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Introduction
• Goal: try to talk about things a lattice QCD practitioner would find 

interesting w.r.t. neutrino experiments. So, focus on aspects of the 
physics modeling, and explain how a few oscillation experiments 
experience these effects by examining their detector technologies at a 
high level.
- Disclaimer: I'm not a member of any of these collaborations - please do not 

regard my comments as official statements on the experiments, etc.
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How Does Lattice Help?

Lattice is well suited to compute matrix elements:

M‹µnæµp(p, pÕ) = Èµ(pÕ)| (Vµ ≠ Aµ) |‹(p)ÍÈp(q)| (Vµ ≠ Aµ) |n(0)Í

p ≠ pÕ = q

n(0)

‹µ(p)

p(q)

µ≠(pÕ)

pen & paper

Lattice QCD
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Outline
• Brief motivation from a neutrino 

oscillation physics perspective
• How do neutrino experiments 

model neutrino-nucleus 
interactions?
- MC Event Generators

• Focus on GENIE due to author 
affiliations...

- What are the major outstanding 
problems?

• What do neutrino experiments 
actually measure?

• How are we sensitive to problems 
with the interaction physics 
modeling?
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I. INTRODUCTION25

Current and planned neutrino oscillation experiments operate in the 0.1–10 GeV energy range,26

and use heavy nuclear targets (typically 12C, 16O or 40Ar). This energy range corresponds to a27

di�cult “transition region” in the neutrino interaction cross section. Interactions include (quasi-28

)elastic which occur on a constituent nucleon within the nucleus at lower energies and excitation of29

a nucleon resonance at intermediate energies. At higher energies, interactions occur predominantly30

on constituent quarks within the nucleons. Numerous results from MiniBooNE [1], MINERvA [2],31

and T2K [3, 4] are published or in progress. A recent review [5] discusses the overall situation at32

length. Figure 1 shows the flux distributions from the MINERvA cross section experiment and33

the T2K and MiniBooNE oscillation/cross section experiments used in this study and the planned34

DUNE experiment, compared to the charged current (CC) cross section taken from the NuWro35

neutrino interaction generator [6]. The NuWro prediction is also shown broken down into exclusive36

channels, or modes, which have strong neutrino energy dependence. It is clear that modeling the37

transition between these interaction modes is important for neutrino oscillation experiments, which38

all have broad neutrino flux distributions.3940

At lower energies, where interactions occur with a nucleon rather than with a constituent quark,41

a number of nuclear e↵ects complicate the modeling problem further. The initial momentum of42

nucleons within the nucleus and the energy required to liberate them are not negligible compared43

to the momentum and energy transfer in the interaction, so cannot be neglected. Furthermore,44

additional nuclear screening e↵ects, or additional interactions where the initial hard scatter is with45

more than one nucleon further complicate the problem.46

Finally, Final State Interaction (FSI) e↵ects modify the outgoing particle content and kinematics47

through subsequent interactions as the initial interaction products propagate through the dense48

nuclear medium. Because of FSI, it is not possible to unambiguously separate interaction modes49

in an experiment, it is only possible to measure the post-FSI final state particle content. For50

example, a charged current quasi-elastic (CCQE) interaction, ⌫
l

+ n ! l� + p, may only produce51

a single visible charged lepton in a detector, and is indistinguishable from a single pion production52

interaction where the pion is absorbed in the nucleus. As a result, defining a measurement as53

CC0⇡ (one lepton, no final state pions) may more accurately represent what is being measured.54

However, CC0⇡ is a more complicated signal definition, which may be more challenging for theorists55
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12C CC-inclusive cross section prediction, broken down into constituent modes, and
compared with fluxes from current and planned neutrino oscillation [7–9] and cross-section [10] experiments.

M. Betancourt et al, "Comparisons and challenges 
of modern neutrino scattering experiments 
(TENSIONS2016 report)", in preparation
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A very brief motivation
• U. Mosel, NuInt 2017: DUNE is “an 

impossible” experiment:
- Flux not fully specified,
- Beamline is over 1,000 km, diameter is over 

1 km at Far Detector,
- Cross sections are tiny (10-11 mb) and 

plagued by numerous theory and 
experimental uncertainties,

- Somehow we need to extract evidence of 
physics beyond the Standard Model!

• Control of cross section systematics is a 
critical piece - requires a multi-pronged effort 
involving theorists, experimenters, and and 
Monté Carlo authors all working together.
- No single measurement or calculation 

will solve it all!

�4
WIN2017: June 20, 2017 7

Why do we care that the 
cross-sections are poorly known?

 We are now in a period of precision 
neutrino oscillation measurements

Can't ignore systematics 
uncertainties

Systematic errors due to neutrino 
interaction cross sections are a large 
fraction of the error

 Need better models (generators) based 
on high precision data 

→  Enter MINERnA

We have ~10 years to get 
everything under control!
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Free Nucleon: 
Parameterize  

w/ Form Factors…

Nucleus:  
What is the initial state?  

What escapes the nucleus?

ν lepton

d u

W±

f f

ν ν

Z0
Charged Current Neutral Current

ν lepton

?

Bare fermions: 
Graduate 

homework problem

Framing the issue

??

How do we get 
there?
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The Basic Problem: we must interpret with models

E1, P1

E2, P2

E3, P3

We must leverage every 
possible observable!

E ~ E1P1 + E2P2 + E3P3 + …

Need to integrate - we 
interpret results statistically 
using event generators.(and so on…)

(Energy1, Probability1)
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Neutrino MC Event Generators
• The generator must simulate all the types and momenta of every 

particle that appears in the final state.
• Some generators (MadGraph, Pythia, etc.) are computation aids 

for theorists, but most neutrino event generators are not (GiBUU 
is somewhat different).

• This is because we lack a theoretical framework that is both 
complete and consistent. 

• The ideal input theory would be internally consistent and provide 
fully-differential cross sections in the kinematics of every final 
state particle over all reaction mechanisms, energies, and 
targets.

