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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 #75Energy reconstruction is crucial 
NOvA 2019

 implies a steeply rising spectrumθ23 = π/4

Figure from NOvA,
arXiv:1906.04907



cf. NOVA 2016
Events in the oscillation dip were interpreted as evidence 
of nonmaximal mixingContours 

Maximal mixing excluded at 2.5σ 

P. Vahle, Neutrino 2016 18 
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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 

Lepton kinematics alone is 
insufficient to infer   

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

Eν

A.F., S. Li, 
Phys.Rev.D 99, 036009 (2019) 

Phys.Rev.D 102, 096005 (2020) 



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

low-energy p/pi-discrimination 

neutron losses 

Opportunity to connect to ML 
reconstruction at SLAC 

Generators are needed to fill in 
missing information  

Predicting the composition and 
properties of the hadronic final 
state

A.F., S. Li, 
Phys.Rev.D 99, 036009 (2019) 

Phys.Rev.D 102, 096005 (2020) 

goes into secondary neutrons is quite stable, about 20%, the
event-by-event variation of this fraction is very large [2].
Let us now turn to the other two reconstruction scenarios.

Notably, at sufficiently high energies, the fractional energy
resolution is well fit by a E−1=2 scaling law. Specifically, for
protons, we obtain 42%=

ffiffiffiffi
E

p
for the charge-only method

and 25%=
ffiffiffiffi
E

p
for the best-reconstruction method. For

charged pions, we find 42%=
ffiffiffiffi
E

p
for the charge-only

method and 21%=
ffiffiffiffi
E

p
for the best-reconstruction method.

For neutrons, the corresponding relationships are 40%=
ffiffiffiffi
E

p

for the charge-only method and 23%=
ffiffiffiffi
E

p
for the best-

reconstruction method. The first observation, therefore, is
that at high energies the energy resolution performance is
remarkably similar for each particle type.
The second observation is that the E−1=2 law breaks

down at lower energies, and the fractional resolution
actually improves as the energy is decreased to 0.1 GeV.
Let us discuss the underlying reasons for this behavior.
At the most basic level, liquid argon detectors operate as

calorimeters, in which ionization charge deposited by par-
ticles created as a result of neutrino interactions is used to
infer the total energy. Conversion from charge to energy
involves, however, a number of steps that each introduce
uncertainty. The size of this uncertainty depends on the
amount of additional informationgained in the reconstruction
process. Let us summarize the relevant factors:
(a) For a given final-state track, the first consideration is

its PID. Conversion from charge deposited along a
track to energy involves correctly accounting for
charges lost to recombination. The recombination
correction is higher for slow-moving protons than
for pions and muons of the same kinetic energies, as
illustrated in Fig. 1. One might wonder whether the
discrimination between neutral and charged pions, i.e.,
between electromagnetic showers and tracks, also
plays a role here. In fact, we explicitly checked that,
in our simulation, the main impact of PID on the
accuracy of energy reconstruction is through proton/
charged pion discrimination.

(b) The next fundamental ingredient in the energy
reconstruction of charged hadrons is their interactions
in the medium. Indeed, once the particle type is
identified,dQ=dx along its trajectory can be reasonably
well related to dE=dx, until the particle undergoes a
hadronic interaction with a background argon nucleus.

In hadronic collisions, the energy flow is affected by
several processes:

(i) Some energy is lost to the breakup of the target
nucleus. Some can be emitted by deexcitation
gamma rays, which create small charge deposits
that may be detected with a varying degree of
efficiency, depending on the detection thresholds.

(ii) Energy can be imparted to one or more hadrons,
such as secondary pions created in the collision,
nucleons knocked out of the nucleus, or a combi-
nation of pions and nucleons. For each secondary
track, the accuracy of conversion from charge to
energy loss again depends on whether PID informa-
tion is available.

(iii) Some of the knocked-out nucleons in the last step
could be neutrons, and these present a special
challenge, as discussed in Sec. III C. They do not
leave tracks and can dissipate energy by exciting and
breaking up numerous argon nuclei, resulting in a
spray of small charge deposits. They may also
produce tertiary charged hadrons, which are likewise
detached from the main event. Energy reconstruction
depends on whether and how often such detached
charge deposits can be identified with the main event.

Above all, the main conclusion here is this: the nature of
the energy resolution is dictated by the frequency of
hadronic collisions. Hadrons above 1 GeV (and their
products) are expected to undergo multiple collisions. In
this regime, the distribution of energy among the several
channels becomes stochastic, and the reconstructed energy
distribution approaches a Gaussian form. Notice that the
widths of the Gaussians, which have been derived earlier,
are found to be very similar for the three hadron types. They
are controlled by the similar hadronic interaction rates.

