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Beam

The NOvA Experiment & Detectors
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NuMI Off-Axis Electron Neutrino
Appearance (NOvA)
• A long baseline neutrino oscillation 

experiment
• For more details, refer to R. 

Gandrajula’s talk on May 20.

The NOvA Near Detector

• Low-Z, fine-grained  
1 plane ~0.15X0 (38 cm).  

•

4 cm ⨯ 6 cm

 46

• NOvA is a Long-baseline neutrino oscillation experiment: 
• See Erica Smith and Steven Calvez’s talk for the 

latest oscillation results! 
• The ND is 1 km from source, underground at Fermilab. 
• PVC cells filled with liquid scintillator. 
• Alternating planes of orthogonal view. 
• 193 ton fully active mass.  
• 97 ton downstream muon catcher.

C Cl H Cl O Ti
65.9%12.0%10.7% 4.1% 3.0% 2.4%



Event Topology
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EM showers from π0 decay can mimic νe-CC signal 



• Until now statistical uncertainty is still the dominant uncertainty 
source to oscillation measurements.


• This is no longer true in the DUEN era.

• But wait, where is the flux uncertainty?

Uncertainties to Neutrino Oscillations

7
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Systematics
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Systematics

NOvA’s new 2019 neutrino/antineutrino oscillation measurement

what is exactlu the near-far differences?

Motivation
• Cross-sections are rich in physics themselves. 
• Also important to oscillation systematic uncertainties: 

• Signals and backgrounds to the oscillation analysis. 
• Oscillations are measured as function of neutrino energy:  

need to reconstruct Eν correctly.  
• Nuclear effects (fermi motion,  

nucleon correlation, final-state  
interaction…) are important.

Final state interactions

MC generators

νN interactions

νA interactions

Final state interactions
FSI
Intranuclear cascade
Cascade algorithm
INC input
FSI in GENIE

Formation time

Summary

Tomasz Golan MC generators @ NuSTEC 25 / 40

FSI describe the propagation of particles created in a primary
neutrino interaction through nucleus

All MC generators (but GIBUU) use intranuclear cascade model

by T. Golan 

We want to understand those issues  
in our own detector 

 6



Charged Pion production in ⌫µ CC interactions

• Charged pion production in ⌫µ CC interactions.

⌫µ + N ! µ⌥+ N + ⇡±
+ X

I a single charged pion produced could make the event mimic the CCQE

topology.

Fig. Summary of the current knowledge of ⌫µ charged-current cross sections (Plot courtesy of G. Zeller) and

Feynmann diagram for ⌫µ CC resonant single pion production, the dominant channel for pion production.

3 / 12

NOvA Cross-Section Measurements Overview
• Both neutrino and anti-neutrino modes. 
• Excellent statistics from 193 ton of fully-active tracking region.  
• Inclusive measurements: 

• νμ-CC inclusive 
• νe-CC inclusive 

• Neutral pion measurements: 
• Neutral current coherent π0   (Submitted to PRD). 
• Charged current semi-inclusive π0 (paper in preparation). 
• NC π0 inclusive. 

• Charged pion measurements 
• Others 

• νμ-CC 0π
• νμ-CC 2p2h 
• And more 
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  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

• Narrow band neutrino beam 1~3GeV peak at ~2GeV, dominated by νμ (94%) 
• Right on the DUNE 1st oscillation maximum. 

• Both neutrino mode and anti-neutrino mode. 
• Hadron production uncertainty constraint by external hadron production 

data.

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. 8

!" CC Inclusive
Overview

• Signal of appearance 
measurement
• !" account for ~1% of the flux
• Goal

• Double differential
S7./S<"SKLMN"

• .(<)
• Long term: ratio to !$ CC 

inclusive
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NC Coherent π0 

• Neutrinos coherently scatter on whole 
nucleus and produce pions. 

• Background to νe appearance 
• Small cross section compares with other 

pion production channels. 
• Data-driven background prediction: 

• A control sample defined by large vertex 
energy and extra energy deposition than 
the photon showers. 

• A template fit method to normalize 
backgrounds

Alejandro Ramírez – Universidad de Guanajuato
4

Coherent  π
Reactions
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• Coherent signal measurement by subtracting normalized background from data in 
energy and angle 2D space.  