- But the experiments must go on! So we must stitch together an 
ensemble that is consistent with all the data.

�7
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Neutrino Simulations: A Three-Part Software Stack

µ-

νµ

X

µ+
π+ → µ+ + νµ

νµ + N → µ- + X

Detector

π+

Beamline (FLUKA/Geant)
+ Produces a flux prediction
+ Hadron production, focusing, etc.

Event Generator (GENIE)
+ Interaction Physics
+ Nuclear medium

Detector (Geant)
+ Final state radiation 
traversing matter (won't say much about Geant here...)

(won't say much about Geant here...)
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Clarence Wret

What NUISANCE does

Reweighting 
and fitting

Model 
comparisons

Generator 
comparisons

Particle 
kinematics, 
targets, etc

Common 
event format

Event selection, 
cross-section 

scaling, reweight

NEUT
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Philosophy
• The kernel of GENIE's physics model is a free nucleon model, with 

corrections to account for bound state effects and final state particle 
propagation.

• Exclusive states are added together with no interference terms (generally) to 
build a global inclusive model. Two-body currents are tacked on as another 
piece of the cross section (so they are not exactly free nucleons, etc.).
- We are working on new models that blend one and two-body currents together with an 

interference term. These calculations often have their own, "built-in" ground state model 
that is, in general, different from the usual GENIE ground state and other calculations.

• Supposing we solve the interference terms problem, can this philosophy hold 
up?

�9

Neutrino MC Generator factorization

Since we do not have a complete theory of particle production in neutrino scattering o↵ nuclear
targets, simulation of exclusive final states proceeds in a bottom-up fashion, using models of:

the initial nuclear state dynamics
cross-sections at the neutrino-nucleon level (+ a model of how to sum-up the
nucleon-level contributions)
the process by which hadrons emerge from the primary interaction (hadronization)
intranuclear hadron transport

Can the physics really be factorized this way? Unlikely!

C.Andreopoulos (Liverpool/STFC-RAL) Neutrino Generators May 14, 2014 23 / 84

C.Andreopoulos et al  
The GENIE Neutrino 
Monte Carlo Generator  
Published in 
Nucl.Instrum.Meth.A614 
(2010) 87-104 

http://www.genie-mc.org
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Pieces (Usually)
• Vertex selection

- Simple nuclear density model
• Initial state nuclear model

- Removal energy and momentum
• RFG with Bodek-Ritchie tails.
• New: Local Fermi Gas
• New: Effective Spectral Function
• Almost there: "Benhar" spectral function
• Just started: Correlated Fermi Gas (MIT)

• Hard scattering process
- Differential cross section formula to get event kinematics (x, y, Q2, W, t, etc.)

• Lepton kinematics
• Hadronic system

- Propagation/transport (default is an "effective cascade")
• Fast and re-weightable

�10

GROUND STATE

INITIAL STATE

FINAL STATE
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Pieces (Usually)
• Decays before and after propagation
• Remnant decay

- Just started caring about this, really...
- Current model is very simple

• Working on adopting other codes (Geant4, INCL++, possibly GiBUU) to handle 
clustering, de-excitation, evaporation

• May be a bridge to more sophisticated transport codes 

• Sometimes models can't work this way - e.g., it really is better physics to include draws 
from the ground state nuclear model in the accept-reject loop for determining kinematics. 
But this slows the code down a lot and so we must think about when to apply that 
paradigm.

• Also, some calculations are integrated over very specific ground state models and we 
cannot factorize them.

�11

REMNANT STATE
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Reaction Channel Menagerie: A Glossary
• Charged current: exchange a W boson; neutral current: exchange a Z (not 

shown) - no charged lepton in the final state for NC.
- CCQE : Charged-Current Quasi-Elastic
- CC π±, π0 

• Coherent (no break-up) & Resonance Production
- Deep Inelastic Scattering (DIS - scatter on a parton)

• Our descriptive language is something of a historical accident. These 
terms are really only proper when discussing scattering on free nucleons.
- When scattering on nuclei, final state interactions (FSI) mix up the 

particles leaving the nucleus, making this sort of assignment impossible.
- Modern language prefers specification by visible particles in the final 

state.

�12

n p

W⁺

νμ μ'

CCQE

p
p

W⁺

μ%νμ

π+

Δ++

CC  
Resonant π+

A A

π+

νμ

W⁺

μ(

N X

W±

νμ μ'

CC-DIS CC 
Coherent π 
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GENIE Cross Section Models
• GENIE has a large collection of physics models - combined to create global models.

- Many are fairly primitive, but for the most part they are fast, re-weightable, and not 
awfully wrong. In some corners of phase space, GENIE disagrees with data by as much as 
50% but across many distributions it is within ~5%.

• The default nuclear model is the relativistic Fermi gas with Bodek and Ritchie high-
momentum tails. GENIE also implements the Effective Spectral Function, and the Local Fermi 
Gas.

• The quasielastic process defaults to Llewellyn-Smith, but we also have the Nieves et al 
model. We offer dipole and z-expansion axial form factors.

• Excitation of nucleon resonances (decaying by meson emission) and coherent pion 
production are both described by models by Rein and Sehgal, but we offer a number of 
alternatives (Berger and Sehgal, different form factor models, etc.).

- We also offer a diffractive pion production model (Rein).
• Models for neutrino-electron scattering and inverse muon decay are included and mostly 

complete (additional radiative corrections required for neutrino-electron scattering).
• We offer (non-default) a custom built and the Valencia 2p2h models.
• Bodek and Yang (2003) is used for nonresonant inelastic scattering.
• Other interesting exclusive states (QEL hyperon production, single Kaon production, etc.) are 

optional (making them default would lead to double counting in the hadronization model).

�13

(mostly for reference)
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• Electron and muon final states 
differ only in lepton mass - no 
other corrections are applied. 
(Same form factors, etc.)

• There are essentially no radiative 
corrections.

• Our resonant pion production 
model is not complete and does 
not account for interference terms 
with other single pion production 
modes. We also do not model non-
resonant pion production well 
(essentially use our DIS model).

