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Outline

Why neutrino oscillation measurements need precise understanding of
neutrino-nucleus interactions, and how MINERνA is contributing
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Oscillations and cross sections
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Neutrino oscillation experiments need precise cross sections
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)
(Nature, Experimental)
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Known knowns and known unknowns
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I sĳ = sin θĳ , cĳ = cos θĳ

I Measured, Unmeasured
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Measuring δ, hierarchy
I P(νµ → νe), P(ν̄µ → ν̄e) depend on δ, hierarchy
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Source: HyperK LOI, arXiv:1109.3262. NH. sin2 2θ13 = 0.1

I Need precise signal and background predictions
I Infer Eν from final state particles
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Knowing the known knowns better
I P(νµ → νµ) depends on θ23, ∆m2

32
I Eg, T2K νµ spectrum at SuperK:
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Many ingredients needed to model νA cross sections

ν-nucleon model

H, D2 data

Nuclear effects

eA data

FSI model

πA data

Final predictionν-nucleon model Nuclear effects FSI modelν-nucleon model Nuclear effects FSI modelν-nucleon model Nuclear effects FSI modelν-nucleon model Nuclear effects FSI model

ν `

W

X
n

n

p

I Model neutrino scattering on free nucleons
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I Add effects due to nucleon bound in nucleus
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Many ingredients needed to model νA cross sections
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I Repeat for all contributing processes for Eν ∼ 1 GeV
◦◦◦•◦◦◦ 8



Do we understand νA cross sections?

ATLAS inclusive jet cross section
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I Universal model, many orders of magnitude

I Wide variation in model predictions
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I Universal model, many orders of magnitude
I Wide variation in model predictions

◦◦◦•◦◦• 9



The MINERνA experiment
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MINERνA: What and why?

I Dedicated neutrino–nucleus scattering
experiment in the NuMI beamline

I Measuring exclusive and inclusive ν, ν̄ cross
sections on a range of nuclei
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MINERνA detector
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MINERνA detector
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The NuMI neutrino beam

Figure: R. Zwaska

I ν and ν̄ modes
I Tunable energy spectrum
I MINERνA LE run complete:

I 3.98× 1020 POT ν mode (O(106) νµ CC evts on plastic)
I 1.7× 1020 POT ν̄ mode

I Currently running in ME configuration
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Flux Modelling
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I Tune hadron production from NA49 data
I Uncertainties still ∼ 15%
I Multi-prong approach planned for . 10%

I For now, study distributions weakly dependent on flux
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Charged-current quasielastic
scattering in MINERνA
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Charged-current quasielastic scattering
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I Simplest CC νN process; Two-body kinematics allow Eν reco from `±
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Charged-current quasielastic measurements
I Expressed in terms of Q2 = −(4-momentum transferred to nucleon)2:

ANL 1982, D2
PRD 26, 537 (1982)

I dσ/dQ2 shape understood in neutrino-nucleon scattering

I Nuclear model: independent nucleons in Fermi gas missing something?
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Implication for oscillation experiments
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I Affect lepton kinematics, Eν reco, hadrons in final state

I Many qualitatively similar calculations available:
Martini et al., PRC 80, 065001 (2009) Martini et al., PRC 81, 045502 (2010) Amaro et al., PRC 82, 046601 (2010)

Benhar, arXiv:1012.2032 Alvarez-Ruso, arXiv:1012.3871 Amaro et al., arXiv:1012.4265
Nieves et al., PRC 83, 045501 (2011) Fernandez-Martinez, Meloni, PL B697, 477 (2011) Amaro, et al., PL B696, 151 (2011)
Ankowski, Benhar, arXiv:1102.3532 Meucci, et al., arXiv:1103.0636 Benhar, Veneziano, arXiv:1103.0987

Amaro, et al., arXiv:1104.5446 Antonov et al., arXiv:1104.0125
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MINERνA CCQE analysis

I Aims:
1. Make shape-only comparisons of dσ

dQ2 to nominal model and models with
multinucleon effects

2. Look at energy near the interaction vertex for evidence of multinucleon emission
I In both ν and ν̄ data

◦◦•◦◦•• 19



CCQE selection

I Fiducial volume
I MINOS matched

track
I ν: ≤ 2 isolated

showers
I ν̄: ≤ 1 isolated

showers
I Require low

non-vertex recoil
energy

I ν: r < 300 mm
I ν̄: r < 100 mm

νµ + n → µ− + p

ν̄µ + p → µ+ + n
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CCQE selection

