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DUNE Overview
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Measure ne appearance and nµ disappearance in a wideband neutrino beam at 1300 km to 
measure mass ordering, CP violation, and neutrino mixing parameters in a single experiment. 

Large, deep-underground FD facilitates supernova neutrino and baryon number violation 
sensitivity. Many BSM search opportunities using DUNE detectors.

>1000 collaborators



Overview of Physics Goals
• Three-flavor long-baseline neutrino oscillation

• Definitive measurement of neutrino mass ordering
• Discovery potential for CPV violation for wide range of dCP values
• Significant potential for determination of q23 octant
• Precise measurement of all parameters governing long-baseline oscillation in a single experiment: 
q23, q13, Dm2

32, dCP
• Requires long-baseline, high-power, broadband neutrino beam, massive FD, efficient selection of 
ne and nµ interactions with good background rejection, precise control of flux, interaction, and 
detector systematics (powerful ND)

• Supernova burst neutrinos
• Large sample of neutrinos for SNB in our galaxy (particularly electron neutrinos in argon) 
• Measure flavor content, spectra, time evolution of SNB neutrinos
• Early detection and pointing for multi-messenger astrophysics
• Quantitative measurements of SNB evolution, particle physics parameters
• Requires highly efficient trigger

• BSM processes
• Baryon number violating processes, sterile neutrinos, non-unitarity of PMNS matrix, non-standard 

interactions, CPT violation, neutrino trident production, dark matter detection, ….
• Primarily analyses of opportunity

• Sensitivity analyses updated for DUNE TDR (2019)
• See R. Patterson’s Wine & Cheese seminar (https://vms.fnal.gov/asset/detail?recid=1961001)
• Journal articles in preparation
• A few details and highlights of TDR analyses follow…
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https://vms.fnal.gov/asset/detail?recid=1961001


Long-baseline Oscillation Analysis
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Flux

• Beam line designed using 
genetic algorithm to optimize 
CPV sensitivity and 
engineering input

• Flux prediction from Geant4 
simulation  

• Flux uncertainties include 
hadron production, beam 
focusing, and alignment effects
• Informed by experience with 

MINERvA, NOvA
• ~8% at 2.5 GeV
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Interaction Model

• Neutrino interactions are 
simulated with GENIE version 
2.12.10, with default physics list 
except for Valencia 2p2h model

• LBL analysis uses “DUNEInt”
• Implementation of interaction model 

& uncertainties developed by 
neutrino interaction experts

• Makes extensive use of GENIE’s 
reweighting framework
• Supports kinematic shifts in addition to 

reweighting
• Adds additional freedom inspired by 

lack of measurements on argon and 
informed by modeling uncertainties 
in running experiments 

• GENIE v3 will be implemented 
post-TDR
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Example: 2p2h 

MINERvA and NOvA see a cross-section 
enhancement consistent w/ multinucleon
scattering. Can fit as 1p1h, NN, or 2p2h. 
DUNEInt parameter moves events among 
these possibilities.    



Far Detector Samples

• Far detector samples generated using 
LArSoft
• GENIE event generation
• G4 particle propagation
• DUNE-specific detector simulation

• Reconstruction/event selection 
implemented in LArSoft
• PANDORA reconstruction used for 

clustering
• Energy reconstruction:

• Range for contained muons
• MCS for exiting muons
• Calorimetry for hadrons and EM showers
• Missing energy correction applied

• CVN event selection (track vs. shower)
• Efficiency to select ne appearance 

events similar to that predicted by Fast 
MC in CDR analysis
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Far Detector Selected Spectra
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Order 1000
appearance

events in 7 years

Order 10,000 
disappearance 

events in 7 years



Near Detector

• Highly capable near detector must constrain systematics for the oscillation 
analysis in the face of unknown unknowns
• Simply measuring parameters of a flux/interaction model is not sufficient

• Reduce dependence on interaction model
• Make measurements on an [as identical as possible] near detector
• Make measurements on the same nuclear target as the far detector
• Model-independent flux measurements: neutrino-electron elastic scattering, low-n method
• Off-axis measurements
• Neutron spectrum measurements
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3D scintillator 
tracker

GArTPC
w/ECAL

LArTPC For TDR analysis, 
only parameterized 
reconstruction of 
nµ-CC sample in  
LArTPC is 
included in fits but
analysis assumes 
constraints from 
full ND



Sensitivity Analysis

• Fitting
• Uses CAFAna fitting framework, initially developed in NOvA
• Simultaneous fit to ND and FD samples

• Systematics
• Flux systematics included using primary component analysis of flux covariance matrix 
• Interaction systematics use DUNEInt package (60+ parameter variations)
• Detector systematics defined using expectation of post-calibration detector performance 