• Neutrino-nucleon (especially 
antineutrino-nucleon) cross 
sections are not well known and 
will be VERY difficult to measure in 
the future.

�14
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 2003-2018, GENIE - http://www.genie-mc.org

BNL_7FT,1 Gargamelle,1

Gargamelle,11 IHEP_ITEP,3

IHEP_JINR,1 MINOS,1

trunk-2018-04-06:default:world

R-2_12_10/2018-02-07:default:world

Fanourakis et al., 
Phys.Rev.D21:562 (1980)

Eichten et al., 
Phys.Lett.B46:274 (1973)

Erriquez et al., 
Phys.Lett.B80:309 
(1979)

Vovenko et al., 
Sov.J.Nucl.Phys.
30:528 (1979)

Anikeev et al., 
Zeit.Phys.C70:39 
(1996)

Adamson et al., 
Phys.Rev.D81:07
2002 (2010)

Missing effects of interest...
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What do we measure?
• Sliding scale across detector technologies - ranging from a "limited" 

picture (water Cherenkov) all the way through hyper-fine details (liquid 
Argon).
- No implication of a hierarchy here - there are lots of pros and cons for each - the 

right choice is a function of beam energy, funds available, and physics goals.
• Reasonably universal themes:

- The neutrino energy is unknown! And fluxes are constrained to the 5-10% level 
based on external data. Oscillation experiments can leverage their Near Detector to 
reduce this uncertainty, but residuals remain due to varying beam spectra at Near 
and Far sites.

- Leptons are fairly well-measured (when correctly identified).
- The hadronic system is partially, or even largely, invisible.

• It is often possible to veto on exotic baryons or the presence of mesons, etc.
• It is often possible to reconstruct a significant fraction of the hadronic system.

- Low energy nucleons are problematic.
- Neutrons are often invisible (they will sometimes kick out protons when the detector contains 

hydrogen, and they will capture on Gadolinium, etc.).
- De-excitation and evaporation of the remnant nucleus is generally not observed, although this is 

changing in liquid Argon.

�15
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                    T2K FD
• Far detector Superkamiokande: 50 kiloton water 

Cherenkov detector.
- Good lepton flavor identification,
- Good pion veto,
- Hadronic recoil is difficult to measure - heavy 

nucleons are generally below threshold,
- No magnetic field,
- Target nucleus is Oxygen (Water).
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T2K ND280 Upgrade
Masashi Yokoyama

(Department of Physics, The University of Tokyo)
for the T2K Collaboration

masashi@phys.s.u-tokyo.ac.jp
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                    T2K ND

• High granularity, magnetized 
near detector complex for 
comprehensive cross section 
program on Carbon, Oxygen.
- "P0D" contains water layers, 

scintillator, and absorbers.
- TPC and segmented 

scintillator modules.

�17

Stephen Dolan LLWI 2017, Lake Louise, Canada

ND280 (off axis near detector)

7

PØD

Stephen Dolan LLWI 2017, Lake Louise, Canada

The Flux

• Off-axis 𝜈𝜇 beam
• Tightly-peaked at 600 MeV 2.5° off-axis towards SK
• Low contamination from non-𝜈𝜇 components
• Flux estimation aided by hadron production measurements from 

NA61/SHINE at CERN
Phys. Rev. D 87, 012001

Peak: 0.6 GeV

Peak: 1.1 GeV

(ND280)

32

T2K	neutrino	flux

5

• Primarily	νμ in	neutrino	mode
• Other	flavors	mainly	from	
decays	of	muons,	kaons,	
and	wrong-sign	pions
• 3%	wrong-sign	
contribution	

• Constrained	by	hadron-
production	data	
(NA61/SHINE)  (GeV)νE
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T2K ND280 Upgrade
Masashi Yokoyama

(Department of Physics, The University of Tokyo)
for the T2K Collaboration

masashi@phys.s.u-tokyo.ac.jp
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Flux Model

Cross-section 
Model

ND280 
Detector 

Model

Super-K 
Detector 

Model
Super-K Data

ND280 Data

INGRID/Beam 
monitor Data

NA61/SHINE 
Data

External Cross-
section Data

Oscillation 
Parameters

Oscillation 
Fit

T2K Oscillation analysis ν+ν ̅results What’s next?

Figure by K. Duffy
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T2K and Lattice QCD
• Because T2K uses different target nuclei at their near and far 

detectors (for the most part; the near detector does contain water targets 
that they have begun to fold into the analysis), they need to build a 
detailed model of neutrino-nucleus interactions and constrain it with their 
near detector data.
- Of course, the near and far detectors also have different acceptances and measure 

different details about the final state, etc.
• Quasi-elastic scattering is a dominant reaction mechanism at their 

energies, and their far detector does not measure recoil protons.
• Neutrino energy reconstruction uses lepton kinematics under the 

assumption of two-body scattering (one-body currents). This technique 
works even when there are two-body currents as long as the simulation 
models the distribution of those events. But even for one-body currents 
they benefit from tighter controls on the nucleon cross section.

• This means they are avid consumers of improved nucleon-level cross 
section modeling.