I Fiducial volume
I MINOS matched
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I ν: ≤ 2 isolated
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CCQE selection

I Fiducial volume
I MINOS matched

track
I ν: ≤ 2 isolated

showers
I ν̄: ≤ 1 isolated

showers

I Require low
non-vertex recoil
energy

I ν: r < 300 mm
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Recoil energy cut
Neutrino mode
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Final event selections
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I Constrained background using fit to Erecoil distribution
I Then subtract BG, unfold, efficiency correct to get σ
I But first, systematics. . .
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Systematics

I Flux
I Tune to NA49 data
I Remaining 10–15% uncertainties
I Cancel in shape analysis

I Muon energy scale

I Muon p scale known to 2–3%

I Recoil energy reconstruction

I Hadronic energy scale from
testbeam

I Hadron reinteractions from external
data

I Interaction modelling

I 10s of % uncertainties on primary
interaction, FSI

I Enter via efficiency correction,
background shape
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Systematics

I Flux
I Tune to NA49 data
I Remaining 10–15% uncertainties
I Cancel in shape analysis

I Muon energy scale
I Muon p scale known to 2–3%

I Recoil energy reconstruction
I Hadronic energy scale from

testbeam
I Hadron reinteractions from external

data
I Interaction modelling

I 10s of % uncertainties on primary
interaction, FSI

I Enter via efficiency correction,
background shape
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Differential cross section
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Differential cross section
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Model comparisons
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I Area normalize, then take ratio to GENIE
I Models:

GENIE Quasi-independent nucleons in a mean field
NIM A614, 87 (2010)

MA = 1.35 Modified nucleon form factor from MiniBooNE data
Phys. Rev. D81, 092005 (2010)

TEM Empirical multinucleon effect based on eA data
Eur. Phys. J. C 71:1726 (2011)
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Vertex energy

I Multinucleon emission expected in interactions with correlated nucleons
I Look for excess energy in the vertex region excluded from recoil cut
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I Harder spectrum in νµ mode data than in MC, but not in ν̄µ mode
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Vertex energy

I Assume an extra proton
I Use spatial distribution of energy to infer KE distribution of extra proton

¹

p

p

I Extra proton preferred in (25± 9)% of νµ CCQE events
I No increase preferred in ν̄µ mode
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I Extra proton preferred in (25± 9)% of νµ CCQE events
I No increase preferred in ν̄µ mode
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CCQE conclusions

I Shape-only comparison of dσ
dQ2 in CCQE νµ/ν̄µ scattering

I Disagreement with model used in generators (and thus osc expts)
I Better agreement with TEM model

I Disagreement in vertex energy in ν mode.
I Consistent with np initial state correlated pairs

I Next steps:
I Increased statistics
I Michel veto
I d2σ

dpµd cos θµ
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Charged-current π± production
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Neutrino-induced charged pion production
I Major background in oscillation experiments (T2K νµ again):
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MINERνA charged pion production
I Events with single charged pion exiting nucleus, W < 1.4 GeV
I Compare pion kinematics with available models

νµ CH→ µ ∆++

∆→ p π+

I Select stopping pions using dE/dx and e from π → µ→ e

◦◦••••• 31



MINERνA charged pion production
I Events with single charged pion exiting nucleus, W < 1.4 GeV
I Compare pion kinematics with available models

νµ CH→ µ ∆++

∆→ p π+

I Select stopping pions using dE/dx and e from π → µ→ e

◦◦••••• 31



MINERνA charged pion production: results
I Shape-only comparisons to generator and model predictions
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I Shape measurement stats-limited
I Main systematics: hadronic energy response, neutrino interaction models
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Recap

I MINERνA is constraining cross sections
needed for oscillation experiments:
CCQE evidence for nuclear effects not

currently simulated
CCπ± consistency with current model

I And more:
I CC inclusive ratios on different nuclei

arXiv:1403.2103

I νµ–e scattering
http://theory.fnal.gov/jetp/talks/WC_talk_J.Park.ppt

I ν, ν̄ coherent pion production
I CCQE proton kinematics
I CC π0 production
I νe CCQE
I Kaon production
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Because it’s there

