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Measuring neutrino energy 
at DUNE/NOvA

In 1-4 GeV beams, a variety of 
final states are produced: 

protons,  
pions,  
gammas,  
neutrons 

Because the final-state mass 
varies, lepton kinematics alone 
is insufficient to infer   

Have to use calorimetric 
reconstruction: measure the 
energy of all final-state particles

Eν

see arXiv:1811.06159,  

10.1103/PhysRevD.99.036009  



Calorimetry challenge
Directly connecting ionization 
charge to neutrino energy is a 
non-trivial task! 

low-energy p/pi-
discrimination 

neutron losses 

Generators are needed to fill in 
missing information  

Predicting the composition 
and properties of the 
hadronic final state

see arXiv:2007.13336, 

DOI: 10.1103/PhysRevD.102.096005  Loosely speaking, this term could simply refer to the width
of the Q distribution that is obtained when a beam of a
given energy Etr is shot into the detection volume. More
accurately, energy resolution in this paper will describe the
width of the distribution PðErecjEtrÞ, of reconstructed
energies Erec obtained starting with Etr and reconstructing
each event independently, using the lookup procedure
described above.
To find the probability distribution of reconstructed

energies, PðErecjEtrÞ, we must sum (integrate) over all Q
values that can be obtained in the intermediate step:

PðErecjEtrÞ ¼
Z

dQPðErecjQÞPðQjEtrÞ: ð1Þ

It can be straightforwardly shown that, if the charge
distribution is Gaussian,
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where f is the fraction of energy that on average goes into
charge, the resulting distribution of Erec is also Gaussian,
with the width
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Here, the probability distribution PðErecjQÞ is given by
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which is normalized to 1. In a general case, however,
the distributions for Erec and Q do not follow the same
functional form.
The application of this procedure to the other two

reconstruction methods is now straightforward. For the
simulation with no neutrons, all charges created down-
stream of any neutron are discarded, with the rest of the
procedure unaffected. In the best-reconstruction case, to
each track in the event, we apply a charge recombination
correction factor that is a function of its PID. The resulting
distribution of the “modified charged" is used in place ofQ.
Figure 3 shows the result of applying this procedure to

our simulation set. Four representative values of the true
proton energy are considered: 0.1, 0.5, 1.0, and 2.0 GeV.
We see that the character of the distribution changes as one
goes from low to high energy values: at 2 GeV, the Erec
distributions are well described by Gaussians, while at
0.1 GeV, the distribution is dominated by a sharp spike,
where essentially all proton energy is recovered. The
0.5 GeV represents a transition between these regimes.
This transition is also clearly seen in Fig. 2, where the
yellow diagonal points represent unscattered protons.
The change from the unscattered to multiply scattered

regimes is dictated by the mean free path of hadronic
collisions. It will prove crucial for our discussion in Sec. V
below. But first, we turn to the corresponding results for the
other hadrons.

B. Charged pions

Understanding the propagation of charged pions is also of
direct relevance to DUNE calorimetry. As illustrated in
Ref. [2], interactions of 4 GeV neutrinos can create hadronic
showers with multiple pions, with energies in the hundreds
of MeV range. Even 1–2 GeV pions are not uncommon in

FIG. 2. Graphical representation of the matrix connecting ionization chargeQ and the true energy of the injected proton Etr , according
to our simulations. (Left) Etr from 0 to 3 GeV and (right) Etr from 0 to 0.5 GeV at finer numerical sampling. The color of each square
indicates the probability of obtaining the corresponding interval of charge Q given the value of Etr .

ALEXANDER FRIEDLAND and SHIRLEY WEISHI LI PHYS. REV. D 102, 096005 (2020)

096005-4



Does this really matter for 
oscillation measurements?

Figure from NOvA,
arXiv:1906.04907
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P R E D I C T I N G  T H E  F D  O B S E R VAT I O N
• Each quartile for the neutrino and antineutrino beams gets unfolded independently and the true Far/

Near ratio is used to obtain a FD prediction from ND data.  

• We estimate cosmic background rate from the timing sidebands of the NuMI beam triggers and 
cosmic trigger data. 

!21

• Observe 113 events in neutrino mode (expect 730 +38/-49(syst.) w/o oscillations),  
65 events in antineutrino mode (expect 266 +12/-14(syst.) w/o oscillations). 

see poster #75NOvA 2019

 implies a steeply rising spectrumθ23 = π/4

Figure from NOvA,
arXiv:1906.04907



cf. NOVA 2016
More events in the dip could be interpreted as evidence 
of nonmaximal mixingContours 

Maximal mixing excluded at 2.5σ 

P. Vahle, Neutrino 2016 18 
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Neutrino scattering at 
several GeV

To model the hadronic system, need 
accurate physics in the generators: 

QE, resonant and non-resonant 
pion production, DIS-like, multi-
nucleon 

Testing everything with neutrino 
scattering is challenging 

neutrino beams are not 
monochromatic and energy 
reconstruction requires good 
generators, see above!   

Find an independent way to 
systematically test all these 
processes

θµ = 15◦
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Use electron scattering
Despite the different primary vertex, much physics in common: 
- Initial nucleon momentum distribution (spectral function) 
- Final state interactions 
- DIS limit, hadronization at several GeV, meson exchange currents, etc     
- discussion in Sec. 2 of 1912.06140 [10.1103/PhysRevD.101.053004]   

Systematic study of generator models using a large inclusive electron 
scattering dataset, last 3 years

https://doi.org/10.1103/PhysRevD.101.053004


Invitation: GENIE vs JLAB

Predictions beyond the quasielastic peak are in dramatic disagreement 
with the data
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Mapping out the pattern of 
discrepancies
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Decisive test: 
comparison to hydrogen 
and deuterium 
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Surprising findings:  

Large discrepancies 
originate in (mis)modeling 
of hadronic processes

	 For details, see e-Print: 2006.11944 
	 DOI: 10.1103/PhysRevD.102.053001



Large discrepancies persist 
for other generators
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Important: large discrepancies among 
generator predictions for exclusive 
channels

• 	e-Print: 1912.06140 [hep-ph]

• 	DOI: 10.1103/PhysRevD.101.053004
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Observation #1
There are a number of conclusions one can draw from 
these analyses 

In some cases, there are specific implementation issues, 
e.g. Bodek-Yang, Delta peak and QE in sub-GeV 

In other cases, the problems are more foundational, 
especially in the “overlaps” between regimes (e.g., RES 
and DIS; QE, MEC, RES). All generators struggle with 
this, to a varying degree -> it’s not trivial 

see Artur’s discussion next



Observation #2

To make progress on the foundational challenges, we 
need to collect new data 

Both the final-state electron and the hadronic system 
should be measures 

Composition and energy distribution between 
protons, pions, gammas, neutrons 

Large solid angle coverage in the forward cone 


