE Hybrid

model within measurement precision.

The uncertainty of neutrino cross section is dominated by systematic uncertainty, while the

uncertainty of the antineutrino cross section and the ratio, r, are dominated by statistical precision

168



Neutrino energy (GeV)
0 2 4 6 8 10 12 14 16 18 20 22 24

/G
e
V

2
c
m

-
3

8
*
1
0

0.6

0.65

0.7

0.75

0.8

0.85

nominal

opposite mode

Neutrino energy (GeV)
2 4 6 8 10 12 14 16 18 20 22

O
p
p
o
s
it
e
/
n
o
m

in
a
l

0.8

0.9

1.0

1.1

1.2

Neutrino energy (GeV)
0 2 4 6 8 10 12 14 16 18 20 22 24

/G
e
V

2
c
m

-
3

8
*
1
0

0.2

0.25

0.3

0.35

0.4

0.45

0.5

nominal

opposite mode

Neutrino energy (GeV)
2 4 6 8 10 12 14 16 18 20 22

O
p
p
o
s
it
e
/
n
o
m

in
a
l

0.8

0.9

1.0

1.1

1.2

Figure 106: Measured neutrino cross section in RHC mode (top) and antineutrino cross section

in FHC mode (bottom) , comparing with the nominal on the left, the ratio of opposite mode to

nominal neutrino cross section on the right. Error bars are statistical error only.

as shown in Fig. 93 and Fig. 94. Therefore, increasing the size of antineutrino data sample will

improve the accuracy of antineutrino cross section and the ratio, r.
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Figure 107: Wrong-sign contamination for FHC antineutrino (left) and RHC neutrino (right) sam-

ples.

Cross sections and the ratio using NuWro based model corrections are also shown. The NuWro

based results have statistical error only. A comparison of GENIE Hybrid and NuWro based results

show that the cross sections agree well above 3 GeV, while in 2-3 GeV, NuWro based results are

about 15% below GENIE Hybrid version, which is due to different modeling.

We also measured the neutrino flux and antineutrino flux. Both neutrino and antineutrino

fluxes show good agreement with gen2-thin flux, which is the simulated flux modeled with hadron

production data.
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Figure 108: Measured neutrino (top) and antineutrino (bottom) cross sections from left and right

of MINOS near detector on the left, ratio of left to right on the right. Error bars are statistical error

only.
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9.0 CONCLUSION

We have presented the measurements of neutrino and antineutrino charged-current inclusive cross

sections and the antineutrino to neutrino cross section ratio in the energy region 2-22 GeV with

MINERνA scintillator tracker.

We used low-ν method with model-dependent terms factorized out to allow comparison of

different cross section models. Results were obtained using two models, GENIE Hybrid, as well

as using alternative NuWro model corrections.

GENIE Hybrid results are compared with world data, as shown in Fig. 109 and Fig. 110.

Our measurement of antineutrino cross section, with an uncertainty of 6.1% - 10.5%, is the most

precise to date. The ratio, r, with an uncertainty of 5.0% - 7.5%, is the most precise measurement

below 7 GeV to date. Uncertainty of both antineutrino and ratio measurements can be reduced by

increasing the antineutrino data sample size.

We also present the inclusive and low-ν event rates, which can be used to obtain results with

alternative models. This allows the use of MINERνA data with model corrections computed from

improved models in future.

In future long baseline neutrino oscillation experiments, which are designed to determine un-

known oscillation parameters, measurements of neutrino and antineutrino spectral shapes play an

important role. Our cross section measurements can be used to improve precision on these mea-

surements.
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Figure 109: Extracted neutrino and antineutrino cross sections, compared with world data.
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APPENDIX A

CYLINDER TUNING

For shower cleaning correction in the cylinder region, we want to optimize the distance from

vertex d and radii ri(i= tracker, ecal, hcal), to maximize the true muon energy inside the cylinder

and remove it from the recoil system and put back into muon energy.

In this study, we use two MC samples, an inclusive charged-current events sample and a

MINOS-matched rock muon sample. We use truth information of inclusive sample to study

hadronic energy and muon energy separation. Rock muon sample is also used since there is no

hadronic shower and all the non-track energy are known to be muon fuzz.

First, we define Esh,ri
i as the sum of energies of all non-muon track clusters found inside

subdetector i within radius ri, which can be written as

Esh,ri
i = ΣjE

sh,ri
i,j (A.1)

j stands for the cluster id based on truth information, which can be hadron(including proton, pion,

neutron and etc.) muon or cross talk.

Three parameters are then defined for each sub-detector, which are muon purity Fi, hadron

completeness Ci and muon completeness Ti.