• Measured flux-averaged cross-section:  
σ = 14.0 ± 0.9(stat.) ± 2.1(syst.)×10-40cm2/nucleus 

• Total uncertainty 16.7%, systematic dominant. 
• For more details see arXiv: 1902.00558 (submitted to PRD). 

Table 11: List of systematic and statistic uncertainties.

Source �(%)
Calorimetric Energy Scale 3.4
Background Modeling 10.0

Control Sample Selection 2.9
EM Shower Modeling 1.1
Coherent Modeling 3.7

Rock Event 2.4
Alignment 2.0

Flux 9.4
Total Systematics 15.3

Signal Sample Statistics 5.3
Control Sample Statistics 4.1

Total Uncertainty 16.7

• NSig,raw = NData,selected �NBkg,norm = 987.4391

The ⌫µ flux (�) has been discussed in Sec. 2. The number of integrated neutrino flux (0⇠120392

GeV) we use is393

• �⌫ = 123.2/cm2/1010POT394

The e�ciency of coherent signal selection(✏) and the number of target nucleus in the fiducial395

volume (NTarget) will be discussed in the following subsections.396

7.1 E�ciency397

The e�ciency (✏) is defined as the ratio of the final selected ⌫µ coherent ⇡0 signal events to398

the total generated signal events in the fiducial volume. We use the SA ART files to count the399

number of coherent ⇡0 signal interactions at generated level. The numbers we get are400

• Nsig,selected = 857.7401

• Nsig,generated = 20832.9402

corresponding to the data pot, which leads to the e�ciency403

• ✏ = Nsig,selected/Nsig,generated = 0.041404

7.2 Number of Target Nucleus405

The targets for neutrino coherent interactions are nuclei rather than individual nucleons. The406

NOvA ND is mainly composed of scintillator oil and PVC [30]. The fiducial mass is calculated407

by scaling from the total detector volume (table 12). The mass of each element is calculated408

using CAFAna script reading gdml files [27]. The total number of target nucleus is calculated409

as410

NTarget =
X

i

Mi ⇤NA

Wmolar,i
(3)

37

Measurements scaled to C12 by A2/3

NC Coherent π0 
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Measuring a Differential Cross Section

• Fit MC templates to observed data
• Adjusted MC determines signal estimate in analysis

23

Pre-fit Post-fit
0.7 < pπ < 0.8 GeV/c

𝑑σ
𝑑𝑥 𝑖

=
1
Δ𝑥𝑖

𝑈 መ𝑆, 𝑥𝑖
ε(𝑥𝑖)𝑁𝑛𝑢𝑐 Φ 𝐸 𝑑𝐸

νμ-CC π0

!µ CC π0 Semi-Inclusive
Overview

• Deliver flux-averaged cross 
sections differential in:
• direct observables 
XY, KLMNY, X$, KLMN$

• four-momentum transfer to 
hadronic system: >7 = −Z7

• invariant mass of the hadronic 
system, useful for separating DIS 
and Res events: [ = \ + Z 7

5/21/2019 Shih-Kai Lin 25

resonant
interactionsq

DIS
interactions

!µ CC π0 Semi-Inclusive
Overview

• Deliver flux-averaged cross 
sections differential in:
• direct observables 
XY, KLMNY, X$, KLMN$
• four-momentum transfer to 

hadronic system: >7 = −Z7
• invariant mass of the hadronic 

system, useful for separating DIS 
and Res events: [ = \ + Z 7

5/21/2019 Shih-Kai Lin 25

resonant
interactionsq

DIS
interactions

Signal: νμ-CC events with at least one primary π0 in the final state.

• Use non-muon shower variables 
to form a π0 identifier: 
• Bragg peak identifier. 
• Energy per hit. 
• Photon gap from vertex. 
• Number of missing planes.  

• Fit signal and background MC to 
data in each kinematic bin.

�12



!µ CC π0 Semi-Inclusive
Results

5/21/2019 Shih-Kai Lin 26

• Systematic uncertainties are similar to other analyses
• In both cases, data suggests harder shape than the generator.
• Other variable results are also available but not shown.