�19
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The NOvA Experiment

˚ NOvA (NuMI Off-axis ⌫e Appearance) is
a neutrino oscillation experiment

˚ Baseline of 8�� km
˚ NuMI, beam of mostly ⌫µ
˚ �� mrad off-axis from the beam
˚ Two functionally identical detectors

˚ Oscillation channels accessible to
NOvA:

˚ ⌫µ(⌫̄µ) to ⌫e(⌫̄e) (appearance)
˚ ⌫µ(⌫̄µ) to ⌫µ(⌫̄µ) (disappearance)

˚ Can also do sterile searches

Far Detector
15m X 15m X 60m
896 planes

Near Detector
4m X 4m X 16m
214 Planes

Kanika Sachdev 8/��

NOvA Detector Design

˚ Composed of PVC modules extruded to form long tube-like

cells : �� m long in FD, � m ND

˚ Each cell is �lled with liquid scintillator

˚ Optical �ber loop carries scintillation light to a pixel on an

Avalanche Photo Diode (APD)

˚ Cells arranged in planes, with alternating planes

perpendicular in orientation

Kanika Sachdev ��/��

Alexander Radovic 
College of William and Mary

NOvA

NOvA Detector Design

˚ Composed of PVC modules extruded to form long tube-like

cells : �� m long in FD, � m ND

˚ Each cell is �lled with liquid scintillator

˚ Optical �ber loop carries scintillation light to a pixel on an

Avalanche Photo Diode (APD)

˚ Cells arranged in planes, with alternating planes

perpendicular in orientation

Kanika Sachdev ��/��

Latest Neutrino Oscillations Results from NOvA

PINS ���� Workshop, SLAC

Kanika Sachdev

March ��, ����

Kanika Sachdev �/��

@novaexperiment

11/17 NuInt 2015 Xuebing Bu (Fermilab) 5

  NuMI Beam              

➔ Detectors are installed by being
off beam axis

➔ Narrow band beam peaked at 2 GeV

➔ Near maximum oscillation

➔ Reduced NC background

➔ Electron neutrino flux counts ~1%
of total flux.

The Neutrino Flux
NO𝜈A detectors are sited 
14 mrad off the NuMI 
beam axis 
 
With the medium-energy NuMI 
tune, yields a narrow 2-GeV 
spectrum at the NO𝜈A detectors 
 
 
    → Reduces NC and 𝜈e CC 
 backgrounds in the  
 oscillation analyses 
 while maintaining 
 high 𝜈𝜇 flux at 2 GeV. 
 
 

NuMI off-axis beam 

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 7 

14 mrad 
(NO𝜈A) 

on axis 

5

• Narrow band neutrino beam 1~3GeV peak at ~2GeV, Dominated by 
νμ (94%) 

• Hadron production uncertainty constraint by external hadron 
production data. (See Leo Aliaga’s talk on Monday)

Jonathan M. Paley
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νµ CC inclusive - Summary of Uncertainties

14

• Statistical uncertainties are typically < 2%

• Systematics are still being assessed, but we expect for the differential measurement 
~10% highly correlated (normalization) flux uncertainties, and all others systematics 
combined to be 5-8%.

• σ(E) measurement systematics will be similar, although systematics from energy 
scale uncertainties will be larger on the rising and falling edges of the spectrum.

NOvA Pion Measurements
Hongyue Duyang 

University of South Carolina 

For the NOvA Collaboration

1

NOvA Detectors

˚ Tracking calorimeters

Far Detector (FD)
˚ �� kt, Á ���,��� channels

˚ On surface

˚ 8�� km from source

Near Detector (ND)
˚ �.� kt, Á ��,��� channels

˚ ��� m below surface

˚ � km from the NuMI

Kanika Sachdev ��/��

Figures:
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Far Detector Data

˚ Trigger window is ��� µs, neutrino spill only lasts �� µs

Top View

Side ViewDown

Up

West

East

Beam Direction

Kanika Sachdev ��/��

Alexander Radovic 
College of William and Mary500 microsecond readout “gate”: Detector on the surface.

Where’s the neutrino?
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Far Detector Data

˚ Trigger window is ��� µs, neutrino spill only lasts �� µs

Top View

Side ViewDown

Up

West

East

Beam Direction

Kanika Sachdev �8/��

Apply a timing cut (still significant cosmic background)
Alexander Radovic 

College of William and Mary
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Near-to-Far Extrapolation

1. ND Data Eν Spectrum
2. ND Reco. → True Eν
3. FD / ND Event Ratio 

in True Eν Bins 

4. P(νx → νy)
5. FD True → Reco. Eν
6. FD Oscillated Prediction

Systematic shifts affect 2-6

1

2 3 4

6

5

14

Figure by A. Mislivec
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NOvA and Lattice QCD
• NOvA's energy reconstruction is 

calorimetric, so they are more sensitive to 
the way energy is shared between hadrons 
in the final state and less sensitive to effects 
that change lepton energy and angle.
- Fraction of energy in neutrons,
- Few high energy nucleons vs many low energy 

nucleons,
- Charged to neutral pion ratios, etc.

• NOvA is at a higher energy than T2K, so 
quasielastics form a lower fraction of their 
total event budget, but it is still a very large 
fraction of their mix of events.

• QE and QE-like events tend to have better 
energy resolution in NOvA, so their weighted 
impact on the oscillation analysis is high.

• Pion production is extremely important for 
NOvA!

�24

The CC1πþ cross sections from both ANL and BNL,
produced by multiplying the CC1πþ

CCQE ratio by the GENIE

CCQE cross section, are shown in Fig. 6. The GENIE Δþþ

cross section has been included for comparison, as this
resonance makes the biggest contribution. However, higher
order resonances also contribute to the measurements,
particularly at high neutrino energies, so the measurements
are expected to deviate from the GENIE predictions at
high Eν. Note that there is no invariant mass cut on the
distributions used to extract the νμp → μ−pπþ cross
sections produced in this work. The GENIE Δþþ cross
section is an implementation of the Rein-Sehgal model
[24], with a resonant axial mass, MRES

A ¼ 1.12 GeV taken
from global fits carried out in Ref. [22].
It is interesting to compare the extracted νμp → μ−pπþ

cross sections with those published by ANL and BNL, as
shown in Fig. 7. In the neutrino energy range where ANL
and BNL disagree most strongly, 1 ≤ Eν ≤ 2 GeV, the
extracted BNL cross section differs significantly from the
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FIG. 8 (color online). The published and extracted ANL and
BNL data are compared with other measurements of νμp →
μ−pπþ on hydrogen or deuterium targets [26–28]. Note that the
ANL and BNL data have no invariant mass cut, whereas the other
data sets have an invariant mass cut of W ≤ 2 GeV.
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There exists a long-standing disagreement between bubble chamber measurements of the single pion
production channel νμp → μ−pπþ from the Argonne and Brookhaven National Laboratories. We digitize
and reanalyze data from both experiments to produce cross-section ratios for various interaction channels,
for which the flux uncertainties cancel, and find good agreement between the experiments. By multiplying
the cross-section ratio by the well-understood charged-current quasielastic cross section on free nucleons,
we extract single-pion production cross sections which do not depend on the flux normalization
predictions. The νμp → μ−pπþ cross sections we extract show good agreement between the ANL and
BNL data sets.

