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Neutrino Fluxes - A New 
NuSTEC Topic?
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Table I. Mass contributions from various elements in the fidu-
cial volume used in this analysis.

Element Mass [kg] Fraction of Total
C 43,061 0.67
Cl 10,408 0.16
H 6,943 0.11
Ti 2,085 0.03
O 1,930 0.03

Others 174 < 0.01

length shifting fiber in the PVC cells collect and deliver
scintillation light to avalanche photodiodes. The result-
ing signals are digitized by custom front-end electronics
and all signals above a noise-vetoing threshold are sent
to a data bu↵er. A timestamp sent from the Fermilab
accelerator prior to the pulsed delivery of a 10 µs-long
beam spill starts the recording of 550 µs of data, which
is saved for analysis.

The downstream end of the detector is a “muon
catcher” designed to improve containment of muons pro-
duced in neutrino interactions up to ⇠2.5GeV. The
muon catcher consists of 10 layers of 10 cm thick steel ab-
sorbers interleaved with pairs of PVC/scintillator. The
muon catcher planes span the full detector width and the
lower 2/3rds of the detector height.

3. SIMULATION

Simulation is used in this analysis to calculate the in-
tegrated flux, selection e�ciencies and purities, estimate
energies, and e↵ects of detector resolutions. The analy-
sis also relies on simulation to optimize event selection
criteria and assess various systematic uncertainties that
can impact event rates and selection e�ciency and purity.
The simulation is a chain of steps that begins with the
generation of the neutrino beam and transport of all par-
ticles through the beamline to the detector. Interactions
of the neutrinos with the detector are then generated, af-
ter which the final-state particles are transported through
the detector. The generation, detection and digitization
of light in the detector are the final steps of the simula-
tion chain. Each step of the simulation chain, described
below, is matched to the real data-taking conditions in
beam intensity and total protons-on-target, wherever ap-
propriate.

The NuMI flux predictions start with a detailed sim-
ulation of the beamline components and the hadronic
showers that follow the primary proton striking a long
graphite target until the mesons decay to neutrinos. The
simulation is based on GEANT4 v9.2.p03 [20] with the
FTFP BERT hadronic model. The hadron production
model is adjusted using the PPFX package, which uses
external measurements on thin targets with the proce-
dure outlined in Ref. [21]. The NuMI flux prediction for
the neutrino beam mode at the NOvA near detector is
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Figure 2. Muon-neutrino flux spectrum at the NOvA near
detector below 5GeV. The shaded band represents the total
1-� flux uncertainty (hadron production and beam optics).
The ratio in the lower panel is the size of the flux correction
using PPFX [21] with respect to the GEANT4 v9.2.p03 [20]
FTFP BERT hadronic model.

shown in Fig. 2.
The simulated neutrino flux is passed through a de-

tailed description of the NOvA near detector geometry,
including surrounding rock, where interactions are sim-
ulated with the GENIE v2.12.2 [22, 23] event generator.
The initial state is simulated via the default Smith and
Moniz global relativistic Fermi gas (RFG) model [24].
Short-range nuclear correlations in the initial state [25]
are accounted for by the addition of a high-momentum
tail of the Fermi momentum distribution for single nu-
cleons [26]. The QE interactions are simulated according
to the formalism of Llewellyn Smith [27]. 2p2h interac-
tions are simulated using the Empirical MEC model [28].
Charged-current Res interactions are simulated via the
Rein and Sehgal model [29]. Inelastic scattering over
a large range of hadronic invariant masses, resulting in
a range of final state hadrons, is simulated using the
Bodek-Yang scaling formalism [30] coupled to a custom
hadronization model [31] and PYTHIA 6 [32]. Charged-
curret COH interactions are simulated using [33, 34].
The GENIE output has been adjusted to incorporate

advances in theory and experimental data [14]. These
modifications include adjustments to the CCQE and non-
resonant pion production interactions based on reevalu-
ated bubble chamber measurements; improved nuclear
models of CCQE kinematics; and suppression at low Q2

of resonant pion production. After applying these modifi-
cations, di↵erences in the shapes of the energy and three-
momentum transfer (q0,|~q|) distributions of near detec-
tor data and simulation were used to tune the Empir-
ical MEC model. These adjustments significantly en-
hance the agreement between selected muon-neutrino
candidates in the NOvA near detector data and simu-
lation across multiple kinematic variables such as visi-
ble hadronic energy and reconstructed four-momentum
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agated through the reconstruction and analysis chain.
Otherwise, the impact of a systematic source is estimated
by applying weights to events in the simulation.