>7 = −Z7 = 2<= <$ − X$KLMN$ − )7̂

νμ-CC π0

• Reporting result as differential cross section as function of Q2 and 
muon/pion kinematics. 

• In general consistent with GENIE. 
• Paper in preparation. For more details see https://theory.fnal.gov/

events/event/results-from-nova-2/

�13
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!$ CC Inclusive
Muon Identification

• Four variables are used for training a BDT
• dE/dx log-likelihood
• Scattering log-likelihood
• dE/dx in the last 10 cm of the track
• dE/dx in the last 40 cm of the track

• Referred to as MuonID
• 0123 in this analysis is estimated by 

simulation.

?(ABCD − AEFG)
;I068J3"6

5/21/2019
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• A boosted decision tree (BDT) 
based upon dE/dx and scattering 
information is trained to identify 
the muons. 

• Cut value optimized by minimizing 
uncertainties.

νμ-CC Inclusive

• Goal: double differential cross 
section as function of muon 
kinematics. 

• Backgrounds: neutral current 
events and νe. 

�15



!$ CC Inclusive
Multidimensional Unfolding and Efficiency Correction

• We performed unfolding and efficiency 
correction in 3D space, (KLMN$, P$, <=)
• Cross section depends not only on muon 

variables, but also hadronic variables (<=
as a proxy)

• Doing unfolding and efficiency 
corrections in lower dimensional spaces 
loses information

• This testing shows 3D unfolding gives 
better results.

• Efficiency correction in 3D followed by 
unfolding.

• Projection to 1D or 2D space for results in the 
end.

• NOTE: we are in the process of switching from 
strongly model-dependent <= to less model-
dependent observable <8Q8R9 as the 3rd axis.

5/21/2019

Fake data

Shih-Kai Lin 13

νμ-CC Inclusive

• Muon energy measured by range. 
• Perform unfolding and efficiency 

correction in (cosθµ, Τµ, Eavail) 3D 
space to take into account 
correlations between lepton and 
hadron kinematic variables. 

• Projection to 1D or 2D space for 
the differential cross-section 
measurement.
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Energy Estimation
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• Using muon track length and visible hadronic energy to estimate muon 

energy and hadronic energy, respectively.
• Profiles of the plots on the left are fit to polynomial functions.
• Resolution (from standard deviation):

• Muon ~6%
• Hadronic ~33%
• Neutrino ~12%
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!$ CC Inclusive - Fake Data Results
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• Fake data are generated by 
data POT equivalent, 
statistically independent MC 
events.
• With flux weights
• Without interaction 

model weights
• Different neutrino generator 

predictions are overlaid.
• GENIE v2.12.10 with NOvA tune*
• Default GENIE v2.12.10
• GiBUU v2016
• NuWro 2017
• NEUT v5.3.6

* c.f. Greg’s NOvA APS talk.

Shih-Kai Lin 14

νμ-CC Inclusive

• Showing a mock data study. Real result coming soon.
�17



!" CC Inclusive
Overview

• Signal of appearance 
measurement
• !" account for ~1% of the flux
• Goal

• Double differential
S7./S<"SKLMN"

• .(<)
• Long term: ratio to !$ CC 

inclusive
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νe-CC Inclusive

• Signal of νe appearance oscillation measurement. 
• Challenge: νe is only 1% of the flux. Overwhelming background from νμ 

CC and NC.
• A convolutional neural network (CVN) trained to identify the signal by 

topology features. 
• Cut optimized by minimizing uncertainties.   

�18
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Electron event CVN (CVNe) score 
templates are generated in each 
analysis bin.

Status of the Inclusive Electron and Muon Neutrino Charged-Current Cross 
Section Measurement in the NOvA Near Detector

Matthew Judah1, Shih-Kai Lin1, Leonidas Aliaga Soplin2, Biswaranjan Behera2,3, Pengfei Ding2, Kanika Sachdev2 

1Colorado State University, 2Fermilab, 3IIT Hyderabad
For the NOvA Collaboration

Introduction

• Selection of neutrino events with charged leptons in the final state has been 
optimized on NOvA ND simulation based on G4NuMI, GENIE, and GEANT.

• Selected events are required to be fully contained and interact in the 
fiducial volume.