DOI: 10.1103/PhysRevD.90.112017 PACS numbers: 13.15.+g

I. INTRODUCTION

Single pion production by neutrinos is an important
process at neutrino energies around 1 GeV, where the
dominant production mechanism is via the production and
subsequent decay of hadronic resonances. In neutrino
oscillation experiments, neutral-current neutral pion pro-
duction is a background to νe charged-current events in
νμ → νe measurements, while charged-current events pro-
ducing charged pions contribute to νμ disappearance
measurements, either as background in analyses which
select quasielastic events or as a signal in analyses which
use an inclusive charged-current (CC-inclusive) selection.
Predictions of single pion production on the nuclei used in

neutrino oscillation experiments usually factorize the mod-
eling into three parts: the neutrino-nucleon cross section;
additional effects due to the nucleon being bound in the
nucleus; and the “final state interactions” (FSI) of hadrons
exiting the nucleus. Experimental knowledge of the neu-
trino-nucleon cross section for single pion production, in
the 100 MeV to few GeV neutrino energy range relevant
for current and planned oscillation experiments, is sparse,
coming from bubble chamber experiments with hydrogen or
deuterium targets with low statistics. In particular, data from
the 12 ft bubble chamber at Argonne National Laboratory
(ANL) and the 7 ft bubble chamber at Brookhaven National
Laboratory (BNL) for the leading single pion production
process νμp → μ−pπþ differ in normalization by 30%–
40%. These data are used to constrain the axial form factor
for pion production on free nucleons, which cannot be
constrained by electron scattering data, so this discrepancy
leads to large uncertainties in the predictions for oscillation
experiments [1–6], as well as in interpretation of data taken
on nuclear targets [7].
Resolving this discrepancy will be vital for current and

future neutrino oscillation experiments, which have very

stringent systematic error requirements [8,9], but current
neutrino cross-section measurements are taken on nuclear
targets such as carbon and oxygen, where it is difficult to
disentangle the neutrino-nucleus cross section from the
effects of the nucleus and FSI. In this context, it is
worthwhile to revisit the ANL and BNL data sets to look
for possible consistency. Graczyk et al. have found con-
sistency in the data sets by carefully considering normali-
zation uncertainties [1,10] and deuteron nuclear effects. In
this paper, we present a complementary approach in which
we consider ratios of event rates for different processes in
the ANL and BNL experiments, in which normalization
uncertainties cancel. By multiplying the event rate ratio by
an independent measurement of the cross section of the
denominator, we obtain a measurement of the single-pion
production cross section. In essence, this method amounts
to using the denominator cross section as the factor which
converts an event rate into a cross section, where the
original analyses used a prediction of the neutrino flux for
the same purpose.
The paper is organized as follows. In Sec. II, we describe

the method for obtaining the data from the original papers.
A discussion of the sources of error for these data sets is in
Sec. III. In Sec. IV, we present the ratios of event rates for
various processes. Then these are used in Sec. V to extract
CC-inclusive and νμp → μ−pπþ cross sections, where we
find good agreement between ANL and BNL. Our con-
clusions are presented in Sec. VI.

II. OBTAINING DATA

A literature review of the ANL and BNL cross-section
papers produces a wealth of data. For this analysis,
corrected event rates as a function of the neutrino energy,
Eν, are required. Corrected event rates are obtained from
the raw (measured) event rates by estimating detector

PHYSICAL REVIEW D 90, 112017 (2014)
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Rampant speculation! - MicroBooNE and Lattice QCD
• We're eagerly awaiting results from MicroBooNE (but patiently waiting - they 

only started taking data recently).
• Like T2K, MicroBooNE should see the majority of its events as quasielastics, 

but like NOvA, their energy reconstruction will be calorimetric.
• Convincing evidence of a sterile neutrino will require excellent theoretical 

controls across the board.

�27

MiniBooNE

SBN Program: Three LAr TPC Detectors

4

ICARUS	T600

MicroBooNE

Short	Baseline	Near	
Detector	(SBND)

nµ

Detector
Distance from	

Target
Instrumented	
LAr Mass

SBND 110	m 112	ton

MicroBooNE 470	m 87	ton

ICARUS 600	m 476	ton

MiniBooNE

4/5/17 Michael Kirby | Short Baseline Neutrino Discussion

Figure by
M. Kirby



2018/April/20 -- Gabriel N. Perdue -- Fermilab -- Neutrino Experiments and Lattice QCD�28

Calculations of Interest
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Conclusions
• A running theme in all three of the experiments highlighted 

today is that quasielastic events are a very large portion of their 
total cross section (and they are dominant at T2K and 
MicroBooNE).

• Pion production is crucial for today's program and that 
importance will only grow at DUNE, etc.

• Nucleon-level uncertainties are extremely important and 
neutrino-nucleon data will be extremely hard to come by!

�29
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• the design and implementation of event generators must fully engage the relevant theory community. Indeed,
superior, more modern theory and models are available, but the current mechanisms for improving MC generators
have not led to rapid deployment in the codes. For this purpose, a deep scrutiny of currently available codes, their
input, techniques and validation strategies should be undertaken. Direct collaboration of nuclear theorists in generator
development, for example, via standardized code interfaces, would hasten implementation;

• neutrino cross sections in individual channels are known with a precision not better than 20–30%. There is a hope,
however, that a joint global fit to the existing data could reduce the uncertainties, although the fitting parameters
should be kept within valid ranges dictated by complementary processes. When tuning generators in this kind of
global fits, amechanism for examining ‘‘tensions’’ in data sets should be established. A useful goalwould be a universal
or global tune as achieved by QCD global fits of parton distribution functions;

• it will be beneficial to coordinate among generator groups to minimize duplication of effort, while preserving the
advantages of independent approaches and ideas. For example, with support from a suitable source of funding, a
universalMC generator framework, allowing users to unify the strengths of the existing tools, should be created. Similar
efforts were supported for LHC experiments and proved very successful.

