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O V E R V I E W:
• Introduction to neutrino oscillation experiments 

• How are neutrino oscillations measured? 

• An overview of the current program and a survey of a few problems 

• Some words about generators 

• What is the role of relativity in neutrino-nucleus collisions? 

• What new electron scattering measurements can be useful for this program? 

• Yes! 

• How can better theory be implemented in neutrino generators simulations? 

• Yes!
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N E U T R I N O  O S C I L L AT I O N
• Neutrino come in three “flavor” eigenstates (νe, νµ, ντ) 

• Determined by how their weak interaction properties 

• Corresponding “antineutrinos” for each 

• Likewise, neutrinos come in three mass eigenstates (ν1, ν2, ν3 ) 

• energy eigenstates which are stationary under time evolution 

• The mass and flavor eigenstates “mix” 

• Neutrinos are produced in flavor eigenstates (by weak interaction) 

• Mass eigenstates evolve differently in time . . ..  

• New flavor components appear  . . . . . “neutrino oscillations” 

• For a two neutrino species, a simple formula results
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M E A S U R I N G  O S C I L L AT I O N S
• Start with a beam in a (relatively) pure flavor state 

• Observe oscillations at a fixed baseline (L) by: 

• “Appearance” 

• new flavor in the beam arising from oscillations 

• “Disappearance” 

• deficit of original flavor due to oscillations into new flavors 

• In each case, we want to measure as a function of neutrino 
energy to obtain the probability as a function of Eν
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• More formally . . . we can predict the expected spectrum at the “far” detector (FD) as 

• An essential strategy is also to observe the “same” neutrino beam with a “near” detector (ND)at L~0 

x P(E;L)

x=0

“Far”

measure with 
near detector
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R is what takes us from physics which depend on the “true” 
neutrino energy to what we actually observe (N, Erec) 

R is a combination of neutrino interaction modeling (what comes 
out) and what the detector sees (efficiency, resolution, etc.)



N E U T R I N O  E N E R G Y  R E C O N S T R U C T I O N
• Two basic approaches: 

• Kinematic: 

• Selection events which correspond to a “well defined” reaction and use the inferred kinematics  

• e.g. target ν+n→μ+p interactions by selection pionless events and assume the kinematics: 

•   

• Calorimetric: 

• Add up the energy of all the products detected in the neutrino reaction 

• Issues: 

• Kinematic: 

• Reactions like “ν+n→μ+p” do not really exist on a nucleus 

• Rely on modeling to predict the outgoing muon kinematics for events with targeted topology (e.g. “pionless”) 

• Calorimetric 

• Energy reconstruction depends on particle composition of outgoing particles (e.g. neutrons) 

• Rely on modeling outgoing particles inclusively across all types of neutrino interactions that are selected

!5

ERec =
mNEµ �m2

µ/2

mN � Eµ + |~pµ| cos ✓µ
<latexit sha1_base64="lZ5Gu3TEkUc3K8g3M54ieSgBNnc="></latexit><latexit sha1_base64="lZ5Gu3TEkUc3K8g3M54ieSgBNnc="></latexit><latexit sha1_base64="lZ5Gu3TEkUc3K8g3M54ieSgBNnc="></latexit><latexit sha1_base64="lZ5Gu3TEkUc3K8g3M54ieSgBNnc="></latexit>

Reminder: R(Eν, Erec) tells us how a neutrino of energy 
Eν will be reconstructed to get Erec



N E U T R I N O  B E A M S
• With few exceptions (e.g. stopped meson beams), we are always presented with a spectrum of neutrinos 

• For any observed neutrino interaction, we do not know its energy 

• It must be inferred from the products emerging from the reaction 

• Nuclear modeling is essential not only for predicting event rates, but the energy spectrum 

• Whether in the near or far detector, what we observed is inherently flux-averaged  

• ND inherently cannot tell you how a neutrino of Eν appears in the detector (i.e. R(Eν, Erec)) 

• This requires modeling  

• The best it can do is tell you that your model of Rν agrees or disagrees in a flux averaged sense 

• “Agrees” is necessary but not sufficient for “correct”
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T O Y  E X A M P L E • For simplicity, assume: 

• Monoenergetic source of να whose true energy is 
600 MeV, but unknown to experiment 

• cross section is known to be flat: σν(Eν) = c 

• Δm2 is known (2.5x10-3 eV2) 

• sin22θ = 0.5 but is unknown 

• Near/Far Detectors respond identically 

• But: 

• True R(Eν, Erec) is “diagonal”: Erec=2/3 Eν 

• Incorrect modeling: assume R(Eν, Erec) is Eν = Erec 

•  ~incorrectly assume events are QE when in fact 
they are Δ resonance 

• Two ways to look at situation: 

• Based on “correct” oscillation parameters 
predicted FD event rate is off from what it should. 