For each individual source of systematic uncertainty,
a systematically shifted “universe” is simulated with a
±1� shift to the systematic source parameter. Calibra-
tion and muon energy scale are examples of systematic
uncertainties for which this approach is used. Other un-
certainties, such as neutrino cross-section modeling and
flux, are impacted by many sources and are calculated
with a multi-universe method. In this method, a hun-
dred or more universes are generated where parameters
influencing the uncertainty are drawn from a normal dis-
tribution, with a width that corresponds to the 1� un-
certainty on each systematic source parameter.

Uncertainties in the neutrino flux prediction arise from
the modeling of hadron production in the target, horns
and decay pipe, and from the modeling of the beam op-
tics. The hadron production uncertainty on the neutrino
flux after the adjustments explained in Sec. 3 is ⇠7% at
the spectrum peak. This uncertainty is dominated by in-
teractions for which there are no relevant external data to
be included in the adjustment procedure (mostly meson
and proton elastic and quasielastic scattering). Uncer-
tainties in beam optics are incorporated by propagating
uncertainties in the alignment and focusing of beamline
elements; this uncertainty is ⇠4% at the peak.

Detector response uncertainties include uncertainties
in the calibration of the visible hadronic energy scale and
simulation of light production and transport from the
liquid scintillator and wavelength-shifting fibers to the
photodetectors. A 5% di↵erence in the recorded energy
deposition as a function of distance traveled of candidate
proton prongs measured between simulation and data is
used as the uncertainty in the hadronic energy response.
We use systematically shifted simulation samples where
the absolute energy scale is shifted by ±5% to evaluate
the impact on this analysis. An observed non-uniformity
in the calibrated energy response as a function of dis-
tance from the readout is included as a calibration shape
uncertainty. The uncertainty on the light model arises
from the uncertainty on overall light yield of the scintil-
lator and the e�ciency with which Cherenkov photons
are absorbed by the scintillator and re-emitted at wave-
lengths that can be detected. A simulation sample where
Cherenkov light production is disabled is used to assess
an upper limit on the uncertainty on this aspect of the
light model.

Uncertainties in the muon energy scale arise from mod-
eling the energy loss of muons in the detector. A detailed
analysis of muon energy loss in the NOvA near detector
material composition in Geant4 indicates a ±0.8% uncer-
tainty for the portion of the track that traverses the fully
active region, and ±1.2% for the portion of the track that
traverses the muon catcher [43]. We conservatively as-
sume the worst-case scenario and scale the reconstructed
muon energy in these fractions by either all positive or
all negative directions in both regions of the detector in

Table II. Fractional uncertainties and correlations across all
bins, broken down by source. Averages are taken across all
bins reported in this measurement, weighted by the measured
cross section, as described in Eqns. 3 and 4.

Weighted Avg. Weighted Avg.
Source Fractional Correlation

Uncertainty (%)
Flux 9.1 1.0

Detector Response 3.7 0.16
Muon Energy Scale 3.6 0.028

Muon Angle 2.4 0.087
Normalization 2.1 1.0
⌫-A Modeling 1.9 0.15

Neutron Modeling 1.5 0.92
Total Systematic 12 0.71

Statistical 1.6 0.0031

assessing this uncertainty.
Uncertainties in the muon angle arise from misalign-

ments of the PVC cells in the near detector. To estimate
the impact of these misalignments on the muon direction,
an alternative simulation sample was generated with ran-
domly shifted cell positions according to the construction
tolerances of the detector. A comparison of this sys-
tematically shifted simulation to the nominal simulation
shows a 2.5mrad spread in the reconstructed muon an-
gle distribution, and negligible spreads in the muon and
hadron energy distributions. We implement a 2.5mrad
systematic shift to the reconstructed angle of the muon
to determine the impact on the measured cross section.
Normalization uncertainties in the measured cross sec-

tion arise from uncertainties in the detector mass, in-
tegrated POT exposure and modeling of beam inten-
sity. Data from the manufacturing and construction pro-
cesses are used to constrain the uncertainty on the mass
of the detector to 0.28%, and the uncertainty on the
POT accrual in the NuMI beamline is 0.5% based on
measurements of beam current through a toroid magnet.
The simulation accounts for time-dependent variations
of beam intensity. An observed ⇠2% di↵erence between
shapes and normalizations of data and simulation selec-
tion e�ciencies as a function interaction vertex position
in this analysis is used as the uncertainty due to beam in-
tensity modeling e↵ects on the normalization. The com-
bined uncertainty on the normalization of the reported
cross section is 2.1%.
We use a reweighting approach to estimate the im-

pact of neutrino-nucleus scattering uncertainties. The
weights applied are a mix of NOvA-specific uncertainties
and uncertainties available from the GENIE event gener-
ator [23]. The NOvA-specific uncertainties include a 5%
uncertainty on the value of the CCQEMA parameter and
a 100% one-sided uncertainty on the Q2 suppression of
resonant pion production applied to the simulation. For
MEC interactions, uncertainties in the fraction of target
nucleon pairs (np vs. pp) in the nucleus and the depen-
dence of the MEC cross section as a function of q0 and q3

• Neutrino flux uncertainties currently dominate many neutrino-
nucleus cross section measurements.


