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Chapter 1: Introduction to LBNF and DUNE 1–1

Chapter 14

Introduction to LBNF and DUNE5

ch:physics-overview

1.1 An International Physics Program6

The global neutrino physics community is developing a multi-decade physics program to measure7

unknown parameters of the Standard Model of particle physics and search for new phenomena.8

The program will be carried out as an international, leading-edge, dual-site experiment for neutrino9

science and proton decay studies, which is known as the Deep Underground Neutrino Experiment10

(DUNE). The detectors for this experiment will be designed, built, commissioned and operated11

by the international DUNE Collaboration. The facility required to support this experiment, the1

Long-Baseline Neutrino Facility (LBNF), is hosted by Fermilab and its design and construction is2

organized as a DOE/Fermilab project incorporating international partners. Together LBNF and3

DUNE will comprise the world’s highest-intensity neutrino beam at Fermilab, in Batavia, IL, a4

high-precision near detector on the Fermilab site, a massive liquid argon time-projection chamber5

(LArTPC) far detector installed deep underground at the Sanford Underground Research Facility6

(SURF) 1300 km away in Lead, SD, and all of the conventional and technical facilities necessary7

to support the beamline and detector systems.8

The strategy for executing the experimental program presented in this Conceptual Design Report9

(CDR) has been developed to meet the requirements set out in the P5 report
p5report
[?] and takes into10

account the recommendations of the European Strategy for Particle Physics
ESPP-2012
[?]. It adopts a model11

where U.S. and international funding agencies share costs on the DUNE detectors, and CERN12

and other participants provide in-kind contributions to the supporting infrastructure of LBNF.13

LBNF and DUNE will be tightly coordinated as DUNE collaborators design the detectors and14

infrastructure that will carry out the scientific program.15

The scope of LBNF is16

• an intense neutrino beam aimed at the far site17

• conventional facilities at both the near and far sites18

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report
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• cryogenics infrastructure to support the DUNE detector at the far site19

The DUNE detectors include20

• a high-performance neutrino detector and beamline measurement system located a few hun-21

dred meters downstream of the neutrino source22

• a massive liquid argon time-projection chamber (LArTPC) neutrino detector located deep23

underground at the far site1

With the facilities provided by LBNF and the detectors provided by DUNE, the DUNE Collab-2

oration proposes to mount a focused attack on the puzzle of neutrinos with broad sensitivity to3

neutrino oscillation parameters in a single experiment. The focus of the scientific program is4

the determination of the neutrino mass hierarchy and the explicit demonstration of leptonic CP5

violation, if it exists, by precisely measuring differences between the oscillations of muon-type neu-6

trinos and antineutrinos into electron-type neutrinos and antineutrinos, respectively. Siting the7

far detector deep underground will provide exciting additional research opportunities in nucleon8

decay, studies utilizing atmospheric neutrinos, and neutrino astrophysics, including measurements9

of neutrinos from a core-collapse supernova should such an event occur in our galaxy during the10

experiment’s lifetime.11

1.2 The LBNF/DUNE Conceptual Design Report Volumes12

1.2.1 A Roadmap of the CDR1

The LBNF/DUNE CDR describes the proposed physics program and technical designs at the2

conceptual design stage. At this stage, the design is still undergoing development and the CDR1

therefore presents a reference design for each element as well as alternative designs that are under2

consideration.3

The CDR is composed of four volumes and is supplemented by several annexes that provide details4

on the physics program and technical designs. The volumes are as follows5

• Volume 1: The LBNF and DUNE Projects provides an executive summary of and strategy6

for the experimental program and of the CDR as a whole.7

• Volume 2: The Physics Program for DUNE at LBNF outlines the scientific objectives and8

describes the physics studies that the DUNE Collaboration will undertake to address them.9

• Volume 3: The Long-Baseline Neutrino Facility for DUNE describes the LBNF Project,10

which includes design and construction of the beamline at Fermilab, the conventional facilities11

at both Fermilab and SURF, and the cryostat and cryogenics infrastructure required for the12

DUNE far detector.13
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• Volume 4: The DUNE Detectors at LBNF describes the DUNE Project, which includes the14

design, construction and commissioning of the near and far detectors.15

More detailed information for each of these volumes is provided in a set of annexes listed on the16