•  Observed rate indicates  sin22θ = 0.75 (not 0.5) 

• In either case, we are evaluating oscillation 
probability at the wrong Eν
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“ R E A L ” E X A M P L E  F R O M  N O VA

• Neutrino event rate vs. En is “corrected” by observed near detector spectrum 

• Correction depends on R:  

• Incorrect model gives incorrect parameters:  systematic errors propagated by varying R
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Figure 12.20: The NOvA “reco-true-reco” strategy for extrapolating discrepancies
between near detector simulation and data to the far detector. This plot is explained
in detail in the text.

For comparison, the far-to-near is about 0.0006 at 2 GeV as shown in the bottom,
third-to-left panel. This results in an un-oscillated prediction of the far detector
histogram, f̂
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Multiplying by an oscillation probability for the ⌫µ ! ⌫µ flavor transition, shown in
the bottom, fourth-from-the-left, the oscillated, constrained far detector event count
in true energy, ê
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where E⌫ is determined by the center of bin i. This is the distribution in the bottom,
fifth-from-the-left.

After this, the last remaining step is to fold the true energy distribution back into
reconstructed energy bins using the migration matrix M
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ik

, shown in the bottom
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This final prediction is shown on the top right. When performing a fit, the predicted
spectra at several test oscillation parameters must be generated. To be compatible
with this, for each flavor transition constraint, it is possible to predict the component
for an arbitrary choice of oscillation parameters.

Eν



A N O T H E R  A P P R O A C H  ( T 2 K )
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𝜙ν σν
• Fit model parameters to near detector 

• “model” = flux, cross section, detector  

• Updated model includes new parameter 
values and covariance matrix 

• New model is “transported” to far 
detector prediction 

• Some non-parametrized model variations are 
considered separately

ND DATA

ND DATA

FIT FITFIT



“ L O N G - B A S E L I N E ”  E X P E R I M E N T S

• Accelerator-based neutrino beams have been sent to detectors 
hundreds of km away on three continents 

• Key elements 

• Precision measurements of neutrino mixing parameters 

• CP violation, matter effects to resolve mass ordering

T2K and 
T2HKK (295 km)

NOvA (812 km)
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DUNE/LBNF: FNAL to Homestake: 1300 km

• Experiments require: 

• O(MW) proton beams 
to produce neutrino 
beams 

• O(101-2 kt) detectors 
situated hundreds of 
kilometers away



N E U T R I N O  F L U X  A N D  I N T E R A C T I O N S
• Accelerator-based neutrino beams produce O(GeV)  neutrinos 

• Pure νμ beams with O(1%) νe contamination from pion decays 

• Likewise νμ beams can be produced 

• At nucleon-level, we have: 

• Quasi-elastic scattering  

• Resonant pion producition 

• Deep inelastic scattering 

• Modeling relies heavily on “impulse approximation” 

• Neutrinos interactions are inherently at the nucleon (or quark) level 

• Initial state dynamics typically modeled with Relativistic Fermi Gas 

• Final state dynamics via intranuclear cascade 

• A few coherent processes considered 

• Relativistic effects important for most processes
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FIG. 1. Neutrino fluxes, as a function of energy, of current and future accelerator-based neutrino

experiments. The fluxes relevant to neutrino interaction measurements are shown, from the T2K

experiment o↵-axis near detector (ND) [3], NOvA ND [4], and MINERvA (Low Energy configura-

tion only [5]). One future program, DUNE [6], is shown; the HK flux is very similar to the T2K

ND o↵-axis flux. Also overlaid are the total CC cross section divided by energy, according to the

GENIE 2.12.8 reference model (described in Appendix A).