2.4. Challenges: Electron–nucleus scattering (Section 5)

Any nuclear model used to describe neutrino–nucleus scattering should first be validated against these data. Since the
vector part of the weak response is related to the electro-magnetic response through CVC, such a test is necessary, but not
sufficient, to ensure the validity of a model for given kinematics, namely given values of the transferred energy ! (⌘ ⌫) and
momentum q. The main challenges in connecting electron and neutrino reactions:

• matching models used to predict neutrino–nucleus observables to photon and electron scattering data;
• expanding theory to include more semi-inclusive predictions;
• provide semi-inclusive neutron, proton and pion data sets with as broad an angular range as possible in order to test

final state interaction models implemented in MC generators.

2.5. Challenges: Quasielastic peak region (Section 6)

The charged current quasielastic (CCQE) reactions

⌫µn ! µ�p, ⌫̄µp ! µ+n

are the most important when the neutrino flux is predominantly sub-GeV, such as in the T2K or MicroBooNE experiments.
However CCQE remains significant even at higher neutrino energies, such as in the NOvA and DUNE experiments. While the
CCQE reaction is uniquely defined in the case of a free nucleon target, in the case of neutrino–nucleus scattering it usually
refers to a neutrino bound–nucleon interaction in which the intermediate vector boson is absorbed by only one nucleon and
there are no pions in the observed final state. This is often referred to as a ‘‘CCQE-like’’ interaction.

Even though its experimental identification can be ambiguous due to hadronic final-state interaction effects, unbiased
reconstruction of the interacting neutrino energy is simpler for CCQE than for any other reaction channel, so its systematic
error should be the smallest and most robust. Apart from the significant nuclear effects, the theory of CCQE scattering is
straightforward and in the one boson exchange approximation is reduced to a knowledge of several vector and axial form
factors of the nucleon.

The major challenges for this reaction channel are:

• improvement of our knowledge of the axial part of the nucleon–nucleon transition matrix elements via

1. a new high-statistics hydrogen and/or deuterium cross section experiment; or
2. lattice-QCD calculations of the nucleon form factors at the same level of quality and precision as for meson form

factors used in quark-flavor physics;

• the inclusion of radiative corrections is critical for required precision cross sections. Radiative corrections impact
theoretical predictions for absolute cross section normalizations, kinematic distributions, and ⌫µ/⌫e cross section
ratios;

• refinement of the theoretical description of correlated nucleon effects, especially in view of large differences in
predictions, and then implement the best description(s) in Monte Carlo generators;

• extension of the reach of ab initio computations of nuclear structure beyond nonrelativistic kinematics in light nuclei
and to a greater portion of phase space;

• improvement of final state interaction models implemented in MC generators;
• exploration of the phenomenon of superscaling (the empirical observation that electron-scattering inclusive experi-

mental results can be brought into a form relying on a single kinematic variable) to consider extending this concept
and testing it in neutrino scattering.
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2. lattice-QCD calculations of the nucleon form factors at the same level of quality and precision as for meson form
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• the inclusion of radiative corrections is critical for required precision cross sections. Radiative corrections impact
theoretical predictions for absolute cross section normalizations, kinematic distributions, and ⌫µ/⌫e cross section
ratios;

• refinement of the theoretical description of correlated nucleon effects, especially in view of large differences in
predictions, and then implement the best description(s) in Monte Carlo generators;
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and to a greater portion of phase space;
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mental results can be brought into a form relying on a single kinematic variable) to consider extending this concept
and testing it in neutrino scattering.

You'll hear more about this in the next talk!

(QE)
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Experiments

• N = overall normalization (e.g., mass)
• 𝛷𝛼 = flux of 𝜈𝛼

• 𝜎𝛽 = cross section for 𝜈𝛽

• 𝜀𝛽 = detection efficiency for 𝜀𝛽

• NOTE: 𝜎𝛽𝜀𝛽 always appear together. Define:

�32

R(Evis) = N

Z
dE�↵(E)��(E,Evis)✏�(E)P (⌫↵ ! ⌫� , E)

We do not measure the probability directly - we measure a rate:

�̃� = ��✏�

Slide inspired by P. Huber, NuInt2017
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Problem & Solution
• How do we know the components of the integral?
• How can we even determine the ratios for flavor and helicity 

combinations?
• Even if we know the cross sections from theory, we don't know 

efficiency ratios.
• But, we can measure ratios if we use two detectors!

�33

R↵!↵(Far)L2

R↵!↵(Near)
=

Nfar�↵�̃↵P (⌫↵ ! ⌫↵)

Nnear�↵�̃↵

R↵!↵(Far)L2

R↵!↵(Near)
=

Nfar

Nnear
P (⌫↵ ! ⌫↵)

Slide inspired by P. Huber, NuInt2017
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P (‹µ æ ‹µ) = 1 ≠ sin2 2◊32 sin2 #
1.27�m2

32 (L/E)
$

�34

http://www-numi.fnal.gov/PublicInfo/forscientists.html

Measure "Near"/Far

Fit Ratio

Extract Physics!

⇠ �m2
32

⇠ sin2 2✓32
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But, another (harder) problem!

• The above equations were for a disappearance measurement. For 
appearance measurements:

• It is even worse than that, because the efficiencies and the cross sections 
will both change for antineutrinos.

�35 Slide inspired by P. Huber, NuInt2017

R↵!�(Far)L2

R↵!�(Near)
=
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R↵!�(Far)L2

R↵!�(Near)
=

Nfar

Nnear

�̃�

�̃↵
P (⌫↵ ! ⌫�)
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But wait - because our beams aren't pure, we're saved, right?