CD-1-R Reports and Documents page.17

1.2.2 About this Volume18

Volume 2: The Physics Program for DUNE at LBNF outlines the science objectives in Chapter
ch:physics-goals
2,19

describes each of the areas of study in the following chapters, and concludes with a summary.20

The LBNF/DUNE science objectives are categorized as primary, ancillary and additional, with the21

primary objectives driving the experiment and facility designs that together will also enable pursuit1

of the ancillary objectives. Pursuit of the additional goals may require technological developments2

beyond the current designs.3

Chapters
ch:physics-lbnosc
3,

ch:physics-atmpdk
4 and

ch:physics-snblowe
5 describe the physics program for the DUNE far detector in the areas of long-4

baseline neutrino oscillations, nucleon decay, atmospheric neutrinos and detection of supernova5

neutrino bursts and low-energy neutrinos; they also discuss the requirements that these studies6

impose on the detector design.7

Chapter
ch:physics-nd
6 discusses the role that the near detector plays in the overall DUNE physics program and8

the requirements that it must satisfy, and describes the measurements and new physics searches9

that the near detector will enable on its own.10

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report
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Chapter 211

LBNF/DUNE Scientific Goals12

ch:physics-goals

We keep going back and forth on capitalizing universe; I’m trying to UNcapitalize it because I
don’t like it (even though we used that in the sci opp doc; but it doesn’t really matter to me,
let’s just agree

13

Also, standardizing on NO PUNCTUATION at end of bullet unless it’s a full sentence. And
use “textit” not “it” to italicize.14

2.1 Overview of Goals15

LBNF/DUNE will address fundamental questions key to our understanding of the Universe. These16

include17

• What is the origin of the matter-antimatter asymmetry in the Universe? Immediately18

after the Big Bang, matter and antimatter were created equally, but now matter dominates.19

By studying the properties of neutrino and antineutrino oscillations to determine if charge-20

parity (CP) symmetry is violated in the lepton sector,21

from Carl A: in particular, the predicted presence and extent of leptonic CP violation
22

MB: I dont agree with Carl’s statement, there is no definitive prediction of CP violation,
but I added an extra qualification - I dont think CP has been defined before here so I
spelled it out - may want to check that this meshes.

23

LBNF/DUNE will pursue the current most promising avenue for understanding this asym-24

metry.25
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• What are the fundamental underlying symmetries of the Universe? The patterns of26

mixings and masses between the particles of the Standard Model is not understood. By27

making precise measurements of the mixing between the neutrinos and the ordering of neu-28

trino masses and comparing these with the quark sector, LBNF/DUNE could reveal new29

underlying symmetries of the Universe.1

• Is there a Grand Unified Theory of the Universe? Results from a range of experiments2

suggest that the physical forces observed today were unified into one force at the birth of3

the Universe. Grand Unified Theories (GUTs), which attempt to describe the unification of4

forces, predict that protons should decay, a process that has never been observed. DUNE5

will search for proton decay in the range of proton lifetimes predicted by a wide range of6

GUT models.7

• How do supernovae explode and what new physics will we learn from a neutrino burst?8

Many of the heavy elements that are the key components of life were created in the super-9

hot cores of collapsing stars. DUNE would be able to detect the neutrino bursts from core-10

collapse supernova within our galaxy (should any occur). Measurements of the time, flavor11

and energy structure of the neutrino burst will be critical for understanding the dynamics12

of this important astrophysical phenomenon, as well as providing information on neutrino13

properties and other particle physics.14

The LBNF/DUNE scientific objectives are categorized into: the primary science program, address-15

ing the key science questions highlighted by the particle physics project prioritization panel (P5);16

a high-priority ancillary science program that is enabled by the construction of LBNF and DUNE;17

and additional scientific objectives, that may require developments of the LArTPC technology.18

The goals of the primary science program define the high-level requirements for LBNF and the19

DUNE detectors. The ancillary science program provides further requirements, specifically on the20

design of the near detector, required for the full scientific exploitation of this world leading facility.21