I “Because it’s there!”
I Not well-known at Eν ∼ 1 GeV

I Few measurements with few events
I Large syst uncertainties, esp flux

I Weak-only probe of nucleon, nuclear
dynamics

I Understand strongly-coupled systems

ν-nucleon cross sections

ν̄-nucleon cross sections

G. Zeller and J. Formaggio,Rev. Mod. Phys. 84, 1307–1341 (2012)
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ν cross sections around 1 GeV

Higher Eν , Q2 →

I Charged- and neutral-current processes (CC, NC)
I Interaction with nucleon most significant
I Q2 = (4-momentum transferred to nucleon)2

I Nucleon bound inside nucleus

I “Initial state interactions”: Binding energy, Pauli blocking, Initial momentum
I Final state interactions (FSI) change hadron types and momenta
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ν cross sections around 1 GeV
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h
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I Charged- and neutral-current processes (CC, NC)
I Interaction with nucleon most significant
I Q2 = (4-momentum transferred to nucleon)2

I Nucleon bound inside nucleus
I “Initial state interactions”: Binding energy, Pauli blocking, Initial momentum
I Final state interactions (FSI) change hadron types and momenta
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Puzzles

MiniBooNE single π+
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Phys. Rev. D78:112004 (2008).
See also: Phys. Rev. Lett. 95:252301 (2005).
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Neutrino mixing unknowns

I Neutrino oscillation knowns:
I Three mixing angles θ12, θ23, θ13
I Mass splittings ∆m2

12, |∆m2
23|

I Unknowns:
I CP-violating phase δ
I Sign of ∆m2

23
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Neutrino mixing unknowns
I PMNS matrix relates mass and flavour eigenstates:0@ νe

νµ

ντ

1A =

0@ 1 0 0
0 c23 s23

0 −s23 c23

1A 0@ c13 0 s13 exp(−iδ)
0 1 0

−s13 exp(iδ) 0 c13

1A 0@ c12 s12 0
−s12 c12 0

0 0 1

1A 0@ ν1

ν2

ν3

1A
I sĳ = sin θĳ , cĳ = cos θĳ

I Measured, Unmeasured
I Also unknown: ordering of mass eigenstates:
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Cross sections: What do we know so far?

νµ-nucleon CC cross sections ν̄µ-nucleon CC cross sections

G. Zeller and J. Formaggio, Rev. Mod. Phys. 84, 1307–1341 (2012)

I Not precisely known for Eν ∼ 1 GeV
I Multiple contributing processes

I In νA, observe σνN ⊗ σA ⊗ σFSI
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Cross sections: What do we know so far?

νµp → µ−pπ+

To describe such resonance production processes, neutrino
experiments most commonly use calculations from the Rein
and Sehgal model (Feynman, Kislinger, and Ravndal, 1971;
Rein and Sehgal, 1981; Rein, 1987) with the additional
inclusion of lepton mass terms. This model gives predictions
for both CC and NC resonance production and a prescription
for handling interferences between overlapping resonances.
The cross sections for the production of numerous different
resonances are typically evaluated, though at the lowest en-
ergies the process is dominated by production of the �ð1232Þ.

Figures 13–15 summarize the historical measurements of
CC neutrino single pion production cross sections as a
function of neutrino energy. Table X lists corresponding
measurements in antineutrino scattering. Many of these mea-
surements were conducted on light (hydrogen or deuterium)
targets and served as a crucial verification of cross section
predictions at the time. Measurements of the axial mass were
often repeated using these samples. Experiments also per-
formed tests of resonance production models by measuring

invariant mass and angular distributions. However, many of
these tests were often limited in statistics.

Compared to their charged current counterparts, measure-
ments of neutral-current single pion cross sections tend to be
much more sparse. Most of these data exist in the form of NC
and CC cross section ratios (Table XI); however, a limited
number of absolute cross section measurements were also
performed over the years (Figs. 16–21).