the flavor of the charged lepton produced, the charge of which also distinguishes neutrinos

from anti-neutrinos. The main contributions to the CC cross section for the GENIE 2.12.8

reference model used throughout this review are also shown. The reference model is described

in Appendix A, and is an up to date Monte Carlo simulation used widely in the field. At

low E⌫ . 1 GeV, the cross section is dominated by the lowest energy transfer process,

charged-current quasi-elastic (CCQE) scattering ( ⌫
(–)

l + A ! l�(+) + A0 + p(n)), which

is also called single nucleon knock-out, or 1p1h (one particle, one hole). There are also

significant contributions from multiple-nucleon knock-out (2p2h), where the interaction is

with more than one nucleon in the nucleus (⌫l+A(n, p) ! l�+A0+p+p and ⌫ l+A(n, p) !

l++A0+n+n2). At higher energy transfers, nucleon resonances (RES) can be excited, which

2 Note this is an approximation for illustration. There are significant questions about the proton, neutron
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L O R E
• The issue of neutrino-nucleus modeling is intimately coupled to how we use the near detector 

• Some things I have heard: 

• The purpose of the near detector is to measure the neutrino flux 

• This is a useful thing for the near detector to do (via leptonic processes), but it is not sufficient 

• n.b. measuring the neutrino flux at ND requires you to know the cross section (observable is φ x σ) 

• What we need to know is the neutrino cross section versus energy 

• This is a useful thing to know, but it is not sufficient in itself 

• We need our models to also predict efficiencies and response 

• We’re doing a counting experiment so shape doesn’t matter 

• Still need true neutrino spectrum to calculate overall oscillation probability 

• The near detector data agrees with our model hence the model must be correct 

• Disagreement with the near detector indicates mismodeling 

• But agreement does not mean the model is correct 

• If the flux at ND/FD are the same, and the ND/FD detectors respond identically, systematic errors cancel 

• ND/FD fluxes are not the same: we have oscillations at the FD 

• Many systematics may cancel, but we must still know Eν (as opposed Erec) in order to predict the FD events correctly
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S. Zeller, JLAB Workshop, May 2015 

Some of the Challenges 
6 

•  ν beams are not mono-energetic ! multiple processes contributing at a given Eν"
  (broad flux of neutrinos illuminating the detector) 

•  σν’s are not particularly 
  well-constrained in the 
  region we care about  

•  ν experiments use nuclear  
  targets; nuclear effects  
  significantly alter σν’s, f.s.  
  particle topology/kinematics 
  (all of this phyx has to go into generators) 

•  at the end of the day, have to 
  infer Eν from what we observe  NOvA 

DUNE &

CNGS T2K, BNB 



M E A S U R E M E N T S

• Four primary channels: 

• νμ disappearance:  P(νμ→ νμ)  (measures primarily θ23 and Δm231) 

• νe appearance:       P(νμ→νe) 

• νμ disappearance:  P(νμ→ νμ) ( measures primarily θ23 and Δm231) 

• νe appearance:       P(νμ→νe)
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• CP odd phase δ can result in 

• asymmetry of oscillation probabilities P(νµ→νe) ≠ P(νµ→νe) 

• distortion of νe/νe appearance spectrum 

• θ23 (as opposed to 2θ23) dependence allows “octant” resolution if θ23≠45° 

• Mass hierarchy sensitivity through x: νe/νe enhanced in normal/inverted hierarchy
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M. Freund,  Phys.Rev. D64 (2001) 053003
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A  F E W  N O T E S
• Implicit in discussion is that modeling the signal is as important as modeling the background 

• “discovery” phase of neutrino oscillations to precision phase 

• CP violation in neutrinos is expected to be 30% in maximal cases  

• Much better precision in oscillated expectation needed if CPV is non-maximal 

• We also want to precisely measure the oscillation parameters, including δCP  

• “2%” 

• Three major nuclear targets/detector technologies 

• H2O: water Cherenkov detectors (Super-Kamiokande, Hyper-Kamiokande) 

• CH(2): plastic, liquid scintillator (NOvA, MIniBooNE) 

• Ar: Liquid and gas argon time projection chambers (MicroBooNE, ICARUS, SBND, DUNE) 

• Enormous investment now and into the future 

• cf. US P5 Report 

• Ongoing momentum on DUNE/LBNF in USA 

• Recent “pre-approval” of Hyper-Kamiokande in Japan
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ν - A  I N D U S T RY
• NuINT: 

• 12th Workshop since 2000 

• Vibrant and growing! 

