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✦ The NOvA Detectors

✦ What impacts the energy of a hit 

✦ Calibrate Relative Effects

✦ Calculate Energy Scale
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NuMI	Off-Axis	νe-
Appearance	Experiment

Neutrino	Beam:	NuMI	(Neutrinos	at	the	Main	Injector)		
120	GeV	Protons	on	a	target	produce	kaons	and	pions	
decaying	into	muons	and	neutrinos	

Beamline:	810	km	between	functionally	similar	Near	and	Far	
Detectors,	both	14mrad	off-axis	from	beam	

Physics	Program:	
					-	Three-Flavour	Oscillation	
						-	Search	for	Sterile	Neutrinos	
						-	Inclusive	ν𝛍-Charged-Current	Cross	Section	
						-	Other	ND	physics	
						-	Supernova	Neutrinos
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   —	θ23	Octant?	
															Maximal?	
				—	Mass	Hierarchy?	
				—	CP	Violation?
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The NOvA Detectors
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✦ Tracking scintillators
- Orthogonal views X & Y 
- Light collection calorimetry 

✦ Light collected exclusively through WLS 
fibers 

✦ FD about 4x the size of ND in each 
dimension 

✦ “Slice” up continuous readout into 
events less than a few 100 ns long

3.5 cm MIP hit 
leaves low energy, 
comparable to 
noise hits

Hits throughout the 
detector need to 
mean the same thing 

Know 2 of 
the surfaces 
crossed by 
hit —> good 
path length



Energy Calibration
With our large sample of Cosmic Muon Data
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PE
Photoelectrons

PECorr
Corrected

GeV
Energy Deposited

Rescaling of ADC 
to approximate 
photoelectrons

Effective PE with all 
relative effects 
calibrated out

Energy deposited by 
each hit
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Bias of Deposited Energy

✦ Light Attenuation
✴ More light absorbed further 

away from the readout, FD > ND 

✦ Threshold Bias 
✦ Detector Shadowing 
✦ Non-Uniform Reflectivity   
✦ Twisted Fiber Loops  
✦ Air bubbles (Y)  
✦ Fiber sag (Y)
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✦ Light Attenuation 
✦ Threshold Bias

✴ Readout threshold filters noise 
✴ Short hits far from readout can 

fluctuate below 
✴ Hit not seen —> Energy bias  

✦ Detector Shadowing 
✦ Non-Uniform Reflectivity   
✦ Twisted Fiber Loops  
✦ Air bubbles (Y)  
✦ Fiber sag (Y)

Bias of Deposited Energy
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✦ Light Attenuation 
✦ Threshold Bias 
✦ Detector Shadowing

✴ Few-percent effect with big 
impact 

✴ Entangled with threshold bias 

✦ Non-Uniform Reflectivity   
✦ Twisted Fiber Loops  
✦ Air bubbles (Y)  
✦ Fiber sag (Y)

Bias of Deposited Energy

cosmic muons

Muons tend to be higher 
energy at the bottom, 
slightly higher dE/dx 
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✦ Light Attenuation 
✦ Threshold Bias 
✦ Detector Shadowing 

✦ Non-Uniform Reflectivity
✴ Brightness of fibers significantly 

impacts attenuation 

✦ Twisted Fiber Loops 

✦ Air bubbles (Y) 
✦ Fiber sag (Y)

✴ Horizontal bars

Bias of Deposited Energy

W

e
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Attenuation 
length is 
different in 
every cell, 
due in part to 
different fiber 
brightness
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Attenuation of Scintillation Light
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Calibration Strategy
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PE
Photoelectron

PECorr
Corrected

✦ Fit Attenuation Profiles (PE/cm vs Position) 
✴ Separately for every cell 
✴ Using Mean Response (Eventually use Median) 
✴ Free Parameters 

✴ A, C adjust for cell-To-cell Scale/Efficiency differences 
✴ Attenuation Length X different for each cell 

✦ But first, need to remove bias from cosmic muon sample  
✴ Threshold & Shadowing Correction from MC

nova-doc-13579

catcher where the attenuation and rollo↵ fits have failed.

2.4 Attenuation Fit Functional Form

The attenuation fit considers both short- and long-path light. The profile in a
channel is fit to the form,

y = C +A

✓
exp

✓
W

X

◆
+ exp

✓
�

L+W

X

◆◆
, (2)

where y is the response, L is the cell length, C, A and X are the free parameters
in the fit. X gives the attenuation length as well.

Initially, the fit is to the central part of the cell, between [-150, +150] cen-
timeters for a Near Detector cell, [-150, +150] centimeters for Y view Near
Detector Muon Catcher cells, [-150, +50] centimeters for X view Near Detec-
tor Muon Catcher cells and [-750, +750] centimeters for a Far Detector cell.
The function describes the response in the central parts of both Near and Far
Detector cells.

2.5 Rollo↵s

In data, pronounced “rollo↵s” are observed in the response at each end of the
cell. These are absent, or certainly less pronounced, in Monte Carlo.

Empirically, these rollo↵s are found to follow a W

4 form. The ratio of the
exponential fit to the actual data is taken, and fit to the form,

y =

8
<

:

1� ↵R(W �WR)4 W > +WR

1 otherwise
1� ↵L(W �WL)4 W < �WL

(3)

The onset positions WL and WR and rollo↵ magnitudes ↵L and ↵R are both
left free in the fit. Currently we do not use the roll o↵ fits as they give

poor fit performance, instead we rely on the LOWESS fit described in the
next subsection to capture the behaviour of the “rollo↵s”.