2.2 The Primary Science Program22

The primary science program of the LBNF/DUNE experiment focuses on fundamental open ques-23

tions in neutrino and astroparticle physics:24

• precision measurements of the parameters that govern νµ → νe and νµ → νe oscillations with25

the goal of1

– measuring the charge-parity (CP) violating phase δCP — where a value differing from2

zero or π would represent the discovery of CP-violation in the leptonic sector, providing a3

possible explanation for the matter-antimatter asymmetry in the universe;4

– determining the neutrino mass ordering (the sign of ∆m2
31 ≡ m2

3 −m2
1), often referred5

to as the neutrinomass hierarchy;6
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– precision tests of the three-flavour neutrino oscillation paradigm through studies of7

muon neutrino disappearance and electron neutrino appearance in both νµ and νµ beams,8

including the measurement of the mixing angle θ23 and the determination of the octant in9

which this angle lies;10

• search for proton decay in several important decay modes, for example p → K+ν, where11

the observation of proton decay would represent a ground-breaking discovery in physics,12

providing a portal to Grand Unification of the forces;13

• detection and measurement of the νe flux from a core-collapse supernova within our galaxy,14

should any occur during the lifetime of the DUNE experiment.15

2.3 The Ancillary Science Program16

The intense neutrino beam from LBNF, the massive DUNE LArTPC far detector and the highly-17

capable DUNE near detector provide a rich ancillary science program, beyond the primary mission18

of the experiment. The ancillary science program includes:19

• other accelerator-based neutrino flavor transition measurements with sensitivity to Beyond20

Standard Model (BSM) physics, such as:21

– non-standard interactions (NSIs);22

– the search for sterile neutrinos at both the near and far sites;23

– measurements of tau neutrino appearance;24

• measurements of neutrino oscillation phenomena using atmospheric neutrinos;25

• a rich neutrino interaction physics program utilizing the DUNE near detector, including:26

– a wide-range of measurements of neutrino cross sections;27

– studies of nuclear effects, including neutrino final-state interactions;28

– measurements of the structure of nucleons;1

– measurement of sin2 θW;2

• and the search for signatures of dark matter.3

Furthermore, a number of previous breakthroughs in particle physics have been serendipitous, in4

the sense that they were beyond the original scientific objectives of an experiment. The intense5

LBNF neutrino beam and novel capabilities for both the DUNE near and far detectors will probe6

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report



Chapter 2: LBNF/DUNE Scientific Goals 2–7

new regions of parameter space for both the accelerator-based and astrophysical frontiers, providing7

the opportunity for discoveries that are not currently anticipated.8

2.4 Additional Scientific Objectives9

There are a number of opportunities that could be enabled by developments/improvements to the10

LArTPC detector technology over the course of the DUNE installation. These include:11

• measurements of neutrino oscillation phenomena and of solar physics using solar neutrinos;12

• detection and measurement of the diffuse supernova neutrino flux;13

• measurement of neutrinos from astrophysical sources at energies from gamma-ray bursts,14

active galactic nuclei, black-hole and neutron star mergers, or other transient sources.15
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Chapter 316

Long-Baseline Neutrino Oscillation Physics17

ch:physics-lbnosc

3.1 Overview and Theoretical Context18

sec:physics-lbnosc-context

The Standard Model of particle physics presents a remarkably accurate description of the elemen-19

tary particles and their interactions. However, its limitations pose deeper questions about Nature.1

With the discovery of the Higgs boson at CERN, the Standard Model would be “complete” except2

for the discovery of neutrino mixing, which indicated neutrinos had a very small but nonzero mass.3

In the Standard Model, the simple Higgs mechanism is responsible for both quark and charged4

lepton masses, quark mixing and charge-parity (CP) violation. However, the small size of neu-5

trino masses and their relatively large mixing bears little resemblance to quark masses and mixing,6

suggesting that different physics – and possibly different mass scales – in the two sectors may be7

present, thus motivating precision study of mixing and CP violation in the lepton sector of the8

Standard Model.9

DUNE plans to pursue a detailed study of neutrino mixing, resolve the neutrino mass ordering, and10

search for CP violation in the lepton sector by studying the oscillation patterns of high-intensity11

νµ and ν̄µ beams measured over a long baseline. Neutrino oscillation arises from mixing between12

the flavor νe, νµ, ντ and mass (ν1, ν2, ν3) eigenstates of neutrinos. In direct correspondence with13

mixing in the quark sector, the transformations between basis states is expressed in the form of a14

complex unitary matrix, known as the PMNS mixing matrix :15

 νe
νµ
ντ

 =

 Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3


︸ ︷︷ ︸

UPMNS

 ν1
ν2
ν3

 . (3.1) eqn:pmns0

The PMNS matrix in full generality depends on just three mixing angles and a CP-violating16

phase1. The mixing angles and phase are designated as (θ12, θ23, θ13) and δCP. This matrix can be17

parameterized as the product of three two-flavor mixing matrices as follows
Schechter:1980gr
[?], where cαβ = cos θαβ18