Muon purity Fi is defined as the fraction of true muon energy out of all cluster energy found

inside the cylinder,

Fi =
Esh,ri
i,muon

Esh,ri
i

, (A.2)

in which true cross talk is removed from the denominator.
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Hadron completeness Ci is defined as the fraction of true hadron energy found outside a cylin-

der out of all true hadron energy found in the whole inner detector.

Ci =
Esh,R
i,hadron − E

sh,ri
i,hadron

Esh,R
i,hadron

, (A.3)

R =1000mm stand for the whole inner detector.

Muon completeness Ti is defined as the fraction of muon energy inside the cylinder to the

whole inner detector

Ti =
Esh,ri
i,muon

Esh,R
i,muon

, (A.4)

Fi and Ci are obtained from inclusive MC sample, while Ti is from rock muon MC sample.

We vary the radii of cylinder to collect as much true muon fuzz energy as possible, while at the

same time, we also want to minimize the true hadron energy inside the cylinder.

Figure 111 shows the purity and completeness for tracker region for distance d=100m and

d=1000mm, with rtracker varying from 20mm to 200mm, for inclusive samples and low-ν samples.

For the same distance d, as radius increases, purity drops a few percents for all sample, and larger

d always has a higher purity. Hadron completeness also drops as radius increases, which means

more true hadron energy is collected inside the cylinder.

To be consistent with MINERvA’s CCQE analysis, we choose distance from vertex d=300mm.

Figure 112 shows the purity and completeness for d=300mm. We choose radius to be 80mm in the

tracker, so that the purities for cross section sample and flux samples are always above 60%.

A similar study is performed for Ecal and Hcal regions. Figure 113 shows the purity and

completeness for Ecal and Hcal. We choose cylinder radius in Ecal and Hcal to be 100mm, so the

purity for both Ecal and Hcal is above 80%. An energy correction, Esh
in , is defined from inside this

cylinder as

Esh
in = ΣiE

sh,ri
i Fi. (A.5)

in which Efuzz
i is the non-muon track energy found inside the cylinder region in subdetector i.
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Figure 111: Muon purity and hadron completeness for different radii in the tracker region.

Figure 112: Muon purity and hadron completeness in tracker with d=300 mm.
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Figure 113: Muon purity and muon completeness for different radii in Ecal and Hcal.
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APPENDIX B

COVARIANCE MATRICES OF MEASURED QUANTITIES

In this appendix, we present the joint covariance matrix and correlation matrix of neutrino and an-

tineutrino cross sections, covariance matrix for the ratio, r, and χ2 calculation using the covariance

matrix.

B.1 COVARIANCE MATRIX

B.1.1 Definition

The covariance matrix for neutrino and antineutrino cross section is an 18 × 18 matrix, of which

the 1-9 rows and columns are for neutrino cross section and the 10-18 rows and columns are for

antineutrino cross sections. It is a linear sum of covariance matrix of each error source, excluding

the overall external normalization piece. For the element of covariance matrix is defined as

covi,j =
1

N

N∑
k=1

(xki − x̄i)(xkj − x̄j), (B.1)

where i, j are from 1 to 18, index 1-9 are for 9 bins of neutrino cross section in the energy range 2-

22 GeV and index 10-18 are for 9 bins of antineutrino cross section in the energy range 2-22 GeV.

For muon energy scale and hadron energy scale, N=100, k stands for the kth universe. x̄i is the

mean value in bin i average over 100 universes and xki is the value of bin i in kth universe. For

179



GENIE FSI and cross section model uncertainties, the same definition applies with N=2 and x̄i is

the mean value in bin i average of 2 universes.

For normalization, muon fuzz, RPA and 2p2h, which are evaluated in 1 universe (turning on

and off), the definition of covariance matrix is

covi,j = (xi − xcvi )(xj − xcvj ), (B.2)

where i and j stand for ith or jth bin, xi is the shifted value in bin i and xcvi is the central value in

bin i. This definition also applies for statistical error, but all off-diagonal elements are required to

be zero, since there is no unfolding in this analysis, the neighboring bins are uncorrelated.

B.1.2 Covariance Matrix

Two versions of covariance matrix1 are shown for neutrino and antineutrino cross sections,

• Covariance matrix corresponding to total error (including both statistical and systematic errors,

except for external normalization uncertainty), which is shown in Fig. 114 and Tab. 52.

• Covariance matrix corresponding to systematic error only, which is shown Tab. 53.

The contribution from statistical error is shown in Fig. 115 in Sec. B.1.3. The covariance matrix

corresponding to total error for the ratio, r, is shown in Tab. 54.

B.1.3 Components of Covariance Matrix

In this section, we show components which have larger contribution to covariance matrix of cross

sections and the ratio, r.