• The oscillated flux is different for a given species, so energy-
dependent effects never really cancel.

• You need independent, external measurements to constrain your 
cross section model. Using internal measurements only introduces 
a degree of circularity.

• If you are truly able to build identical near and far detectors, 
projecting your near detector measurement to the far detector to 
compute an expected spectrum is a powerful technique. But...
- It is hard to build identical near and far detectors!
- If nothing else, you typically want your far detector to be much, much larger 

than your near detector. Even assuming perfect calibration this has 
important consequences for the acceptance in both detectors.

- Scaling the same technology in the same way is also challenging. Typically 
technologies that scale well for both small and large detectors involve 
making granularity sacrifices in the near detector.
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• Impulse approximation: scatter off 
independent single nucleons summed 
(incoherently) over the nucleus.

• In the FGM, all the nucleons are non-
interacting and all states are filled up to 
kF.

• The IA becomes problematic when the 
momentum transfer is smaller than 
~300 MeV (think about the de Broglie 
wavelength and remember 1 fm = 1/200 
MeV).
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12C EB = 25 MeV pF = 220 MeV/c
It is nice to see this problem 
getting high-level attention.

Smith and Moniz, 1972, Nucl. Phys. B43, 605

90 8. Models of the nucleus

pF = pF,n = pF,p =
~
R0

µ
9π

8

¶1/3
≈ 250 MeV/c (8.5)

Hence, the nucleons move in the nucleus with large momentum.

— The Fermi energy is the energy of the highest occupied nucleon level:

EF =
p2F
2mN

≈ 33 MeV (8.6)

mN denotes the nucleon mass (mn ≈ mp in the present context). The difference B0 between
the edge of the potential well and the Fermi level is rather constant for different nuclei and
equals the average binding energy per nucleon, B/A ≈ 7 − 8 MeV (note that, since the
potential well is created by the nucleons, removing a few of them changes the well depth in
a way that B0 stays approximately constant). Hence, the depth of the potential well, V0, is
approximately independent of A and given by

V0 = EF +B0 ≈ 40 MeV (8.7)

Kinetic and potential energies of the nucleons are thus of the same order. In this sense,
nucleons are rather weakly bound in the nucleus (similar to the case of electrons in a metal).

Fig. 8.1. Sketch of the proton and neutron potential wells and states in the Fermi gas model [B. Povh
et al., Particles and Nuclei, Springer, 2002].

• Coulomb repulsion of the protons leads to an asymmetry in Z and N :

— The neutron potential well is deeper than the proton one, since the former have no Coulomb
interaction. On the other hand, for a stable nucleus, the Fermi levels of the protons and the
neutrons have to be the same, otherwise it would decay to an energetically more favourable
state through a β transition. As a result, there are more neutron states than proton states
occupied, which explains the fact that N > Z for heavier stable nuclei.

— The binding energy as a function of N −Z can be estimated using the Fermi-gas model: the
mean kinetic energy per nucleon is

hEkini =
R pF
0

Ekinp
2dpR pF

0
p2dp

=
3

5

p2F
2mN

≈ 20 MeV (8.8)

The total kinetic energy of the nucleus is

Ekin (N,Z) = N hEkin,ni+ Z hEkin,pi =
3

10mN

¡
Np2F,n + Zp2F,p

¢
(8.9)

Nucleon not at rest: Fermi Gas Model

B. Povh et al, Particles and Nuclei, Springer 2002

Bosons and fermions

Bosons and fermions at zero temperature

NUCS 342 (Lecture 9) February 2, 2011 13 / 34
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You can’t use 
the Fermi Gas 

Model anymore!

Nucleon not at rest: Fermi Gas Model
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neutrons have to be the same, otherwise it would decay to an energetically more favourable
state through a β transition. As a result, there are more neutron states than proton states
occupied, which explains the fact that N > Z for heavier stable nuclei.
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• Impulse approximation: scatter off 
independent single nucleons summed 
(incoherently) over the nucleus.

• In the FGM, all the nucleons are non-
interacting and all states are filled up to 
kF.

• The IA becomes problematic when the 
momentum transfer is smaller than 
~300 MeV (think about the de Broglie 
wavelength and remember 1 fm = 1/200 
MeV).
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QE Cross Section

• Early formalism by Llewellyn Smith.
• Vector and Axial-Vector Components.

- Vector piece can be lifted from (“easier”) electron scattering data.
- We have to measure the Axial piece.

• Q2 is the 4-momentum transfer (-q2).

• s and u are Mandelstam variables.

• The lepton vertex is known; the nucleon structure is parameterized with 2 vector 
(F1, F2) and 1 axial-vector (FA) form factors. 

- Form factors are f(Q2) and encoded in A, B, and C.
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C. H. Llewellyn Smith, Phys. Rept. 3 261 (1972).

d�

dQ2
=

M2G2
F cos

2 ✓c
8⇡E2

⌫

"
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�
Q2

�
±B

�
Q2

� s� u

M2
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�
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�
(s� u)2
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#

ν Cross Section:
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A ' t

M2

⇣
|f1V |2 � |fA|2

⌘
+

t2

4M2

⇣
|f1V |2 + ⇠2 |f2V |2 + |fA|2 + 4⇠Re (f1V f

⇤
2V )
⌘

+
t3⇠2

16M6
|f2V |2

B ' 1

M2
(Re (f1V f

⇤
A) + ⇠Re (f2V f

⇤
A)) t

C =
1

4

 
|f1V |2 + |fA|2 �

⇠2 |f2V |2

4M2
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!

�41

Form Factors

The form factors (f) contain parameterized information about the target 
(general shape of the form factors comes from symmetry arguments). 

Not calculable from first principles, instead we measure them 
experimentally.

fA
�
q2
�
=

fA (0)
⇣
1� q2

M2
A

⌘2

fA is the axial-vector form factor. We must 
measure this in ν-scattering. The dipole has been 

dominant, but that is changing...