• Also now a standard part of NuFACT and Neutrino conference series 

• Review papers: (just a sample)
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The precise measurement of neutrino properties is among the highest priorities in fundamental
particle physics, involving many experiments worldwide. Since the experiments rely on the interac-
tions of neutrinos with bound nucleons inside atomic nuclei, the planned advances in the scope and
precision of these experiments requires a commensurate e↵ort in the understanding and modeling
of the hadronic and nuclear physics of these interactions, which is incorporated as a nuclear model
in neutrino event generators. This model is essential to every phase of experimental analyses and
its theoretical uncertainties play an important role in interpreting every result.

In this White Paper we discuss in detail the impact of neutrino-nucleus interactions, especially
the nuclear e↵ects, on the measurement of neutrino properties using the determination of oscillation
parameters as a central example. After an Executive Summary and a concise Overview of the
issues, we explain how the neutrino event generators work, what can be learned from electron-
nucleus interactions and how each underlying physics process—from quasi-elastic to deep inelastic
scattering—is understood today. We then emphasize how our understanding must improve to meet
the demands of future experiments. With every topic we find that the challenges can be met only
with the active support and collaboration among specialists in strong interactions and electroweak
physics that include theorists and experimentalists from both the nuclear and high energy physics
communities.
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Neutrino Scattering Theory Experiment Collaboration http://nustec.fnal.gov
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Abstract. A precise description of neutrino-nucleus reactions will play a key role in
addressing fundamental questions such as the leptonic CP violation and the neutrino
mass hierarchy through analyzing data from next-generation neutrino oscillation
experiments. The neutrino energy relevant to the neutrino-nucleus reactions spans
a broad range and, accordingly, the dominant reaction mechanism varies across the
energy region from quasi-elastic scattering through nucleon resonance excitations to
deep inelastic scattering. This corresponds to transitions of the effective degree of
freedom for theoretical description from nucleons through meson-baryon to quarks.
The main purpose of this review is to report our recent efforts towards a unified
description of the neutrino-nucleus reactions over the wide energy range; recent overall
progress in the field is also sketched. Starting with an overview of the current
status of neutrino-nucleus scattering experiments, we formulate the cross section to
be commonly used for the reactions over all the energy regions. A description of the
neutrino-nucleon reactions follows and, in particular, a dynamical coupled-channels
model for meson productions in and beyond the ∆(1232) region is discussed in detail.
We then discuss the neutrino-nucleus reactions, putting emphasis on our theoretical
approaches. We start the discussion with electroweak processes in few-nucleon systems
studied with the correlated Gaussian method. Then we describe quasi-elastic scattering
with nuclear spectral functions, and meson productions with a ∆-hole model. Nuclear
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Progress and open questions in the physics of neutrino cross sections
at intermediate energies
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New and more precise measurements of neutrino cross sections have renewed the interest in a
better understanding of electroweak interactions on nucleons and nuclei. This effort is crucial to
achieve the precision goals of the neutrino oscillation program, making new discoveries, like the
CP violation in the leptonic sector, possible. We review the recent progress in the physics of
neutrino cross sections, putting emphasis on the open questions that arise in the comparison with
new experimental data. Following an overview of recent neutrino experiments and future plans, we
present some details about the theoretical development in the description of (anti)neutrino-induced
quasielastic scattering and the role of multi-nucleon quasielastic-like mechanisms. We cover not
only pion production in nucleons and nuclei but also other inelastic channels including strangeness
production and photon emission. Coherent reaction channels on nuclear targets are also discussed.
Finally, we briefly describe some of the Monte Carlo event generators, which are at the core of all
neutrino oscillation and cross section measurements.
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Over the last decade, there has been enormous e↵ort to measure neutrino interaction cross sec-
tions important to oscillation experiments. However, a number of results from modern experiments
appear to be in tension with each other, despite purporting to measure the same processes. The
TENSIONS2016 workshop was held at University of Pittsburgh July 24-31, 2016 and was sponsored
by the Pittsburgh High Energy Physics, Astronomy, and Cosmology Center (PITT-PACC). The
focus was on bringing experimentalists from three experiments together to compare results in detail
and try to find the source of tension by clarifying and comparing signal definitions and the analysis
strategies used for each measurement. A set of comparisons between the measurements using a
consistent set of models was also made. This paper summarizes the main conclusions of that work.
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Abstract. Neutrino oscillations physics is entered in the precision era. In this context
accelerator-based neutrino experiments need a reduction of systematic errors to the level of
a few percent. Today one of the most important sources of systematic errors are neutrino-
nucleus cross sections which in the hundreds-MeV to few-GeV energy region are known
with a precision not exceeding 20%. In this article we review the present experimental and
theoretical knowledge of the neutrino-nucleus interaction physics. After introducing neutrino
oscillation physics and accelerator-based neutrino experiments, we overview general aspects
of the neutrino-nucleus cross sections, both theoretical and experimental views. Then, we
focus on these quantities in different reaction channels. We start with the quasielastic and
quasielastic-like cross section, putting a special emphasis on multinucleon emission channel
which attracted a lot of attention in the last few years. We review the main aspects of the
different microscopic models for this channel by discussing analogies and differences among
them. The discussion is always driven by a comparison with the experimental data. We
then consider the one pion production channel where data-theory agreement remains very
unsatisfactory. We describe how to interpret pion data, then we analyze in particular the puzzle
related to the impossibility of theoretical models and Monte Carlo to simultaneously describe
MiniBooNE and MINERvA experimental results. Inclusive cross sections are also discussed,
as well as the comparison between the nµ and ne cross sections, relevant for the CP violation
experiments. The impact of the nuclear effects on the reconstruction of neutrino energy and on
the determination of the neutrino oscillation parameters is reviewed. A window to the future
is finally opened by discussing projects and efforts in future detectors, beams, and analysis.