1There are two additional CP phases (Majorana phases), but they are unobservable in the oscillation processes.
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and sαβ = sin θαβ:19

UPMNS =

 1 0 0
0 c23 s23
0 −s23 c23


︸ ︷︷ ︸

I

 c13 0 e−iδCPs13
0 1 0

−eiδCPs13 0 c13


︸ ︷︷ ︸

II

 c12 s12 0
−s12 c12 0

0 0 1


︸ ︷︷ ︸

III

(3.2) eqn:pmns

The parameters of the PMNS matrix determine the probability amplitudes of the neutrino oscil-20

lation phenomena that arise from mixing. The frequency of neutrino oscillation depends on the21

difference in the squares of the neutrino masses, ∆m2
ij ≡ m2

i −m2
j ; a set of three neutrino mass22

states implies two independent mass-squared differences (the “solar” mass splitting, ∆m2
21, and23

the “atmospheric” mass splitting, ∆m2
31), where ∆m2

31 = ∆m2
32 + ∆m2

21. The ordering of the mass24

states is known as the neutrino mass hierarchy. An ordering of m1 < m2 < m3 is known as the25

normal hierarchy since it matches the mass ordering of the charged leptons in the Standard Model,1

whereas an ordering of m3 < m1 < m2 is referred to as the inverted hierarchy.2

The entire complement of neutrino experiments to date has measured five of the mixing parame-3

ters
Gonzalez-Garcia:2014bfa,Capozzi:2013csa,Forero:2014bxa
[17, ?, ?]: the three angles θ12, θ23 and (recently) θ13, and the two mass differences ∆m2

21 and4

∆m2
31. The sign of ∆m2

21 is known, but not that of ∆m2
31, which is the crux of the mass hierarchy5

ambiguity. The values of θ12 and θ23 are large, while θ13 is smaller. The value of δCP is unknown.6

The absolute values of the entries of the PMNS matrix, which contains information on the strength7

of flavor-changing weak decays in the lepton sector, can be expressed in approximate form as8

|UPMNS| ∼

 0.8 0.5 0.1
0.5 0.6 0.7
0.3 0.6 0.7

 . (3.3) eq:pmnsmatrix

using values for the mixing angles given in Table
tab:oscpar_nufit
3.2. The three-flavor-mixing scenario for neutrinos9

is now well established. However, the mixing parameters are not known to the same precision as10

are those in the corresponding quark sector, and several important quantities, including the value11

of δCP and the sign of the large mass splitting, are still undetermined.12

The relationships between the values of the parameters in the neutrino and quark sectors suggest13

that mixing in the two sectors is qualitatively different. Illustrating this difference, the value of the14

entries of the CKM quark-mixing matrix (analogous to the PMNS matrix for neutrinos, and thus15

indicative of the strength of flavor-changing weak decays in the quark sector) can be expressed in16

approximate form as17

|VCKM| ∼

 1 0.2 0.004
0.2 1 0.04

0.008 0.04 1

 . (3.4) eq:ckmmatrix

for comparison to the entries of the PMNS matrix given in Equation
eq:pmnsmatrix
3.3. As discussed in

King:2014nza
[6], the1

question of why the quark mixing angles are smaller than the lepton mixing angles is an important2

part of the flavor pattern question.3

To quote the discussion in
deGouvea:2013onf
[7], “while the CKM matrix is almost proportional to the identity matrix4

plus hierarchically ordered off-diagonal elements, the PMNS matrix is far from diagonal and, with5

the possible exception of the Ue3 element, all elements are O(1).” It is important here to note that6
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the smaller of the lepton mixing angles is of similar magnitude to the larger of the quark mixing7

parameters, namely the Cabibbo angle
Boucenna:2012xb
[?]. One theoretical method often used to address this8

question involves the use of non-Abelian discrete subgroups of SU(3) as flavor symmetries; the9

popularity of this method is due in part from the fact that these symmetries can give rise to the10

nearly tri-bi-maximal2 structure of the PMNS matrix. Whether employing these flavor symmetries11

or other methods, any theoretical principle that attempts to describe the fundamental symmetries12

implied by the observed organization of quark and neutrino mixing — such as those proposed in1