Today, improved measurements and predictions of
neutrino-induced single pion production have become in-
creasingly important because of the role such processes
play in the interpretation of neutrino oscillation data
(Walter, 2007). In this case, both NC and CC processes
contribute. NC �0 production is often the largest
��-induced background in experiments searching for �� !
�e oscillations. In addition, CC � production processes can
present a non-negligible complication in the determination of
neutrino energy in experiments measuring parameters asso-
ciated with �� and ��� disappearance. Since such neutrino

oscillation experiments use heavy materials as their neutrino
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FIG. 14. Existing measurements of the cross section for the CC

process, ��n ! ��p�0, as a function of neutrino energy. Also

shown is the prediction from Casper (2002) assuming MA ¼
1:1 GeV. Modern measurements (Table XII) exist but cannot be

directly compared with this historical data.
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FIG. 15. Existing measurements of the cross section for the CC

process, ��n ! ��n�þ, as a function of neutrino energy. Also

shown is the prediction from Casper (2002) assuming MA ¼
1:1 GeV. Modern measurements (Table XII) exist but cannot be

directly compared with this historical data.
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FIG. 13. Existing measurements of the cross section for the CC

process, ��p ! ��p�þ, as a function of neutrino energy. Also

shown is the prediction from Casper (2002) assuming MA ¼
1:1 GeV. Modern measurements (Table XII) exist but cannot be

directly compared with this historical data.

TABLE X. Measurements of antineutrino CC single pion produc-
tion from BEBC (Allasia et al., 1983; Allen et al., 1986; Jones
et al., 1989), FNAL (Barish et al., 1980), Gargamelle (Bolognese
et al., 1979), and Sepukhov heavy liquid chamber (SKAT)
(Grabosch et al., 1989).

Channel Experiment Target No. Events

���p ! �þp��:
BEBC D2 300
BEBC H2 609
GGM CF3Br 282
FNAL H2 175
SKAT CF3Br 145

���p ! �þn�0:
GGM CF3Br 179
SKAT CF3Br 83

���n ! �þn��:
BEBC D2 545
GGM CF3Br 266
SKAT CF3Br 178
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νµn → νµnπ0

(Ballagh et al., 1983). New experimental investigations are
clearly needed. As an example, such a photon search was
recently reported by the NOMAD collaboration (Kullenberg
et al., 2012). New calculations have already begun to explore

the possibility for standard model–based sources of photon
production in neutrino scattering (Harvey, Hill, and Hill,
2007; Efrosinin, Kudenko, and Khotjantsev, 2009; Jenkins
and Goldman, 2009; Hill, 2011; Ankowski et al., 2012).

In addition to photon decay, baryon resonances can also
decay in a variety of other modes. This includes multipion
and kaon final states which we return to later in this section.
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FIG. 19. Existing measurements of the cross section for the NC

process, ��p ! ��n�
þ, as a function of neutrino energy. Also

shown is the prediction from Casper (2002) assuming MA ¼
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FIG. 20. Existing measurements of the cross section for the NC
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shown is the prediction from Casper (2002) assuming MA ¼
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TABLE XII. Current measurements of single pion production by neutrinos. In the last column, � refers to a measurement of the total flux-
integrated cross section. Measurements are listed from K2K (Nakayama et al., 2005; Rodriguez et al., 2008; Mariani et al., 2011),
MiniBooNE (Aguilar-Arevalo et al., 2009; 2010; 2011a; 2011b), and SciBooNE (Kurimoto et al., 2010a).

Experiment Target Process Cross section measurements

K2K C8H8 �� CC �þ=QE �, �ðE�Þ
K2K C8H8 �� CC �0=QE �
K2K �� NC �0=CC �
MiniBooNE CH2 �� CC �þ=QE �ðE�Þ
MiniBooNE CH2 �� CC �þ �, �ðE�Þ, d�

dQ2 ,
d�
dT�

, d�
dT�

, d2�
dT�d cos��

, d2�
dT�d cos��

MiniBooNE CH2 �� CC �0 �, �ðE�Þ, d�
dQ2 ,

d�
dE�

, d�
d cos��

, d�
dp�

, d�
d cos��

MiniBooNE CH2 �� NC �0 �, d�
dp�

, d�
d cos��

MiniBooNE CH2 ��� NC �0 �, d�
dp�

, d�
d cos��

SciBooNE C8H8 �� NC �0=CC �
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I Not precisely known for Eν ∼ 1 GeV
I Multiple contributing processes

I In νA, observe σνN ⊗ σA ⊗ σFSI
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Cross sections: What do we know so far?

νµp → µ−pπ+

To describe such resonance production processes, neutrino
experiments most commonly use calculations from the Rein
and Sehgal model (Feynman, Kislinger, and Ravndal, 1971;
Rein and Sehgal, 1981; Rein, 1987) with the additional
inclusion of lepton mass terms. This model gives predictions
for both CC and NC resonance production and a prescription
for handling interferences between overlapping resonances.
The cross sections for the production of numerous different
resonances are typically evaluated, though at the lowest en-
ergies the process is dominated by production of the �ð1232Þ.

