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A Reminder of How the NOvA Detectors Work
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A Reminder of the Beam at NOvA
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B. Eν VS Eπ
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A Reminder of the Beam at NOvA
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A SimulationνNO • Even with a narrow band beam, 
NOvA is still sensitive to many 
different nu+A interaction 
channels.

• The ND “sees” approximately 
equal amounts of interaction 
channels.  However, the QE and 
RES components in the FD are 
strongly shaped by oscillations.
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Neutrino Energy Reconstruction
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Eν = Eµrange + Ehad
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Neutrino Energy Reconstruction
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Eν = Eµrange + Ehad

We rely on the simulation,
which has models for 
cross sections and 
final state interactions (FSI),
to calibrate measured 
visible hadronic energy to
true hadronic energy.
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Neutrino Energy Reconstruction
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Eν = Eµrange + Ehad

Sizable differences 
in hadronic energy 
distributions between 
data and MC.

Here the MC is GENIE v2.10.4.
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uration, the horn current is set to focus positive mesons
thus producing a 95% pure ⌫µ beam [? ]. At the end of
the decay pipe is a hadron monitor followed by an ab-
sorber to monitor and stop the remnant hadrons. The
absorber is followed by 240 m of rock to stop the muons,
leaving only neutrinos [? ].

In the lab frame, the energy of the neutrinos produced
by the decay of mesons depends on the energy of the
meson and on the angle between the decay axis and the
beam direction. The energy of the neutrinos in the lab
frame is

E⌫ =

⇣
1� m2

µ

m2
⇡,K

⌘
E⇡,K

1 + �2
⇡,K✓2

, (1)

where �⇡,K = 1/
q

1� �2
⇡,K , E⇡,K is the energy of pions

or kaons and mµ,m⇡,mK are the masses of the muon,
pion and kaon. In addition to the two-body decays from
Eq. 1, about 5% of kaon decays that directly produce the
NuMI neutrinos are from three-body decays.

III. SIMULATION

The simulation of the neutrino flux for the NuMI
beamline includes the Monte Carlo (MC) simulation of
production of hadrons by 120 GeV protons interact-
ing with the NuMI target and the propagation of those
hadrons through the magnetic horns and along the de-
cay pipe. In the analysis presented here, the FLUGG
2009.4 [? ] event generator is used to predict the neu-
trino flux at the prototype detector location. FLUGG is
a combination of FLUKA [? ] and GEANT4 [? ]. FLUKA
simulates the scattering of protons on the graphite target
and interaction of secondary particles within the target
and stores the kinematic and particle type information of
produced particles as they exit the surface of the NuMI
target. The output of the FLUKA simation is the in-
put to a GEANT4 simulation which propagates particles
through the magnetic horns and NuMI decay pipe.

The generation of neutrino interactions in the NOvA
detector is done using the GENIE R2.10.4 Monte Carlo
generator [? ]. GENIE uses the output flux from FLUGG
simulation and predicted neutrino cross sections to deter-
mine if individual neutrinos interact in the detector mate-
rial. GENIE categorizes charged-current neutrino interac-
tions in three types: quasielastic (QE), baryon resonance
production (RES) and deep-inelastic scattering (DIS). In
QE interactions the neutrino scatters on a bound neu-
tron and ejects a proton (and possibly other nucleons as
well) from the target. This scattering is simulated us-
ing the Llewellyn Smith formulation of weak interaction
V-A phenomenology [2]. The RES events are charged-
current baryon resonance production events whose decay
yields a single pion and a nucleon in the final state, and
are simulated using the Rein-Sehgal model [? ]. In DIS
interactions, the neutrino scatters o↵ a quark and pro-
duces a lepton and a hadronic system in the final state.

DIS events are simulated using an e↵ective leading-order
model by Bodek and Yang [? ]. GENIE simulates the
primary interaction inside the nucleus, production of all
final state particles in the nucleus (hadronization) and
the transport and rescattering of the final state particles
through the nucleus (intranuclear transport).
The interactions and decays of the particles produced

in the neutrino interactions and exiting the nucleus are
simulated by GEANT4 v4.9.4. The simulated energy de-
position in the liquid scintillator is converted to a cor-
responding number of photoelectrons in the APD using
conversion factors determined from dedicated test-stand
measurements.