unification models — leads to testable predictions such as sum rules between CKM and PMNS2

parameters
King:2014nza,deGouvea:2013onf,Mohapatra:2005wg,Albright:2006cw
[6, 7, 9, 10]. Data on the patterns of neutrino mixing are already proving crucial in3

the quest for a relationship between quarks and leptons and their seemingly arbitrary generation4

structure.5

Clearly much work remains in order to complete the standard three-flavor mixing picture, partic-6

ularly with regard to θ23 (is it less than, greater than, or equal to 45◦?), mass hierarchy (normal7

or inverted?) and δCP. Additionally, there is great value in obtaining a set of measurements for8

multiple parameters from a single experiment, so that correlations and systematic uncertainties9

can be handled properly. Such an experiment would also be well positioned to extensively test the10

standard picture of three-flavor mixing. DUNE is designed to be this experiment.11

3.2 Expected Event Rate and Sensitivity Calculations12

sec:physics-lbnosc-senscalc

The oscillation probability of νµ → νe through matter in a constant density approximation is, to13

first order
Nunokawa:2007qh
[11]:14

P (νµ → νe) ' sin2 θ23 sin2 2θ13
sin2(∆31 − aL)

(∆31 − aL)2 ∆2
31 (3.5)

+ sin 2θ23 sin 2θ13 sin 2θ12
sin(∆31 − aL)

(∆31 − aL) ∆31
sin(aL)

(aL) ∆21 cos(∆31 + δCP)

+ cos2 θ23 sin2 2θ12
sin2(aL)

(aL)2 ∆2
21,

where ∆ij = ∆m2
ijL/4Eν , a = GFNe/

√
2, GF is the Fermi constant, Ne is the number density15

of electrons in the Earth, L is the baseline in km, and Eν is the neutrino energy in GeV. In the16

equation above, both δCP and a switch signs in going from the νµ → νe to the ν̄µ → ν̄e channel; i.e.,17

a neutrino-antineutrino asymmetry is introduced both by CP violation (δCP) and the matter effect18

(a). The origin of the matter effect asymmetry is simply the presence of electrons and absence19

of positrons in the Earth. In the few-GeV energy range, the asymmetry from the matter effect20

increases with baseline as the neutrinos pass through more matter, therefore an experiment with21

a longer baseline will be more sensitive to the neutrino mass hierarchy. For baselines longer than22

∼1200 km, the degeneracy between the asymmetries from matter and CP-violation effects can be23

2Tri-bi-maximal mixing refers to a form of the neutrino mixing matrix with effective bimaximal mixing of νµ and ντ
at the atmospheric scale (L/E ∼ 500 km/ GeV) and effective trimaximal mixing for νe with νµ and ντ at the solar scale
(L/E ∼ 15,000 km/ GeV)

Harrison:2002er
[8].

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report



Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–11

resolved
Bass:2013vcg
[12]; hence DUNE, with a baseline of ∼1300 km, will be able to unambiguously determine24

the neutrino mass hierarchy and measure the value of δCP.25

The electron neutrino appearance probability, P (νµ → νe), is shown in Figure
fig:oscprob
3.1 at a baseline of26

1300 km as a function of neutrino energy for several values of δCP. As this figure illustrates, the27

value of δCP affects both the amplitude and frequency of the oscillation. The difference in proba-28

bility amplitude for different values of δCP is larger at higher oscillation nodes, which correspond to29

energies less than 1.5 GeV. Therefore, a broadband experiment, capable of measuring not only the30

rate of νe appearance but of mapping out the spectrum of observed oscillations down to energies31

of at least 500 MeV, is desirable. Since there are terms proportional to sin δCP in Equation
eqn:appprob
??,32

changes to the value of δCP induce opposite changes to νe and ν̄e appearance probabilities, so a1

beam that is capable of operating in neutrino mode (forward horn current) and antineutrino mode2

(reverse horn current) is also a critical component of the experiment.3

Neutrino Energy (GeV)

-110 1 10

) eν 
→ µν

P
(

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

/2π = -CPδ

 = 0CPδ

/2π = +CPδ

 = 0 (solar term)13θ

Normal MH
1300 km

Neutrino Energy (GeV)