Submitted to: J. Phys. G: Nucl. Phys.
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Abstract
This article reviews our present knowledge of neutrino interactions with
nucleons and discusses the interactions with nuclei, the target material of all
presently running and planned long-baseline experiments. I emphasize de-
scriptions of semi-inclusive reactions and full descriptions of the final state;
the latter are needed to reconstruct the incoming neutrino energy from final-
state observations. I then discuss Monte Carlo generator and more advanced
transport-theoretical approaches in connection with experimental results on
various reaction mechanisms. Finally, I describe the effects of uncertainties
in the reconstruction of the incoming neutrino energy on oscillation param-
eters. The review argues that the precision era of neutrino physics also needs
precision-era generators.
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From eV to EeV: Neutrino Cross-Sections Across Energy Scales
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Since its original postulation by Wolfgang Pauli in 1930, the neutrino has played a
prominent role in our understanding of nuclear and particle physics. In the intervening
80 years, scientists have detected and measured neutrinos from a variety of sources,
both man-made and natural. Underlying all of these observations, and any inferences
we may have made from them, is an understanding of how neutrinos interact with
matter. Knowledge of neutrino interaction cross-sections is an important and necessary
ingredient in any neutrino measurement. With the advent of new precision experiments,
the demands on our understanding of neutrino interactions is becoming even greater.
The purpose of this article is to survey our current knowledge of neutrino cross-sections
across all known energy scales: from the very lowest energies to the highest that we hope
to observe. The article covers a wide range of neutrino interactions including coherent
scattering, neutrino capture, inverse beta decay, low energy nuclear interactions, quasi-
elastic scattering, resonant pion production, kaon production, deep inelastic scattering
and ultra-high energy interactions. Strong emphasis is placed on experimental data
whenever such measurements are available.
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I. INTRODUCTION

The investigation into the basic properties of the parti-
cle known as the neutrino has been a particularly strong
and active area of research within nuclear and particle
physics. Research conducted over the latter half of the
20th century has revealed, for example, that neutrinos
can no longer be considered as massless particles in the
Standard Model, representing perhaps the first signifi-
cant alteration to the theory. Moving into the 21st cen-
tury, neutrino research continues to expand in new direc-
tions. Researchers further investigate the nature of the
neutrino mass or explore whether neutrinos can help ex-
plain the matter-antimatter asymmetry of the universe.
At the heart of many of these experiments is the need

FERMILAB-PUB-12-785-E
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I S S U E S  I N  K I N E M AT I C  R E C O N S T R U C T I O N
• Kinematic reconstruction: 

• Observed as an “excess” of pionless ν-12C interactions at MiniBooNE 

• Fits well with MA ~1.35 GeV CCQE interactions! 