FIG. 9. Simulated hadron energy resolution as a function of its true energy. Left to right: protons, negative pions, and neutrons.

SIMULATING HADRON TEST BEAMS IN LIQUID ARGON PHYS. REV. D 102, 096005 (2020)

096005-9



Also to correct for different 
event containment

Connecting near and far detectors requires robust interaction 
modeling

This shows that behind seemingly simple Gaussian
resolution curves seen in Sec. III lies a complicated
dynamical picture of shower development. The resolution
of a detector may thus be affected by its geometry and other
relevant considerations, such as requirements to fiducialize
the detection volume to eliminate cosmic ray–induced and
other contamination.

V. DISCUSSION

The results of our large-volume simulations can be
summarized by plotting the energy resolution for each
particle type, as a function of energy. This is shown in
Fig. 9, where injection energies up to 3 GeVare considered.
The colored curves correspond to the three reconstruction
scenarios we consider, as labeled. The dashed curves
indicate the resolution assumed in the CDR document [4,5].
We immediately see that the role of neutrons is abso-

lutely crucial for the accuracy of charge hadron energy
reconstruction: the green curves, which correspond to
discarding all neutrons, show the resolution that is signifi-
cantly worse than the other two cases. This is in line with
what we already discussed in Sec. III for specific energy
values. Even though the average fraction of energy that

FIG. 7. Distribution of ionization charges created by an injected proton in cubic volumes of length 2, 3, and 5 m. The top row
corresponds to injected proton energy of 2 GeV; the bottom row, to proton energy of 7 GeV. The dashed curves in the top row show the
corresponding Gaussian fits.

FIG. 8. Distribution of ionization charges created by injecting
4 × 105 protons of 2 GeV kinetic energy at position (0, 0, 0). The
initial proton momenta point in the positive z direction. All
charges have been projected along the y direction. The solid
contours show the regions enclosing 95% and 99% of the total
charge. The dashed lines show the 2 × 2 × 2 m, 3 × 3 × 3 m, and
5 × 5 × 5 m cubic volumes considered in Fig. 7.

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

096005-8
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A.F., S.Li, DOI: 10.1103/PhysRevD.102.096005  



Which aspects of the generators should 
be improved as the highest priority?

In theory, any improvement to the models in the 
generators is a positive development 

in practice, fixating on one process while neglecting 
greater sources of discrepancies may lead to  

misallocation of resources,  

lull the community into complacency,  

leading to uncontrolled systematic errors



Neutrino scattering at 
several GeV

Need to evaluate the different 
physics ingredients: 

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

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

Find an independent way to 
systematically test all these 
processes
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GENIE vs JLAB

Predictions beyond the quasielastic peak are in dramatic disagreement 
with the data
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Different kinematic regimes

Chronic problems with many 
other datasets.

Systemic 
discrepancies 
beyond CCQE
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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 

Prominent double-counting 
in the RES -> DIS region

	 For details, see A. Ankowski, A.F., 
	 DOI: 10.1103/PhysRevD.102.053001



Large discrepancies persist 
for other generators

Ankowski, A.F., Li, to appear
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Large discrepancies persist 
for other generators
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Common physics challenges of 
modern neutrino event generators

We find that kinematic regimes in 
which the scattering is modeled as 
an overlap of different physical 
processes are especially prone to 
mis-modeling 

Transition between higher 
resonances and the DIS regime, 
encompasses nearly half of all 
expected events for DUNE  

Requires an improved theoretical 
framework validated against 
extensive inclusive and exclusive 
data
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New data!

To make progress on the foundational challenges, we 
need to collect new data, both neutrino and electron 

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

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

Large solid angle coverage in the forward cone 



Exciting opportunity to study 
e-A physics at SLAC 

LDMX (Light Dark Matter eXperiment) was conceived to search 
for light dark matter 

Electron beam energy in the S30XL beam line is 4 GeV (8 GeV), 
great to make measurements for DUNE 

LDMX happens to have advantageous characteristics: wide 
angular acceptance of charged hadrons, good momentum 
resolution, ability to detect neutrons 

Opportunity to gather both inclusive data and detailed 
information about the final-state hadronic system



Important: large discrepancies among 
generator predictions for exclusive 
channels

• 	Ankowski, et al, 1912.06140 [hep-ph]

• 	DOI: 10.1103/PhysRevD.101.053004
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