-110 1 10

) eν 
→ µν

P
(

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

/2π = -CPδ

 = 0CPδ

/2π = +CPδ

 = 0 (solar term)13θ

Normal MH
1300 km

Figure 3.1: The appearance probability at a baseline of 1300 km, as a function of neutrino energy, for
δCP = −π/2 (blue), 0 (red), and π/2 (green), for neutrinos (left) and antineutrinos (right), for normal
hierarchy. The black line indicates the oscillation probability if θ13 were equal to zero. fig:oscprob

The experimental sensitivities presented here are estimated using GLoBES
Huber:2004ka,Huber:2007ji
[13, 14]. GLoBES takes4

neutrino beam fluxes, cross sections, and detector-response parameterization as inputs. This doc-5

ument presents a range of possible physics sensitivities depending on the design of the neutrino6

beam, including the proton beam energy and power used. The beam power as a function of proton7

beam energy from the PIP-II upgrades and the number of protons-on-target per year assumed in8

the sensitivities are shown in Table
tab:beam_req_pot
3.6. These numbers assume a combined uptime and efficiency9

of the FNAL accelerator complex and the LBNF beamline of 56%.10

A conservative estimate of sensitivity is calculated using neutrino fluxes produced from a detailed11

GEANT4 beamline simulation that is based on the reference design of the beamline as presented in12

Volume 3: The Long-Baseline Neutrino Facility for DUNE. Neutrino fluxes from a simulation based13

on an optimized beam design are used to show the goal sensitivity. There is a range of design options14

that produce sensitivities in between the sensitivity of the reference beam design and the optimized15
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Table 3.1: Expected POT per year at various primary proton beam momenta.
Proton Momentum (GeV/c) Expected Beam Power (MW) Expected POT/year

120 1.2 1.1× 1021

80 1.07 1.47× 1021

60 1.03 1.89× 1021
tab:beam_req_pot

beam design, and further optimization is possible. The actual flux will depend upon details of the16

hadron production and focusing design; optimization of the beam design to maximize experimental17

sensitivity is a critical aspect of the experiment design. Table
tab:beamparam
3.1 summarizes the key properties1

of the GEANT4 beamline simulations used to produce fluxes for the sensitivity studies. The main2

differences between the two beam designs are the target geometry, horn current, horn design and3

decay pipe length; the choice of horn design has the biggest effect on the sensitivity. Section
sec:physics-lbnosc-beam
??4

describes the beamline simulations in more detail and explores the potential improvements that5

could be achieved by variations in the reference beam design.6

Table 3.2: A comparison of the beamline parameters assumed for the CDR Reference Design flux and
the Optimized Design flux used in the sensitivity calculations presented in this chapter. Section

sec:physics-lbnosc-beam-req
3.7

provides the details.
Parameter CDR Reference Design Optimized Design
Proton Beam Energy 80 GeV 80 GeV
Proton Beam Power 1.07 MW 1.07 MW
Target Graphite Graphite
Horn Current 230 kA 297 kA
Horn Design NuMI-style Genetic Optimization
Decay Pipe Length 204 m 241 m
Decay Pipe Diameter 4 m 4 m

tab:beamparam

The signal for νe appearance is an excess of charged-current (CC) νe and ν̄e interactions over the7

expected background in the far detector. The background to νe appearance is composed of: (1) CC8

interactions of νe and ν̄e intrinsic to the beam; (2) misidentified νµ and ν̄µ CC events; (3) neutral9

current (NC) backgrounds and (4) ντ and ν̄τ CC events in which the τ ’s decay leptonically into10

electrons/positrons. NC and ντ backgrounds are due to interactions of higher-energy neutrinos11

but they contribute to backgrounds mainly at low energy, which is important for the sensitivity to12

CP violation.13

The LArTPC performance parameters that go into the GLoBES calculation are generated using14

the DUNE Fast Monte Carlo (MC) simulation, which is described in detail in
Adams:2013qkq
[15]. The Fast MC15

combines the simulated flux, the GENIE neutrino interaction generator
Andreopoulos:2009rq
[16], and a parameterized16

detector response that is used to simulate the reconstructed energy and momentum of each final-17

state particle. The detector response parameters used to determine the reconstructed quantities 318

are summarized in Table
tab:fastmc_detectorinputs
??. The simulated energy deposition of the particles in each interaction is19