• Our understanding now is that these are ~3 things going on 

• CCQE, MEC, pionless Δ excitation 

• Kinematically different from single nucleon “quasi-elastic” interactions 

• Modeling of these interactions is one of the biggest issues in T2K 

• New kinematic handles, but still need modeling guidance

!17

S. Zeller, JLAB Workshop, May 2015 

What Does This All Mean? 
18 

•  neutrino QE scattering is not so simple when scattering off nuclei 
 - nuclear effects can significantly increase the interaction cross section 
   at certain energies and for certain kinematics 
 - idea that could be missing ~45% of σν in our simulations is a big deal  

•  good news: expect larger event yields 

•  bad news: need to understand the 
                  underlying physics 

(1) impacts Eν determination 

(2) effects will be different for ν vs. ν&
       (at worse, could produce a spurious CP effect)" Lalakulich, Gallmeister, Mosel,1203.2935 

ex: Ankowski et al., PRD 91, 033005 (2015);  Nieves et al., 1310.7091,  
PRD 85, 113008 (2012); Mosel et al., 1204.2269; Martini et al. PRD 85, 
093012 (2012); PRD 87, 013009 (2013); Lalakulich et al. PRC 86,  
054606 (2012); Leitner/Mosel PRC 81, 064614 (2010) 

leads to a reshaping of Eν"
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FIG. 1: (Color online) The spreading function d(Eν , Eν) of Eq. (4) per neutron of 12C in the

case of electrons evaluated for three Eν values. The genuine quasielastic (dashed lines) and the

multinucleon (dotted lines) contributions are also shown separately.

III. APPLICATIONS

A. T2K

Here the situation is relatively simple as one deals with a long baseline experiment [10, 11]

with oscillation mass parameters already known to a good accuracy. We have pointed out

[4] the interest of the study for T2K of the muon events spectrum both in the close detector

and in the far detector since the two corresponding muonic neutrino beams have different

energy distributions. The study of the reconstruction influence on the electron events in

the far SuperKamiokande detector was performed in our Ref. [4], it is discussed again here

in our new reversed perspective. The two muon beams in the close and far detectors and

the oscillated electron beam at the far detector having widely different energy distributions,

the effect of the reconstruction is expected to differ in all three. The muon neutrino energy

distribution in the close detector, normalized with an energy integrated value of unity,

Φνµ(Eνµ) is represented in Fig. 2 as a function of Eνµ. At the arrival in the far detector it

is reduced by a large factor which depends on the oscillation parameters and its expression
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I S S U E S  I N  C A L O R I M E T R I C  R E C O N S T R U C T I O N
• Detectors react differently to different particles: 

• Detection thresholds (tracking or particles below Cherenkov threshold 

• neutrons (not detected or just “tagged” without energy reconstruction) 

• Misidentified particles (e.g. π ↔ p) 

• Electromagnetic showers (incomplete shower reconstruction) 

• Particle content matters!

!18

Visible Energy in 𝜈 Interactions
X DUNE will see mixture of QE, RES, and DIS interactions

X Neutrino energy reconstruction via calorimetry (over kinematic 
reconstruction)

X Missing visible energy depends upon neutrino energy and is 
different for neutrino and antineutrino interactions

Lisa W. Koerner | CAPTAIN | 7/26/2017 7

• Large effect even for LAr 

• “low thresholds” 

• Fully active calorimetric target

L. Whitehead: CAPTAIN proposal to FNAL
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will preferentially be the muon. When the muon and proton are collinear, use of dE/dx information might
allow the individual particles to be resolved. This information is not yet exploited by the pattern recognition,
but is expected to yield improvements in the future.
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Fig. 11: Reconstruction efficiencies for the target muon and proton in simulated BNB CC nµ quasi-elastic
interactions, (a) as a function of the numbers of true hits, (b) as a function of true momenta and (c) as a
function of the true opening angle between the muon and proton.