• Driven by hadron production uncertainties but beam-focusing 
uncertainties may soon become just as important


• Normalization component of the uncertainty can be significantly 
reduced from a variety of in-situ and external measurements:


• nu-electron scattering

Flux Uncertainties
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previous T2K analyses is shown in Fig. 4.
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FIG. 4. The fractional error on the muon neutrino flux at
ND280 as a function of energy used in this analysis (solid)
and previous T2K analyses (dashed).

Neutrino-nucleus interactions and FSI of the outgoing
particles are simulated using the neutrino event genera-
tor NEUT version 5.4.0 [63, 64]. NEUT uses the spectral
function (SF) in Ref. [65] to describe the CCQE cross
section. The modelling of 2p2h interactions is based on
the model from Nieves et al. [66]. The RES pion produc-
tion process is described by the Rein-Sehgal model [67]
with updated nucleon form-factors [68] and an axial mass
(MRES

A ) of 1.07 GeV/c2. The model contains contri-
butions from non-resonant, I1/2 pion-production chan-
nels. The nuclear model used for RES is a relativis-
tic global Fermi gas (RFG) [69], without a removal en-
ergy and with a Fermi momentum of 217 MeV/c. DIS
interactions are modelled using the GRV98 [70] parton
distribution functions with corrections from Bodek and
Yang [71]. In the low invariant hadronic mass, W, re-
gion (1.3 < W  2.0 GeV/c2) a custom hadronisation
model [72] is used with suppressed single pion produc-
tion to avoid double counting RES interactions. For
W > 2 GeV/c2, PYTHIA/JETSET [73] is used as the
hadronization model. The FSI, describing the transport
of hadrons produced in elementary neutrino interaction
through the nucleus, are simulated using a semi-classical
intranuclear cascade model. The NEUT cascade model
has been tuned to external pion-scattering data, which is
described in Ref. [74].

Outside the nucleus, final-state particles are then prop-
agated through the detector material using GEANT4 ver-
sion 4.9.4 [75]. The physics list [76] QGSP BERT is used for
the hadronic physics, emstandard opt3 for the electro-
magnetic physics and G4DecayPhysics for the particle
decays. The pion secondary interactions are handled by
the cascade model in NEUT. The detector readout is
simulated with a custom electronics simulation [42].

V. DATA AND EVENT SELECTION

In this analysis, the neutrino-mode data collected be-
tween 2010 and 2017 is used, which corresponds to
11.6 ⇥ 1020 protons on target (POT) and an integrated
muon neutrino flux of 2.2 ⇥ 1013/cm2. Events are re-
quired to have an interaction vertex in the FGD1 fiducial
volume (FV), which includes all the XY planes of scin-
tillator except for the most upstream one, and excludes
the outermost five bars on either end of each layer. This
leaves the FV with 2⇥182⇥14 bars, and a total mass of
approximately 973 kg. The MC contains simulated data
equivalent to 195.1⇥ 1020 POT.

A. Signal definition

The goal of this analysis is to characterize nuclear ef-
fects in ⌫µ CC1⇡+ interactions on carbon using neutrino
interactions inside FGD1, which is a hydrocarbon (CH)
target. Since the CC1⇡+ production on carbon and on
hydrogen cannot be clearly separated, the combined cross
section on CH is measured, with the TKI variables on
hydrogen calculated in the same way as on carbon: for
hydrogen signal events, in which there are no nuclear ef-
fects, it is expected that �pTT = 0 and pN ⇡ 26 MeV/c.
�↵T is undefined for interactions on hydrogen because
�pT = 0. A flat distribution across 0–180o is assigned
because it resembles the real �↵T distribution due to the
small but non-vanishing isotropic Fermi motion of a free
proton.
To ensure the cross section results are not dependent