Charged-Current Event Selection

Muon Identification
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A Boosted Decision Tree (MuonID) was trained 
on track properties with limited model 
dependence

• dE/dx log-likelihood 
• Scattering log-likelihood
• Average dE/dx in last 10 cm of track
• Average dE/dx in last 40 cm of track

Template Fit For νe Signal Estimate
• Inclusive νe analysis uses a data driven technique to extract signal 

and background estimates.

• MC templates are fit to data template while taking systematic 
uncertainties into account

Multi-Dimensional Approach to Efficiency Correction

Comparisons of multi-dimensional to single dimension efficiency correction

Outlook
• νe and νμ CC inclusive cross-section analyses are close to completion:

• Systematic uncertainties taken into account
• Limited model dependence

• Analyses will produce systematics-limited double differential cross-section 
measurements
• Statistics allow for the first double-differential νe CC inclusive cross-section 

measurement in this energy range
• Expecting measurements with 10-15% systematic uncertainties.

 (Right) Uncertainty on expected number of νe appearance events due to each systematic - cross 
section model uncertainties are a large source of systematic error
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Machine Learning For Electron Identification
• Inclusive νe analysis uses machine 

learning techniques to identify 
events with electron-like showers.

• NOvA’s current single particle 
event classifier is used to identify 
reconstructed clusters.

• Achieves better identification than 
traditional reconstruction 
techniques used in NOvA.

• Measurement is done in 3D space - lepton energy, lepton angle, 
and neutrino energy to keep all information of the dependence on 
relevant variables.

• The reconstructed spectrum from data is unfolded and efficiency 
corrected in 3D.

1− 0.5− 0 0.5 1
 Muon ID Cut

0

0.05

0.1

0.15

0.2

0.25

Re
la

tiv
e 

Cr
os

s 
Se

ct
io

n 
Un

ce
rta

in
ty

NOvA Simulation

Systematics include flux shape, 
cross-section model, and detector 

response contributions

Selection Optimization
Each analysis’ selection is optimized 
by minimizing the uncertainty on the 
total cross-section:

• νμ  selection is 22% efficient and 
90% pure

• νe  selection is 39% efficient and 
49% pure

• Precision measurements of neutrino 
oscillation parameters require better 
knowledge of neutrino-nucleus interactions.

• The Near Detector (ND) is exposed to a 
large flux of 1-3 GeV neutrinos giving a 
better understanding of the νe and νμ 
charged-current (CC) inclusive cross 
sections.



νe-CC Inclusive

• A template fit method is used to measure signal and background. 
• Templates: signal, νμ-CC, NC. 

• Fit to data as function of CVNe in each measurement bin.
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• High and flat signal efficiency thanks 
to CVNe and the template fit method. 

• The goal is to report double 
differential cross sections as function 
of electron kinematics which has 
never been measured before. 

• Also very interesting to see the ratio 
to νμ inclusive. 

• Work under internal review. 

νe-CC Inclusive

!" CC Inclusive
Selection Efficiency

• Template fit leaves efficiency at a relative high level, ~40%

• Systematic uncertainties are estimated by modified MC (for detector calibration) or by reweighting existing MC (cross-section model 
uncertainties)

• Data driven methods are used and found data MC discrepancy within 2%.
• Preliminary results for this analysis are in place. Stay tuned.
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Summary

• The NOvA ND has an very active cross section 
physics program.  

• 2 publications coming: 
• NC coherent π0  
• CC π0 

• Inclusive measurements in the final stage.  
• Lots of other measurements.  
• And expect more in the near future.
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Back up slides
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The NOvA Experiment & Detectors

5/21/2019 Shih-Kai Lin 2

NuMI Off-Axis Electron Neutrino
Appearance (NOvA)
• A long baseline neutrino oscillation 

experiment
• For more details, refer to R. 

Gandrajula’s talk on May 20.

The NOvA Experiment
• Long-baseline neutrino oscillation measurements: 

• νμ to νe appearance & νμ disappearance 
• Mass hierarchy, θ23 octant, δcp 

• NC disappearance sterile neutrino search 
• See Erica Smith and Steven Calvez’s talk for the 

latest oscillation results!
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νμ-CC Inclusive Systematic Uncertainties
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