Figure 12 shows the completeness and purity of the reconstructed particles with the strongest matches to
the target muon and proton; the distributions strongly peak at one. Figure 12a shows that it is more difficult to
achieve high reconstructed completeness for protons than for muons, as this can require collection of all hits
in complex hadronic shower topologies downstream of the main proton track. Figure 12b shows that there is
a notable population of low purity protons, which are those that just satisfy the requirements to be matched to
the target proton, but which also track significantly into the nearby muon.

Figure 12c shows the displacement of the reconstructed neutrino interaction vertex from the true, generated
position. It is found that 68% of events have a displacement below 0.74 cm. The 10.4% of events with a
displacement above 5 cm are mainly due to placement of the vertex at the incorrect end of one of the particle
tracks. This typically happens when there is a track of significant length with direction back towards the
beam source. The presence of decay electrons can also yield topologies where multiple, distinct particles are
associated with a specific point and can make the downstream end of the muon track appear to be a strong
vertex candidate.

6.2 BNB CC resonance events: nµ +Ar ! µ�+ p+p+

The performance for three-track final states is studied using simulated BNB CC nµ interactions with resonant
charged-pion production. A specific subset of events is selected: those with one reconstructable muon, one
reconstructable proton and one reconstructable charged pion in the visible final state. The true momentum
distributions for particles in selected BNB events peak at approximately 300 MeV for muons, 400 MeV for
protons and 200 MeV for charged pions. An example event topology is shown in Figure 13.

Table 2 shows that 95.1% of target muons, 86.8% of target protons and 80.9% of target pions result in a
single reconstructed particle; 70.5% of events are deemed correct, matching exactly one reconstructed particle
to each target MCParticle. The performance for muons and protons is similar to that observed for the quasi-
elastic events considered in Section 6.1. The fraction of muons with no matched reconstructed particles is
higher than for quasi-elastic events, because the muon and pion tracks can be merged into a single particle.
The pions will sometimes interact, leading to a MCParticle hierarchy of a parent and one or more daughter,
and this explains the frequency at which the target pion is matched to more than one reconstructed particle:
if the parent and daughter are reconstructed as separate particles, with no corresponding reconstructed parent-
daughter links, multiple matches to the target pion will be recorded.

20

As expected, target MCParticles are most likely to be merged into single reconstructed particles when the
targets are collinear. Figure 15 shows the completenesses and purities of the reconstructed particles with the
strongest matches to the target muon, proton and pion. The reported completeness is lowest for the target pions
because of the difficulty inherent in fully reconstructing the hierarchy of daughter particles, even when all the
separate particles are reconstructed.
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Fig. 14: Reconstruction efficiencies for the target muon, proton and charged pion in simulated BNB CC nµ
interactions with resonant pion production, (a) as a function of the numbers of true hits, (b) as a function of
true momenta and (c) as a function of the true opening angles to the nearest-neighbour target MCParticle. For
instance, for the muon in a given event, this would be the smaller of its true opening angles to the proton and
the charged pion.

Figure 15c shows the displacement of the reconstructed neutrino interaction vertex from the true, generated
position. It is found that 68% of events have a displacement below 0.48 cm, whilst 7.3% of events have a
displacement above 5 cm. The vertex reconstruction performance is better than for the quasi-elastic events
considered in Section 6.1. The presence of the pion track, whilst adding to the complexity of the events,
provides additional pointing information indicating the position of the interaction vertex.
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Fig. 15: Completeness (a) and purity (b) of the reconstructed particles with the strongest matches to the target
muon, proton and charged pion in simulated BNB CC nµ interactions with resonant pion production and (c)
the distance between generated and reconstructed 3D vertex positions.
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T H O U G H T S  O N  G E N E R AT O R S
• How can better theory be implemented in neutrino generators simulations? 

• “Event generator”:  

• Event generators do much more than calculate cross sections 

• They must generate complete interactions 

• We rely on them to evaluate detection efficiencies, misidentification of particles, etc. 

• We can tailor analyses to focus on particular aspects (lepton kinematics) but we still need to model everything else 

• “Frankenmodel”: 

• We need to combine different models to give the “inclusive” model 

• We have to ensure that the models are combined as consistently as possible (can be ugly!) 