Statistical error dominates the total error for antineutrino cross section and the ratio measure-

ments. Fig. 115 shows the covariance matrix of statistical error for neutrino and antineutrino cross

sections. Fig. 116 shows the covariance matrix of statistical error for the ratio, r.

For neutrino and antineutrino cross sections, three largest components of systematic error com-

ing from cross section model uncertainty, FSI uncertainty and hadron energy scale (other than ex-

ternal normalization uncertainty), which are shown in Fig. 117, Fig. 118 and Fig. 119, respectively.

1Since covariance and correlation matrices are symmetric, we only show the upper right elements of matrices in
tables.
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5.894 1.700 0.246 -0.243 -0.295 -0.106 -0.031 0.117 0.146 1.713 0.684 0.319 0.183 0.170 0.170 0.136 0.180 0.178

1.700 1.123 0.450 0.202 0.096 0.081 0.073 0.008 0.002 0.514 0.279 0.148 0.100 0.087 0.084 0.066 0.028 0.024
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0.170 0.084 0.029 0.034 0.040 0.060 0.045 0.004 -0.014 0.080 0.065 0.042 0.038 0.052 0.428 0.045 0.026 0.019

0.136 0.066 0.020 0.013 0.019 0.027 0.030 0.003 0.003 0.076 0.058 0.041 0.039 0.047 0.045 0.279 0.031 0.029

0.180 0.028 0.000 -0.000 -0.010 -0.009 -0.013 0.030 0.042 0.075 0.040 0.036 0.035 0.031 0.026 0.031 0.439 0.042
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Figure 114: Covariance matrix for the extracted neutrino cross section in the FHC and antineutrino

cross section in the RHC beam mode. It includes statistical error and systematic error. The bin

boundaries are in units of GeV. The covariance elements are in units of (10−38cm2/GeV )2 and

scaled by a factor of 1000. Index 1-9 are for neutrino cross section and 10-18 are for antineutrino

cross section. Numbers are also shown in Tab. 52.

For the cross section ratio r, the systematic uncertainties between neutrino and antineutrino

cross section cancel, and the three largest components of systematic error coming from cross sec-

tion model uncertainty, FSI uncertainty and muon energy scale, which are shown in Fig. 120,

Fig. 121, Fig. 122.
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2-3 3-4 4-5 5-7 7-9 9-12 12-15 15-18 18-22

2-3 1.081 0.092 0.025 0.005 -0.022 -0.017 -0.030 -0.018 -0.010

3-4 0.729 0.131 0.116 0.063 0.043 0.012 0.016 0.020

4-5 0.829 0.161 0.110 0.070 0.034 0.032 0.025

5-7 0.927 0.113 0.087 0.048 0.046 0.039

7-9 0.800 0.062 0.034 0.034 0.030

9-12 0.789 0.031 0.032 0.028

12-15 0.507 0.032 0.015

15-18 0.872 0.017

18-22 1.053

Table 54: Covariance matrix of extracted cross section ratio, r, scaled by 1000. It includes statisti-

cal error and all systematic errors.
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Figure 115: Statistical error component of Covariance matrix for the extracted neutrino cross sec-

tion in the FHC and antineutrino cross section in the RHC beam mode. The bin boundaries are in

units of GeV. The covariance elements are in units of (10−38cm2/GeV )2 and scaled by a factor of

1000. Index 1-9 are for neutrino cross section and 10-18 are for antineutrino cross section.
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Figure 116: Components coming from statistical error for the ratio. The bin boundaries are in units

of GeV. The covariance elements are scaled by a factor of 1000.

B.2 CORRELATION MATRIX

Correlation matrix is defined as

corri,j =
covi,j

(covi,i × covj,j)1/2
, (B.3)

in which covi,j is the covariance matrix defined in Eq. B.1. Two versions of correlation matrix are

shown:

• Correlation matrix corresponding to total error (including both statistical and systematic er-

rors), which is derived from covariance matrix in Tab. 52, is shown in Tab. 55.

• Correlation matrix corresponding to systematic error only, which is derived from covariance

matrix in Tab. 53, is shown in Tab. 56.
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Figure 117: GENIE cross section model uncertainty component of Covariance matrix for the ex-

tracted neutrino cross section in the FHC and antineutrino cross section in the RHC beam mode.