(significant freedom as a function of energy)
• Oscillation parameters: NuFit 4

• http://www.nu-fit.org/?q=node/177
• Central value of q23 has significant impact on sensitivity

• Staging assumptions (technically limited schedule)
• 1.2 MW ⨯ 20 kton at start
• 1.2 MW ⨯ 30 kton after 1 yr
• 1.2 MW ⨯ 40 kton after 3 yr
• 2.4 MW ⨯ 40 kton after 6 yr
• Equal running in neutrino/antineutrino mode
• Standard “Fermilab year” = 56% accelerator uptime
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Where possible, fits are 
performed for an ensemble 
of simulated datasets in 
which statistical variations, 
oscillation parameters, and 
values of systematics 
parameters are varied 
(“throws”). Asimov sets are 
used for some studies.

http://www.nu-fit.org/?q=node/177


dCP Results

dCP Resolution CP Violation Sensitivity

Ultimate goal is precise measurement of dCP: < 17 degrees after 15 years
Significant CP violation discovery potential over wide range of dCP space in 7-10 years

MoOD Workshop: DUNE Physics Goals (ETW) 11



Sensitivity Over Time
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Unambiguous determination of neutrino mass ordering within first few years.
Significant milestones throughout the beam physics program.



Precision Measurements
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Octant determination: sin2q13: Comparable to 
reactor precision



Supernova Neutrinos
• TDR analyses use:

• MARLEY event generator for primary
LArTPC detection channel:
• ne + 40Ar → e- + 40K*
• Includes detailed data-driven model of 

relevant nuclear transitions

• Full detector simulation with
calorimetric energy reconstruction

• SNOwGLoBES parameterization of 
sim/reco for some analyses
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Argon target:
Unique sensitivity
to 𝜈e flux

DUNE at 10 kpc:
~3000 𝜈e events
over 10 seconds



Example SNB Observables
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Neutrino mass ordering
signature in neutronization burst

Other 𝜈MO signatures in burst data
have more theoretical uncertainty
(e.g., shock wave, collective effects)

→ Leverage beam-based
vMO measurement!

DUNE sensitivity to “pinched
thermal” spectral parameters*

(Only time integrated flux used here!)

DUNE 90% C.L.



Comment on Solar Neutrinos
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arXiv:1808.08232

Assumptions:
• 100 kt-year 
• Energy threshold 5 MeV
• Energy resolution 7%
• Angular resolution 25∘

• Similar reco/analysis issues to supernova neutrinos, but…
• Phenomenological study assumes lower threshold and better energy

resolution than initially envisioned for DUNE
• DUNE is currently studying ability to select and reconstruct solar ns 

using full MC



BSM Physics: Baryon Number Violation

• Sensitivities using DUNE simulation, reconstruction, and event selection
• p→Kn: 

• Full K →µ →e chain visible in LArTPC
• Tracking and dE/dx for rejection of nµ CC atmospheric background
• ~0.5 background events at 400 kt-yr, 30% signal efficiency
• If no signal:  𝜏/B > 1.3⨯1034 yr (90% C.L.)

• n-n̄ osc:
• Spherical spray of hadrons with E ≈ 2Mn and net momentum ≲ pF ~ 300 MeV
• Free-neutron-equivalent sensitivity: 𝜏free,osc > 5.5⨯108 s  (90% C.L.)

MoOD Workshop: DUNE Physics Goals (ETW) 17

10 cmK+

𝜇+

e+

DUNE simulation DUNE simulation

50 cm



A Few More BSM Physics Examples
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Z′-mediated trident interactions
Underlying interaction a possible explanation to the muon g–2 anomaly

DUNE
300 kt-MW-yr

Non-standard interactions
Observable as modifications to standard matter effects over DUNE’s long baseline



Summary

• Primary physics goals of DUNE are:
• Comprehensive program of neutrino oscillation measurements
• Detection of ne flux from core-collapse supernova within the galaxy (or LMC)
• Broad program of search for physics beyond the SM, including baryon number violation

• Many TDR analyses based on full simulation/reconstruction/selection in single 
phase LArTPC assuming full 40-kt (fiducial) FD volume

• Important considerations for the 4th module:
• Systematics for oscillation physics program: Neutrino interaction uncertainty in 4th module 

well constrained by DUNE ND? Detector uncertainties understandable? Improvements to 
FD measurements?

• Threshold, background, resolution for low-energy physics: Do these allow triggering and 
event selection for core-collapse supernova program? Do they facilitate expansion into 
solar neutrinos?

• Improved/complementary neutrino flavor or interaction tagging?
• Competitive or improved capability for baryon number violation searches?
• Expansion of physics program beyond existing goals?
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