• Left and right hands can be different, but we can’t have two left hands 

• New models need to find their place 

• Because of topological migrations, etc. we cannot consider a model “in vacuo” to make contact with measurements 

• Systematic Errors 

• New models are as important for evaluating potential errors as they are for “improving” models 

• A more realistic model may increase uncertainties!

!19



W H AT  G O E S  I N  T H E  G E N E R AT O R
• Physics is not important 

• traditionally, generators contain physics and calculate relevant cross sections 

• It is not essential that they do this . . . . 

• Some physics can be captured numerically (e.g. lookup table) or parametrized 

• Some differential cross sections and other “corrections” can be reweighed 

•  the physics does not need to “live” in the generator 

• Additionally, we need to be able to match data (particularly ND), not just new models  

• If a new model is within reach of reweighting, etc. we can “incorporate” it this way. 

• Physics is important 

• We need a clear understanding of how a given model relates to everything else in the generator 

• If we don’t, we need to account for that in the systematic error 

• Physics guides systematic/modelling uncertainties  

• How do we generate and propagate model variations through the generator?

!20



P R I S M * :
• Neutrino energy spectrum steadily marches downs and narrows 

as we go “off-axis” from the neutrino beam 

• This variation gives us an independent handle on neutrino energy 

• Data taken at different positions (spectra) can be combined (weighted 
and added, with oscillation probability!) to match far detector 
expectation 

• Directly measured expected event properties (e.g. Erec) 

• Pursued both from DUNE and Hyper-Kamiokande 

• Pushes modeling uncertainties to higher order 

• Need theoretical help: 

• Keeping now “higher order” corrections small enough 

• Probing robustness of method of this method and “traditional” 
approach
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E L E C T R O N  S C AT T E R I N G  
• e-A scattering is an essential test of models  

• A few specific tests beyond the “general” program 

• Tests of energy reconstruction 

• Lepton-hadron (proton) Kinematics 

• Outgoing hadron kinematics 

• Final state interactions 

• In each case, the techniques and tests should be 
performed with the generator in “e-A mode” 

• Some generators fully support this 

• Others may allow specific parts to be tested (e.g. FSI) 

• 4 π spectrometer/detector 

• It would be good to have a handle generally on all 
outgoing particles 

• Matches closely the situation with neutrino detectors 

• Comprehensive test of the model
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FIGURE 2. p± on free proton scattering cross sections. Data from the PDG and fits by SAID [10].
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muon kinematic bins, within a restricted proton kinematic phase space, compared to GENIE 2.12.4, NuWro 11q and NEUT
5.3.2.2 predictions which utilise an RFG or RFG+RPA nuclear model. GENIE’s RFG model also includes the empirical
correction from Bodek and Ritchie (BRRFG) [81]. The NEUT and GENIE predictions shown here are similar to those used
as a starting point for the T2K and NO⌫A experiment’s oscillation analyses respectively. More details of these models can be
found in Sec. IVA. The 2p2h subscript indicates whether it is an implementation of the Nieves et. al. model of Ref. [78] (N)
or the GENIE empirical 2p2h model (E). More details of these models can be found in Sec. IVA. Note that the first and last
bin in each plot is shortened for improved readability. The inlays show the same comparisons on a logarithmic scale.



C O N C L U S I O N S :
• Current and upcoming neutrino oscillation continue to require better nuclear theory 

• Numbers like “2%” are mentioned, but it is difficult to translate what that means 

• Intimately coupled to near detector measurement strategy of at an oscillation experiment 

• Strategy continues to evolve from past experiments  . . . . ..  

• Impressions: 

• It’s great that theorists can engage both with e-A and ν-A calculations! 

• ν-A: 

• Community is still evolving how to report measurements, and this will continue to improve/evolve 

• e-A: 

• This is a very important area for more development 

• specifically measurements that may be more directly applied towards ν-A issues 

• Needless to say, the tightly controlled kinematics of e-A provide a much better probe for many nuclear effects 

• A wide acceptance spectrometer can provide comprehensive tests of a model 

• This kind of activity requires a convergence of particle and nuclear physicists . . . this seems like a good place!
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