The bin boundaries are in units of GeV. The covariance elements are in units of (10−38cm2/GeV )2

and scaled by a factor of 1000. Index 1-9 are for neutrino cross section and 10-18 are for antineu-

trino cross section.
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Figure 118: GENIE FSI uncertainty component of Covariance matrix for the extracted neutrino

cross section in the FHC and antineutrino cross section in the RHC beam mode. The bin boundaries

are in units of GeV. The covariance elements are in units of (10−38cm2/GeV )2 and scaled by a

factor of 1000. Index 1-9 are for neutrino cross section and 10-18 are for antineutrino cross section.
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Figure 119: Hadron energy scale component of Covariance matrix for the extracted neutrino cross

section in the FHC and antineutrino cross section in the RHC beam mode. The bin boundaries are

in units of GeV. The covariance elements are in units of (10−38cm2/GeV )2 and scaled by a factor

of 1000. Index 1-9 are for neutrino cross section and 10-18 are for antineutrino cross section.
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Figure 120: Components coming from GENIE cross section model uncertainty for the ratio. The

bin boundaries are in units of GeV. The covariance elements are scaled by a factor of 1000.

189



0.040 0.023 0.019 0.017 0.013 0.005 -0.006 -0.004 -0.008

0.023 0.016 0.013 0.012 0.008 0.004 -0.004 -0.002 -0.002

0.019 0.013 0.013 0.011 0.007 0.005 0.001 -0.001 -0.006

0.017 0.012 0.011 0.011 0.008 0.005 0.001 -0.000 -0.002

0.013 0.008 0.007 0.008 0.008 0.006 0.002 0.002 0.001

0.005 0.004 0.005 0.005 0.006 0.006 0.005 0.004 0.002

-0.006 -0.004 0.001 0.001 0.002 0.005 0.014 0.008 -0.001

-0.004 -0.002 -0.001 -0.000 0.002 0.004 0.008 0.010 -0.000

-0.008 -0.002 -0.006 -0.002 0.001 0.002 -0.001 -0.000 0.016

0 1 2 3 4 5 6 7 8 9
0

1

2

3

4

5

6

7

8

9

-0.005

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

Figure 121: Components coming from GENIE FSI uncertainty for the ratio. The bin boundaries

are in units of GeV. The covariance elements are scaled by a factor of 1000.

0.009 0.006 0.007 0.006 0.006 0.005 -0.005 -0.002 0.003

0.006 0.004 0.005 0.004 0.004 0.004 -0.004 -0.002 0.002

0.007 0.005 0.005 0.005 0.005 0.004 -0.004 -0.002 0.002

0.006 0.004 0.005 0.005 0.005 0.004 -0.004 -0.001 0.001

0.006 0.004 0.005 0.005 0.005 0.004 -0.004 -0.002 0.003

0.005 0.004 0.004 0.004 0.004 0.004 -0.003 -0.001 0.002

-0.005 -0.004 -0.004 -0.004 -0.004 -0.003 0.004 0.002 -0.003

-0.002 -0.002 -0.002 -0.001 -0.002 -0.001 0.002 0.003 -0.003

0.003 0.002 0.002 0.001 0.003 0.002 -0.003 -0.003 0.005

0 1 2 3 4 5 6 7 8 9
0

1

2

3

4

5

6

7

8

9

-0.004

-0.002

0

0.002

0.004

0.006

0.008

Figure 122: Components coming from muon energy scale for the ratio. The bin boundaries are in

units of GeV. The covariance elements are scaled by a factor of 1000.
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B.3 χ2 CALCULATION FOR CROSS SECTIONS AND THE RATIO

Using the covariance matrix we get in the previous section, we define χ2 as

χ2 =
N∑
i,i≤j

(Gi − Li)(Lj −Gj)V
−1
ij , (B.4)

where Gi is the GENIE-Hybrid model in energy bin i and Li is measured quantity from data in

the same bin. The matrix V is the covariance matrices from previous section. The χ2 calculated is

shown in Tab. 57.

Neutrino Antineutrino r

NDF 9 9 9

χ2 (full) 20.4 5.03 1.44

χ2 (diagonal) 13.1 4.48 1.53

Table 57: Calculated χ2 for neutrino and antineutrino cross sections and the ratio, r, between the

GENIE-Hybrid model and the data.
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APPENDIX C

CODE OF CALCULATING CROSS SECTIONS FROM TABLES

The following piece of code is used for calculating cross sections from tables. data inclusive nu

.dat (data inclusive nubar.dat) includes FHC neutrino (RHC antineutrino) data for inclusive sam-

ples. data flux nu.dat (data flux nubar.dat) includes data needed for normalization in normaliza-

tion bin. correction incl nu.dat (correction incl nubar.dat) is table for model-dependent correction

for FHC neutrinos (RHC antineutrinos). correction flux nu.dat (correction flux nubar.dat) is the

table for model-dependent corrections in normalization bin for FHC neutrinos (RHC antineutri-

nos).
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