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What’s the motivation?

It is “standard lore” that DUNE (Deep Underground 
Neutrino Experiment) needs them 

$1B+ international project, the flagship of the US 
domestic HEP program for the next 10-15 years 

1,000+ members from 30+ countries, and 
growing

The Deep Underground Neutrino Experiment, powered by the 
Long-Baseline Neutrino Facility and Fermilab’s PIP-II accelerator 
upgrades, will study elusive subatomic particles called neutrinos. 
They are the most abundant matter particles in the universe, and  
they are all around us, but we know very little about them. Each 
second a trillion neutrinos pass harmlessly through our bodies.  
In nature, they are produced in great quantities by the sun and 
other stars.

Scientists can create neutrinos in the laboratory with huge particle 
accelerators, and these neutrinos can be tracked with extremely 
sensitive detectors. Learning more about neutrinos, particularly 
the unique mechanism that allows them to change from one type  
to another over long distances, will tell us more about the universe 
and how it works. It may even give us the key to understanding 
why we live in a matter-dominated universe—in other words, why 
we are here. 

Why neutrinos?

Three major discovery areas

Project timeline

A national laboratory funded by the Office of Science of the Department of Energy. www.fnal.gov

Armenia
Brazil
Bulgaria
Canada
Chile
China
Colombia
Czech Republic

Finland
France
Greece
India
Iran
Italy
Japan
Madagascar

Mexico
Netherlands
Paraguay
Peru
Poland
Portugal
Romania
Russia

South Korea
Spain
Sweden
Switzerland
Turkey
Ukraine
United Kingdom
United States

An international effort
The Deep Underground Neutrino Experiment brings together over 1,000  
scientists from more than 30 countries around the world. 

For more information on the international collaboration and the institutions involved, please visit www.fnal.gov/pub/science/lbnf-dune

Origin of Matter

DUNE scientists will look at the differences  
in behavior between neutrinos and  
antineutrinos, aiming to find out whether 
neutrinos are the reason the universe is  
made of matter. 

Unification of forces

DUNE’s search for the signal of proton 
decay—a signal so rare it has never been 
seen—will move scientists closer to  
realizing Einstein’s dream of a unified  
theory of matter and energy.

Black hole formation

DUNE will look for the gigantic streams of 
neutrinos emitted by exploding stars to 
watch the formation of neutron stars and 
black holes in real time, and learn more 
about these mysterious objects in space. 

July 2017 

Groundbreaking for LBNF/DUNE

2026 

Fermilab’s high-energy neutrino beam 
to South Dakota operational with two 

DUNE detectors online

Autumn 2018 

ProtoDUNE detectors online at CERN

2019 

Begin main cavern excavation in 
South Dakota

2022 

Begin installing the first DUNE 
detector



Goal: precision studies of neutrino 
oscillations as a function of energy

If the energy could be accurately measured with a near 
and far detector, we wouldn’t need to know much 
about cross sections

Chapter 4: Long-Baseline Neutrino Oscillation Physics 4–63
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Figure 4–1: The unoscillated spectrum of ‹µ events from the LBNE beam (black histogram)
overlaid with the ‹µ æ ‹e oscillation probabilities for di�erent values of ”cp and normal hierarchy
as colored curves.

‹e appearance coupled with larger rate asymmetries when CP violating e�ects are included.
LBNE has higher appearance rates with a 700 kW MI beam even when compared to Stage
1 of a neutrino factory (NF) with a 1 MW beam from Project X upgrades †.

4.1 LBNE Detector Simulation and Reconstruction

A 10-kt-scale LArTPC Far Detector, the LAr-FD, fulfills the high-mass requirement for
LBNE and provides excellent particle identification with high signal selection e�ciency
(Ø 80%) over a wide range of energies as described in the LBNE Conceptual Design Re-
port Volume 1 [24]. This is the chosen technology for the LBNE far detector. The status
of the LBNE LArTPC simulation and reconstruction e�orts, and expected performance is
summarized in this section.