*See e.g. PRD 84, 7, 073006 (2011)
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Lattice QCD and neutrino-nucleus scattering
• New neutrino-nucleon data will be hard to come by, making lattice 

contributions potentially critical.
• We have started to phase out the dipole form factor in favor of the 

model-independent z-expansion (lattice program ongoing to compute 
the elements of the z-expansion):
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Dipole Form Factor

Most analyses assume the Dipole axial form factor
(Llewellyn-Smith, 1972):

F dipole
A (Q2) = gA1

1 + Q2

m2
A

22

[Phys.Rept.3 (1972),261]
Dipole is an ansatz:

unmotivated in interesting energy region
=∆ uncontrolled systematics and therefore underestimated uncertainties

Large variation in mA over many experiments
(dubbed the “axial mass problem”):
I mA = 1.026 ± 0.021 (Bernard et al., [arXiv:00107088])
I me�

A = 1.35 ± 0.17 (MiniBooNE, [arXiv:1002.2680])

Essential to use well-motivated parameterization of FA
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z Expansion
The z Expansion [arXiv:1108.0423] is a conformal mapping which takes

kinematically allowed region (t = ≠Q2 Æ 0) to within |z| < 1

z(t; t0, tc) =
Ô

tc ≠ t ≠ Ô
tc ≠ t0Ô

tc ≠ t +
Ô

tc ≠ t0
FA(z) =

Œÿ

n=0

anzn tc = 9m2
fi

I Motivated by analyticity arguments from QCD
I Only few parameters needed to get good description of form factor
I Sum rules regulate large-Q2 behavior
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z-expansion: conformal mapping taking kinematically allowed region (t = -Q2) to |z| < 1.

Model-independent determination of the axial mass parameter
in quasielastic neutrino-nucleon scattering
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Quasielastic neutrino-nucleon scattering is a basic signal process for neutrino oscillation studies.

At accelerator energies, the corresponding cross section is subject to significant uncertainty due to the

poorly constrained axial-vector form factor of the nucleon. A model-independent description of the axial-

vector form factor is presented. Data from the MiniBooNE experiment for quasielastic neutrino scattering

on 12C are analyzed under the assumption of a definite nuclear model. The value of the axial mass

parameter, mA ¼ 0:85þ0:22
#0:07 $ 0:09 GeV, is found to differ significantly from extractions based on tradi-

tional form factor models. Implications for future neutrino scattering and pion electroproduction

measurements are discussed.

DOI: 10.1103/PhysRevD.84.073006 PACS numbers: 13.15.+g, 11.55.#m, 13.60.#r, 14.20.Dh

I. INTRODUCTION

High statistics neutrino experiments are probing the
hadronic structure of nuclear targets at accelerator energies
with ever greater precision. Extracting the underlying
weak-interaction parameters, or new physics signals, re-
quires similar precision in the theoretical description of the
strong interactions.

A basic cross section describes the charged-current qua-
sielastic scattering process on the neutron,

!" þ n ! "# þ p: (1)

Recent evidence indicates a tension between measure-
ments of this process in neutrino scattering at low [1–4]
and high [5] neutrino energies, and between results from
neutrino scattering and results inferred from pion electro-
production [6]. In particular, with a commonly used dipole
ansatz for the axial-vector form factor of the nucleon,

Fdipole
A ðq2Þ ¼ FAð0Þ

½1# q2=ðmdipole
A Þ2(2

; (2)

different experiments have reported values for the so-

called axial mass parameter mdipole
A . World averages

reported by Bernard et al. [6] find comparable values
obtained from neutrino scattering results prior to 1990,

mdipole
A ¼ 1:026$ 0:021 GeV, and from pion electro-

production, mdipole
A ¼ ð1:069# 0:055Þ $ 0:016 GeV.1 The

NOMAD Collaboration reports [5] mdipole
A ¼ 1:05$

0:02$ 0:06 GeV. In contrast, MiniBooNE reports [3]

mdipole
A ¼ 1:35$ 0:17 GeV, and other recent results from

the K2K SciFi [1], K2K SciBar [7], and MINOS [8]
Collaborations similarly find central values higher than
the above-mentioned world average. Quasielastic

neutrino-nucleon scattering (1) is a basic signal process
in neutrino oscillation studies. It is essential to obtain
consistency between experiments utilizing different beam
energies, and different nuclear targets.
While a number of effects could be causing this tension,

we here investigate perhaps the simplest possibility: that
the parametrizations of the axial-vector form factor in
common use are overly constrained. Such a possibility
seems natural, considering that the dipole ansatz has
been found to conflict with electron scattering data for
the vector form factors. We do not offer new insight on
whether other effects, such as nuclear modeling, could also
be biasing measurements. However, we point out that by
gaining firm control over the nucleon-level amplitude, such
nuclear physics effects can be robustly isolated.
The axial mass parameter as introduced in (2) is not

well-defined, since the true form factor of the proton does
not have a pure dipole behavior. Sufficiently precise mea-
surements forced to fit this functional form will necessarily

find different values for mdipole
A resulting from sensitivity

to different ranges of q2. Let us define the axial mass para-

meter in terms of the form factor slope at q2 ¼ 0: mA ¼
½F0

Að0Þ=2FAð0Þ(#1=2. This definition is model-independent,
and allows us to sensibly address tensions between differ-
ent measurements. To avoid confusion, whenever (2) is

used we refer to the extracted parameter asmdipole
A . We will

show that the slope at q2 ¼ 0 is essentially the only rele-
vant shape parameter for current data atQ2 & 1 GeV2, and
introduce the formalism to systematically account for the
impact of other poorly constrained shape parameters on the
determination of mA. A related study of the vector form
factors of the nucleon was presented in [9].
The paper is structured as follows. In Sec. II we discuss

the application of analyticity and dispersion relations to the
axial-vector form factor of the nucleon. Section III presents
results for the extraction of the axial-vector form factor
slope from MiniBooNE data. We illustrate constraints

1The difference 0.055 is a correction to the conventional
representation of the pion electroproduction amplitude, as pre-
dicted by heavy baryon chiral perturbation theory [6].
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