on the signal model used in the reference T2K simulation,
extensive precautions are taken in the analysis. A cru-
cial one is to have the signal definition only be reliant on
observables experimentally accessible to ND280. There-
fore, the signal is defined as any event with one µ�, one
⇡+ and no other mesons, and at least one proton in the
final state, so that there is need to account for the pion
and proton FSI. Hereafter, the signal topology is denoted
as CC1⇡+Xp, where X�1. In order to mitigate model
dependence in the e�ciency correction, phase-space re-
strictions are applied in the signal definition to restrict
the measurement to the regions of kinematic phase space
ND280 is sensitive to. These restrictions are defined in
Table I. However, the consideration of three-particle fi-
nal states in this analysis necessitates the inclusion of a
high dimensional kinematic phase space over which the
e�ciency cannot be kept entirely flat with simple phase-
space constraints. This leads to a potential source of bias
from the input neutrino interaction model predictions.
To alleviate this concern, additional model uncertainties
are added (discussed in Section VIB) to allow a varia-
tion of the input simulation in regions of the underlying
particle kinematics where the e�ciency is not flat. The
size of this uncertainty roughly double the largest varia-
tion in the e�ciency seen from a wide variety of di↵erent
generator predictions (broadly spanning those shown in

6

 (GeV)
T

Reconstructed Muon p
0.0 0.5 1.0 1.5 2.0 2.5

 (G
eV

)
T

Tr
ue

 M
uo

n 
p

0.0

0.5

1.0

1.5

2.0

2.5

# 
N

or
m

al
iz

ed
 E

nt
rie

s

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

 (GeV)
||

Reconstructed Muon p
2 4 6 8 10 12 14 16 18 20

 (G
eV

)
||

Tr
ue

 M
uo

n 
p

2
4
6
8

10
12
14
16
18
20

# 
N

or
m

al
iz

ed
 E

nt
rie

s

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

FIG. 2. Two-dimensional migration matrix projected into
transverse momentum (top) and longitudinal momentum
(bottom). Both projections are nearly diagonal.
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FIG. 3. Efficiency for the νµ CC inclusive signal in bins of
muon longitudinal and transverse momentum. The efficiency
is highest (> 85%) for high p|| and low pT , corresponding to
good acceptance into the MINOS ND.
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FIG. 4. Systematic uncertainties for pT (top) and p|| (bot-
tom) single-differential cross sections. The neutrino flux is the
largest fractional uncertainty (7%) for both variables, with the
uncertainty from the muon reconstruction becoming sizable at
high pT and low p||.

magnitude of the smearing can be estimated from
Monte Carlo simulations of the detector response. The
data are iteratively unfolded using RooUnfold [51],
a ROOT implementation of the D’Agostini unfolding
method [52][53]. In order to estimate the validity of the
unfolding method, several unfolding studies were done.
For each unfolding study, a different reconstructed Monte
Carlo event sample was used as an approximation of the
response of the data (as pseudodata), and unfolded us-
ing the central value Monte Carlo smearing matrix. The
number of iterations with which the pseudodata is un-
folded is varied, and χ2 values are calculated by com-
paring the unfolded pseudodata with event distributions
of the pseudodata in true momentum space. In the first
of these studies, we tested the unfolding by using the
central value Monte Carlo for both the pseudodata and
the smearing matrix. During this test, the χ2 reached
the number of degrees of freedom within a single itera-

• external hadron production  
measurements


• beam/target/horn monitoring


• Shape component of the uncertainty is 
much more difficult to constrain, and 
much of it comes from beam focusing 
uncertainties.
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• But isn’t this just a normalization 
issue?


• For oscillation experiments, to a 
certain extent, yes.  But the 
“broader the beam”, the more we 
care about the shape.


• But we want our predictions to get 
it right from the get-go.  We see 
~10-20% difference in NOvA’s 
narrow-band beam across 
generators.  With such large flux 
uncertainties, it is difficult to know 
what we are getting right vs. 
wrong.

Flux Uncertainties
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• Ex-situ: Dedicated hadron 
production experiments

• NA61 @ CERN: thin- and thick-

target HP measurements, beam 
energies > 20 GeV


• EMPHATIC @ FNAL: forward-
scattering measurements, thin- 
and thick-target HP 
measurements, beam energies < 
20 GeV, hadron flux downstream 
of target+horn


• In-situ: 

• hadron- and muon- detectors in 

beamline

• nu-e scattering

• Low-y nu-A measurements

Flux Constraints
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• Advertise, advertise, advertise!

• Help make the physics case for better flux constraints.  Spread the word in the 

neutrino community, which will be reflected by priorities of the funding agencies.

• The dedicated HP experiments suffer from lack of effort.  They make cross section 

measurements, and we all know how hard these measurements are.  Advertising 
could draw more people into these efforts (or more people wanting to join these 
efforts).


• Bring other “flux experts” (who often are also nu-A xsec experts) into NuSTEC.

• Help define the measurements we need.

• Help develop new ideas for both ex-situ and in-situ measurements.

• Help develop/guide efforts at making better flux predictions.

• Link between neutrino and pion scattering.

So What Can NuSTEC Do?