Figures 13–15 summarize the historical measurements of
CC neutrino single pion production cross sections as a
function of neutrino energy. Table X lists corresponding
measurements in antineutrino scattering. Many of these mea-
surements were conducted on light (hydrogen or deuterium)
targets and served as a crucial verification of cross section
predictions at the time. Measurements of the axial mass were
often repeated using these samples. Experiments also per-
formed tests of resonance production models by measuring

invariant mass and angular distributions. However, many of
these tests were often limited in statistics.

Compared to their charged current counterparts, measure-
ments of neutral-current single pion cross sections tend to be
much more sparse. Most of these data exist in the form of NC
and CC cross section ratios (Table XI); however, a limited
number of absolute cross section measurements were also
performed over the years (Figs. 16–21).

Today, improved measurements and predictions of
neutrino-induced single pion production have become in-
creasingly important because of the role such processes
play in the interpretation of neutrino oscillation data
(Walter, 2007). In this case, both NC and CC processes
contribute. NC �0 production is often the largest
��-induced background in experiments searching for �� !
�e oscillations. In addition, CC � production processes can
present a non-negligible complication in the determination of
neutrino energy in experiments measuring parameters asso-
ciated with �� and ��� disappearance. Since such neutrino

oscillation experiments use heavy materials as their neutrino
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FIG. 14. Existing measurements of the cross section for the CC

process, ��n ! ��p�0, as a function of neutrino energy. Also

shown is the prediction from Casper (2002) assuming MA ¼
1:1 GeV. Modern measurements (Table XII) exist but cannot be

directly compared with this historical data.
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directly compared with this historical data.
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1:1 GeV. Modern measurements (Table XII) exist but cannot be

directly compared with this historical data.

TABLE X. Measurements of antineutrino CC single pion produc-
tion from BEBC (Allasia et al., 1983; Allen et al., 1986; Jones
et al., 1989), FNAL (Barish et al., 1980), Gargamelle (Bolognese
et al., 1979), and Sepukhov heavy liquid chamber (SKAT)
(Grabosch et al., 1989).

Channel Experiment Target No. Events

���p ! �þp��:
BEBC D2 300
BEBC H2 609
GGM CF3Br 282
FNAL H2 175
SKAT CF3Br 145

���p ! �þn�0:
GGM CF3Br 179
SKAT CF3Br 83

���n ! �þn��:
BEBC D2 545
GGM CF3Br 266
SKAT CF3Br 178

1328 Joseph A. Formaggio and G. P. Zeller: From eV to EeV: Neutrino cross sections . . .

Rev. Mod. Phys., Vol. 84, No. 3, July–September 2012

νµn → νµnπ0

(Ballagh et al., 1983). New experimental investigations are
clearly needed. As an example, such a photon search was
recently reported by the NOMAD collaboration (Kullenberg
et al., 2012). New calculations have already begun to explore

the possibility for standard model–based sources of photon
production in neutrino scattering (Harvey, Hill, and Hill,
2007; Efrosinin, Kudenko, and Khotjantsev, 2009; Jenkins
and Goldman, 2009; Hill, 2011; Ankowski et al., 2012).

In addition to photon decay, baryon resonances can also
decay in a variety of other modes. This includes multipion
and kaon final states which we return to later in this section.
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TABLE XII. Current measurements of single pion production by neutrinos. In the last column, � refers to a measurement of the total flux-
integrated cross section. Measurements are listed from K2K (Nakayama et al., 2005; Rodriguez et al., 2008; Mariani et al., 2011),
MiniBooNE (Aguilar-Arevalo et al., 2009; 2010; 2011a; 2011b), and SciBooNE (Kurimoto et al., 2010a).

Experiment Target Process Cross section measurements

K2K C8H8 �� CC �þ=QE �, �ðE�Þ
K2K C8H8 �� CC �0=QE �
K2K �� NC �0=CC �
MiniBooNE CH2 �� CC �þ=QE �ðE�Þ
MiniBooNE CH2 �� CC �þ �, �ðE�Þ, d�

dQ2 ,
d�
dT�

, d�
dT�

, d2�
dT�d cos��

, d2�
dT�d cos��

MiniBooNE CH2 �� CC �0 �, �ðE�Þ, d�
dQ2 ,

d�
dE�

, d�
d cos��

, d�
dp�

, d�
d cos��

MiniBooNE CH2 �� NC �0 �, d�
dp�

, d�
d cos��

MiniBooNE CH2 ��� NC �0 �, d�
dp�

, d�
d cos��

SciBooNE C8H8 �� NC �0=CC �
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I Not precisely known for Eν ∼ 1 GeV
I Multiple contributing processes
I In νA, observe σνN ⊗ σA ⊗ σFSI
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Where do cross sections come in?