2.6 Interpolation

In addition to the approximately quartic behavior at the ends of every channel
there are in many channels fairly large residuals. They don’t appear to follow
any consistent pattern. The leading hypothesis is that these are due to varying
fiber position within the cell. Usually the fiber lies in the corners of the cell,
but if it is somehow twisted so that it rises into the center of the cell, then it
should collect more light, to an extent comparable to what is seen here.

To remove such an irregular pattern, the residual from the analytic fit is sim-
ply fit with locally weighted scatter plot smoothing, LOWESS. The LOWESS
curve at each point is formed from the weighted mean of the deviations. The
weighting function is the traditional tri-cube,
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L: cell length 
W: cell pos. 
X: Att. Length

Attenuated
Response



Efficiency
0.0 0.2 0.4 0.6 0.8 1.0

Fr
ac

tio
n 

of
 C

el
ls

-310

-210

-110

A PreliminaryνNO

For a hit to be seen above threshold, the energy deposited may need 
to be an upwards fluctuation within the underlying Landau distribution

Distance From Center (cm)
-500 0 500

Pa
th

 L
en

gt
h 

(c
m

)

4

6

8

10

0.5

0.6

0.7

0.8

0.9

1.0
A PreliminaryνNO

11

Hit Threshold

• Short MIP hits are impacted the most — Horizontal Y View 
✴ Especially hits which have attenuated 

• Different cells throughout the detector affected to a different 
degree

Different hit efficiencies 
introduce threshold bias 
in different cells  

—> Cell Bias

Attenuation introduces 
threshold bias varying 
with W —> W Bias



• PE: Simulated photoelectrons at the readout 
• 𝝺: number of simulated photons expected at readout in the 

absence of fluctuations (PE is Poisson distributed) 
• Etrue: True energy deposited in cell 
• EMIP: Path length * dE/dx of minimum ionising particle
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T =
PE

�

⇤ Etrue

EMIP

1. Neutrino Physics

Nuclear beta decay experiments in the first two decades of the 1900s flirted with the
idea of violating conservation of both energy and angular momentum; the kinetic energy
of the observed decay products was a wide, continuous distribution, while expected to be
an extremely narrow distribution peaked at the energy di↵erence between the initial and
final nuclear state. Wolfgang Pauli in 1930 suggested the missing energy and angular
momentum was actually conserved in a neutral, spin-1/2 particle which left detectors
undetected. Within a few years, Enrico Fermi had named that particle the “neutrino”
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Combined Threshold & Shielding Correction

Threshold Shileding

• Use MC Sample to to construct T, depending on 
cell and position within,  

Applied to both MC and Data
12



Relative Correction Factors
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PECorr/cm

Absolute Calibration

Flat
Region

• Select Stopping Muons

• Tighten dE/dx peaks by selecting hits 
in the Bethe-Bloch flat region 

• MC: True dE/dx and Response 

• Data: Response (PECorr/cm)

14
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Energy Scale
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1. Neutrino Physics

Nuclear beta decay experiments in the first two decades of the 1900s flirted with the
idea of violating conservation of both energy and angular momentum; the kinetic energy
of the observed decay products was a wide, continuous distribution, while expected to be
an extremely narrow distribution peaked at the energy di↵erence between the initial and
final nuclear state. Wolfgang Pauli in 1930 suggested the missing energy and angular
momentum was actually conserved in a neutral, spin-1/2 particle which left detectors
undetected. Within a few years, Enrico Fermi had named that particle the “neutrino”
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• Threshold means selected hits were more likely to be up-
fluctuations in true energy deposition 
• Select only flat region of W so Energy scale is not biased  

• Horizontal Y View has many more hits, calibrate separately 
and average
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Absolute Calibration

Far Detector
Hit Efficiency
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Energy Calibration
Cosmic Muon Data and MC

Relative Calibration
• Attenuation along 

length of a given cell 
• Cosmic Muon 

Sample
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PE
Photoelectrons

PECorr
Corrected

GeV
Energy Deposited

Rescaling of ADC 
to approximate 
photoelectrons

Effective PE with 
all relative effects 
calibrated out

Energy deposited by 
each hit

Absolute Calibration
• Energy Scale Factor  

(GeV/PECorr) 
• Stopping Cosmic 

Muon Sample



Verification with MC
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 2.9 MeV± 134.2: µData 
 2.1 MeV±:   50.9 σData 
 0.6 MeV± 136.3:   µMC 
 0.7 MeV±:     47.0 σMC 

• Profile Ratio of Reconstructed over 
True Energy 
✴ Energy Scale: average vertical 

deviation from 1 
✴ Relative Calibration: shape 

along W, cell, plane 

• Pi-Zero Mass Peak 
• Muon/Proton dE/dx 
• Michel Electron Spectrum
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Far Detector

Near Detector



• Full chain of correction factors to take measured PE to a best 
estimate of energy deposited, GeV 

• Scintillation Light attenuates to different degrees in each cell 
✴ Fit a double-exponential form to PE/cm response for each cell: 

attenuation correction factor 

• Remove bias from the cosmic muon sample before calibrating 
✴ Threshold and Shielding Effects 

• Do not let threshold effects bias the absolute energy scale 
✴ <MeV / cm> / <PECorr / cm> 

• Ongoing Work 
✴ Threshold & Correction Factor with data instead of MC 
✴ Fit to Response (PE/cm) Median 
✴ Rigorous understanding of systematic uncertainty
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Takeaway Points