IV. DATA AND EVENT RECONSTRUCTION

Include the observed excess in data.

We observe clear evidence for an extra reaction type
beyond those predicted by default GENIE 2.10.4 lying
in between the quasielastic (QE) and baryon resonance
(RES) channels in momentum transfer variables (where
Eµ and Ehad are the reconstructed muon and non-muon
energies in the system):

q0 = Ehad

E⌫ = Eµ + Ehad

Q2 = 2E⌫

�
Eµ � pµ cos(✓µ)�M2

µ

�

|~q | =
q

Q2 + q20

(2)

This is illustrated in Fig. 1.

V. INTERPRETATION

The default treatment of the nuclear environment in
current GENIE versions, including the NOvA default,
2.10.4, is as a “relativistic global Fermi gas,” in which
nucleons are modeled as non-interacting fermions, af-
ter the original formalism of Smith and Moniz[2]. GE-
NIE does modify the resulting nucleon momentum dis-
tribution somewhat based on data that implies short-
range correlations between nucleons (extending it via the
“Bodek-Ritchie tail” described in ref. [1]), but in the
stock approach, other consequences of the strong-force
interaction between nucleons are ignored.
In particular, the default cross section model in GE-

NIE 2.10.4 contains only a single scattering process that
occurs exclusively on multi-nucleon nuclei, that of coher-
ent pion production, in which a neutrino’s vector weak
boson (W ) interaction with an entire nucleus fluctuates
into a vector meson (⇡). However, it is known from
electron scattering experiments that vector-current in-
teractions with nuclei at lower three-momentum trans-
fers (|~q| . 1GeV) result in scattering from quasi-bound
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Eν = Eµrange + Ehad

NOvA employed a modified version of 
the “empirical MEC” optional model in 
GENIE v2.10.4 to account for the 
observed MC discrepancy from data.  
These MEC events were then 
reweighted to:

• reverse the linear turn-off of the 
cross section between 1-5 GeV

• fix a typo to reverse the fraction of 
n-n to n-p pairs

• apply a momentum-transfer 
dependent weight derived from the 
ND data
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Neutrino Energy Reconstruction
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Eν = Eµrange + Ehad
Clear improvement if filling the 
“gaps”, but also far from perfect.

Much more work to do to improve 
the modeling of nu+A interactions 
in our detectors, and we expect 
this will be a long haul.  

Direct measurements of final state 
nucleons are critical to the path 
forward.
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An Injection of Reality
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• A MIP deposits about 10 MeV per cell.  Our hit detection threshold in a cell is a few 
MeV.

• Currently our reconstruction algorithms require 2-4 hits in each view to form 3-d 
“tracks” or “prongs”.  

• In a very low multiplicity event, the lowest energy MIP we could reasonably 
reconstruct is ~40 MeV.  Higher for a proton.

• Particle identification typically requires more than a few hits to distinguish pi from p.  
This will likely raise the threshold to at least 100-200 MeV for a MIP, 300-500 MeV for 
a proton.

• Identifying final state particles in the NOvA analysis is in a nascent but very active 
state.
• We have several ND xsec analyses underway that are developing MVA PIDs for 

charged particles.
• Another new, very promising approach is to adopt the same convolutional visual 

network (CVN) technology used in the oscillation analyses to identifying final state 
“prongs”.

• Neutrons are hard, but some progress is also being made in making use of 
secondary vertices downstream of the primary vertex.
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NOvA - FNAL E929
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NOvA - FNAL E929
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NOvA - FNAL E929
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NOvA - FNAL E929
Run:   19685 / 58
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Analyses Underway
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• νμ CC inclusive

• νe CC inclusive

• NC π0 semi-inclusive

• νμ CC π0

• νμ CC 0π

• νμ CC 2p2h

• νμ CC π+/-

• ν + e

• νμ CC Coherent π+

• Many more…

• All of the above with antineutrinos
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Looking Forward and Summary

• NOvA’s high rate of neutrino interactions in the ND and off-axis 
narrow-band beam provide excellent opportunities to make 
precision measurements of nu+A interactions.

• Within NOvA there is a growing emphasis in improving the 
reconstruction and PID (CVN in particular) for ND exclusive channel 
xsec measurements.

• NOvA will soon begin collecting high statistics antineutrino data.

• Stay tuned!
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