NFD = Φνα
× Pνα→νβ

(Eν)× σνβ
(Eν)× R(Eν , Evisible) + Nbg

I νe σ unmeasured. σνe , σνµ differences
M. Day and K. S. McFarland, Phys. Rev. D 86, 053003 (2012)

I Eν ↔ Evisible from cross section MC
I Čerenkov: Lepton kinematics + CCQE hypothesis (T2K, MiniBooNE)
I Sampling calorimeters: Elepton + Ehad (MINOS, Noνa)

I And all the same issues for backgrounds
I Near detectors partially cancel some of these effects, but still:

Precision ν oscillation experiments need precision ν-nucleus cross sections
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MINERνA reconstruction

I Today’s analyses require µ track matched to MINOS◦•◦•◦•◦ 42



Calibration

I Plentiful supply of µ from ν interactions in rock

I Set energy scale. Cross check with Michel electrons (µ− → e−ν̄eνµ)
I Also used to measure pixel-to-pixel PMT crosstalk
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Charged-current quasielastic scattering on nuclei
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MiniBooNE data with total error

Free nucleon prediction
Free nucleon + Nuclear effects
Fit including ad hoc params

NOMAD data with total error
LSND data with total error

Phys. Rev. D81:092005 (2010), my legend

I Free nucleon prediction based on H, D2 data
I Model nucleus as independent nucleons in a Fermi gas
I Something must be missing. . .
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CCQE analysis: Constraining non-QE backgrounds

One example bin in Q2
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CCQE analysis: Recoil energy cut
Neutrino mode
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Model comparisons, linear abscissa
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I Area normalize, then take ratio to GENIE
I Models:

GENIE Quasi-independent nucleons in a mean field
NIM A614, 87 (2010)

MA = 1.35 Modified nucleon form factor from MiniBooNE data
Phys. Rev. D81, 092005 (2010)

TEM Empirical multinucleon effect based on eA data
Eur. Phys. J. C 71:1726 (2011)
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Vertex energy fit distributions
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Vertex energy fit distributions, zoomed y
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Annulus energy vs proton KE
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Vertex energy, ν̄ mode

I Assume an extra proton
I Use spatial distribution of energy to infer KE distribution of extra proton
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I No increase preferred in ν̄µ mode
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MINERνA charged pion production: reco π distributions
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MINERνA charged pion production: reco µ distributions
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MINERνA charged pion production: reco Q2 distribution
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MINERνA charged pion production: BG subtraction

Before fit After fit

Cut
Fit

I Constrain W > 1.4 GeV background from sideband fit
I Fit MC templates for relative normalizations

◦•••◦•◦ 58



MINERνA charged pion production: BG scales
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I Errors stat+syst. Dominant uncertainty is detector energy response
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MINERνA charged pion production: Systematics

Shape + Normalization
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MINERνA charged pion production: Systematics

Shape-only errors
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CC inclusive nuclear target ratios
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CC inclusive ratios

G. Zeller and J. Formaggio,Rev. Mod. Phys. 84, 1307–1341 (2012)

Q2 = 2Eν(Eµ − pµ cos θµ) ν = Eν − Eµ x = Q2

2Mν
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CC inclusive ratios

I “EMC effect” well-studied but not
well-understood

I What can neutrino data say?
I Sensitive to a different combination

of structure functions F1, F2, xF3

EMC effect in electron scattering

SLAC E139: PRD 49 4348 (1994)
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CC inclusive ratios in MINERνA

Figure: B. Tice

I We have nuclear targets. But not D2...
I Strategy:

1. Select CC νµ events in nuclear targets and scintillator (CH)
2. Construct ratios 〈nucleus〉/CH in Eν and x
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Selection

1. MINOS-matched track
2. Vertex in nuclear target or scintillator plane immediately downstream

I Only significant background: events on plastic
I Reconstruct Eµ, θµ, Ehad to calculate Eν , Q2, x
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Plastic background subtraction