4.1.1 Far Detector Simulation

Interactions of events in the FD are simulated with GEANT4 [70] using the LArSoft [71]
package, which is built on the ART software framework [72]. ART is developed and supported

†The corresponding MI power would be 1.2 MW for the neutrino program with this phase of Project X

Scientific Opportunities with LBNE



In fact, we don’t even 
have to wait for DUNE

Consider the NOvA 
experiment (Fermilab to 
Northern Minnesota, 
810 km baseline) 

Good sensitivity to the 
“atmospheric” 
parameters                     
(      and            )

NOvA Detectors 

¨  Designed for electron ID 
¤  Low Z materials 
¤  65% active 

¨  ND: Underground at FNAL 
¨  FD: On the surface at Ash River 

P. Vahle, Neutrino 2016 6 
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Contours 

Maximal mixing excluded at 2.5σ 

P. Vahle, Neutrino 2016 18 
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Mayly Sanchez - ISU
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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 at Neutrino 2018

Maximal mixing is no longer strongly disfavoredMayly Sanchez - ISU

M U O N  N E U T R I N O  D I S A P P E A R A N C E  
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• Matter effects introduce a small asymmetry in the maximal disappearance point 
between neutrinos and antineutrinos. 

• Tension between the muon neutrino and antineutrino datasets (at the 1 σ level) favors 
upper octant (UO) for normal hierarchy (NH) and lower octant (LO) for inverted 
hierarchy (IH). 

Refined energy reconstruction



Measuring neutrino energy 
at DUNE

In the beam of 1-4 GeV, a variety of final 
states are produced, with protons, pions, 
and neutrons (see Ulrich’s talk) 

Because of this, DUNE has to use the 
calorimetric method 

As a calorimetric detector DUNE is not 
perfectly hermetic 

There are several missing energy 
channels, and they dictate energy 
resolution (see Shirley’s talk) see arXiv:1811.06159,  

10.1103/PhysRevD.99.036009  



How cross section uncertainties 
enter oscillation studies

Generator predictions are used to fill the missing 
information (subthreshold energy deposits, missing 
particle-ID info, nuclear breakup by wandering 
neutrons, etc, etc) 

Accurate predictions for both charge lepton and the 
hadronic system (energies, composition) are key 

Mistakes can have profound consequences
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use electron scattering

Common physics includes  
- Initial nucleon momentum distribution (spectral function) 
- Final state interactions 
- Hadronization at several GeV, meson exchange currents, etc  

GENIE generator predictions show dramatic discrepancies with a variety inclusive electron 
scattering data 

Artur Ankowski, A.F., Shirley Li, the last 2 years
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Electron scattering comparison

Everything beyond the QE peak is in dramatic disagreement
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Different kinematic regimes

Chronic problems with many 
other datasets.

Systemic 
discrepancies 
beyond CCQE
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Mapping out the pattern of 
discrepancies

5
.8

G
e
V

@
5
0
◦

5
.8

G
e
V

@
3
2
◦

5
.8

G
e
V

@
2
2
◦

4
.0

G
e
V

@
3
0
◦

4
.0

G
e
V

@
2
3
◦

4
.0

G
e
V

@
1
5
◦

4
.0

G
e
V
@
3
7
◦

1
7
.3

G
e
V

@
1
0
◦

|q| (GeV)

ω
(G

eV
)

+50%

+30%

+10%

−10%

−30%

−50%
6543210

5

4

3

2

1

0



Opportunity to study this 
physics at SLAC

Electron beam energy in S30XL is 4 GeV, ideal range to make 
measurements for DUNE 

LDMX happens to have potentially advantageous 
characteristics: wide angular acceptance of the produced 
particles (p, π) and good momentum resolution 

The key, as already mentioned, is to gather detailed 
information about the hadronic system, not only inclusive data 

The idea was discussed at PINS 2017, presented in a talk to 
LDMX collaboration in 2017, to DOE  and SLAC LDRD in 
2018



Opportunity to study this 
physics at SLAC

Plan of action: 

Generate events throughout the regimes of interest (QE and 
beyond), with as few cuts at the generator level as possible 

Combine with detector simulations. Establish how much of the 
interesting physics can be covered under baseline LDMX detector 
assumptions. 

Think through the origin of various limitations. Anything that was 
imposed because the design thought only about dark stuff? 
Anything that could be improved with a modest fee?  

The results should tell us whether LDMX is indeed capable of a dual 
physics program, or if a dedicated experiment would be preferred