Adjusted Vertex Z (cm)

450 500 550 600 650 700 750 800 850

N
 E

v
e

n
ts

 /
 M

o
d

u
le

0

2

4

6

8

10

12

14

3
10×

Data

Carbon
Iron
Lead
Scintillator

Each Bunch Area­Normalized

True Event Origins ­ Reconstructed Vertex Z

I Use data CC νµ events in scintillator to predict background
+ Geometric acceptance correction from muon gun
+ Efficiency correction as fn of Ehad from simulation
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Systematics

Neutrino Energy (GeV)
2 4 6 8 10 12 14 16 18 20

F
ra

ct
io

n
al

 U
n

ce
rt

ai
n

ty

0

0.05

0.1

0.15

0.2

0.25
Total Error Statistical
Detector Res. FSI Models
MC Stat. Flux 
Scint. BG XSec Models

FeσUncertainties on 

Neutrino Energy (GeV)
2 4 6 8 10 12 14 16 18 20

F
ra

ct
io

n
al

 U
n

ce
rt

ai
n

ty

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14 Total Error Statistical
Detector Res. FSI Models
MC Stat. Flux 
Scint. BG XSec Models

CHσ : FeσErrors on Ratio of 

I Evaluated in similar way to CCQE analysis
I Most significant new one is plastic background
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Results in Eν

Neutrino Energy (GeV)

2 4 6 8 10 12 14 16 18 20

C
H

σ
 /

 
C

σ

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6
Data

Monte Carlo

/ndf = 11.51/8 = 1.442χ

2.94e+20 POT

Isoscalar Corrected

CHσ : CσRatio of 

I Unfolded to true Eν

I No evidence of systematic discrepancy
with generator
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Results in x

Reconstructed x
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I Deficit at low xreco, excess at high
xreco

I Both increase with size of nucleus
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Conclusions and next steps

I Suggestions of unmodelled nuclear effects in x but not Eν

I Analysis with future data
I 10× more stats
I Higher Eν ⇒ More DIS
I Reach to lower x
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Unique correction for each nuclear target

Errors are MC stat. and an additional correlated error

Additional uncertainty scale determined by adding uncorrelated uncertainty on 
top of stat. until 

Additional uncertainty applied as correlated event-to-event and target-to-target

October 11, 2013 Fermilab Seminar - MINERνA - Brian G. Tice 37

Pink band is additional 
systematic error

Reconstruction Efficiency

Predict spectrum of background using:

Tick marks are stat. error

Pink band is stat. error
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39October 11, 2013 Fermilab Seminar - MINERνA - Brian G. Tice

A separate estimated 
background for data and MC
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Kinematic Content

October 11, 2013 Fermilab Seminar - MINERνA - Brian G. Tice 40

νμ
J.A. Formaggio and G.P. 
Zeller, Rev. Mod. Phys., 2012

Signal Kinematics
2 < Neutrino Energy < 20 GeV

0 < Muon Angle < 17 deg

Invariant hadronic mass
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Reconstruction Efficiency

42

MINOS-match requirement
Muon momentum 
threshold ~ 2 GeV

MINOS-match requirement
Geometric acceptance primary 

driver for efficiency loss
Angular threshold ~ 17 deg

Signal Kinematics
2 < Neutrino Energy < 20 GeV

0 < Muon Angle < 17 deg

October 11, 2013 Fermilab Seminar - MINERνA - Brian G. Tice
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October 11, 2013 Fermilab Seminar - MINERνA - Brian G. Tice 62

Inclusive

Inelastic

dσC/dx
dσCH/dx

dσPb/dx
dσCH/dx

dσPb/dx
dσCH/dx

dσC/dx
dσCH/dx

dσFe/dx
dσCH/dx

dσFe/dx
dσCH/dx
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Do our data prefer a model?
Using MINERvA bins and acceptance

October 11, 2013 Fermilab Seminar - MINERνA - Brian G. Tice 65

Charged lepton data suggest we should see < 1% effect

Comparison of predicted for cross section ratio

No Modification

Bodek-Yang 2013

No Modification

Bodek-Yang 2013

No Modification

Bodek-Yang 2013

dσC/dx
dσCH/dx

dσPb/dx
dσCH/dx

dσFe/dx
dσCH/dx
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Recoil Energy Resolution

77October 11, 2013 Fermilab Seminar - MINERνA - Brian G. Tice
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