3The assumptions on detector response used in the Fast MC are preliminary, and are expected to improve as the full
detector simulation advances and more information on the performance of LArTPC detectors becomes available.
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then used to calculate reconstructed kinematic quantities (e.g., the neutrino energy). Event sample20

classifications (νe CC-like, νµ CC-like, or NC-like), including mis-ID rates, are determined by the21

identification of lepton candidates. Lepton candidates are selected based on a variety of criteria22

including particle kinematics, detector thresholds, and probabilistic estimates of particle fates. To23

reduce the NC and ντ CC backgrounds in the νe CC-like sample, an additional discriminant is24

formed using reconstructed transverse momentum along with reconstructed neutrino and hadronic25

energy as inputs to a k-Nearest-Neighbor (kNN) machine-learning algorithm. Figures
fig:smearing_nue
3.2 and

fig:smearing_nc
3.526

show the true-to-reconstructed energy smearing matrices extracted from the Fast MC and used as27

inputs to GLoBES. Figure
fig:eff
3.6 shows the analysis sample detection × selection efficiencies for the28

various signal and background modes used by GLoBES, also extracted from the Fast MC.29

Table 3.3: Summary of the single-particle far detector response used in the Fast MC. For some particles,
the response depends upon behavior or momentum, as noted in the table. If a muon or a pion that is
mis-identified as a muon is contained within the detector, the momentum is smeared based on track
length. Exiting particles are smeared based on the contained energy. For neutrons with momentum
< 1 GeV/c, there is a 10% probability that the particle will escape detection, so the reconstructed
energy is set to zero. For neutrons that are detected, the reconstructed energy is taken to be 60% of
the deposited energy after smearing.

Particle type Detection Energy/Momentum Angular
Threshold (KE) Resolution Resolution

µ± 30 MeV Contained track: track length 1◦
Exiting track: 30%

π± 100 MeV µ-like contained track: track length 1◦
π-like contained track: 5%
Showering or exiting: 30%

e±/γ 30 MeV 2% ⊕ 15%/
√
E[GeV] 1◦

p 50 MeV p<400 MeV/c: 10% 5◦
p>400 MeV/c: 5% ⊕ 30%/

√
E[GeV]

n 50 MeV 40%/
√
E[GeV] 5◦

other 50 MeV 5% ⊕ 30%/
√
E[GeV] 5◦

tab:fastmc_detectorinputs

The cross section inputs to GLoBES have been generated using GENIE 2.8.4
Andreopoulos:2009rq
[16]. The neutrino30

oscillation parameters and the uncertainty on those parameters are taken from the Nu-Fit
Gonzalez-Garcia:2014bfa
[17]1

global fit to neutrino data; the values are given in Table
tab:oscpar_nufit
3.2. (See also

Capozzi:2013csa
[?] and

Forero:2014bxa
[?] for other recent2

global fits.) Most of the sensitivities in this chapter are shown assuming normal hierarchy; this is3

an arbitrary choice for simplicity of presentation.4

Figures
fig:appspectra
3.7 and

fig:disspectra
3.8 show the expected event rate for νe appearance and νµ disappearance, respec-5

tively, including expected flux, cross section, and oscillation probabilities as a function of neutrino6

energy at a baseline of 1300 km. The spectra are shown for a 150 kt ·MW · year exposure each7

for neutrino and antineutrino beam mode, for a total 300 kt ·MW · year exposure. The optimized8

beam design results in an increased signal rate in the lower-energy region. Tables
tab:apprates
3.3 and

tab:disrates
3.4 give9

the integrated rate for the νe appearance and νµ disappearance spectra, respectively. The spectra10

and rates are shown for both the reference beam design and the optimized beam design.11

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report



Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–14

Figure 3.2: True-to-reconstructed energy smearing matrices for νe (top), νµ (center) and ντ (bottom)
CC interactions extracted from the Fast MC and used as inputs to GLoBES. Left: Used in the νe
appearance sample. Right: Used in the νµ disappearance samples fig:smearing_nue
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Figure 3.3: True-to-reconstructed energy smearing matrices for NC interactions extracted from the Fast
MC and used as inputs to GLoBES. Left: Used in the νe appearance sample. Right: Used in the νµ
disappearance sample. fig:smearing_nc

Table 3.4: Central value and relative uncertainty of neutrino oscillation parameters from a global
fit

Gonzalez-Garcia:2014bfa
[17] to neutrino oscillation data. Because the probability distributions are somewhat non-Gaussian

(particularly for θ23), the relative uncertainty is computed using 1/6 of the 3σ allowed range from the fit,
rather than the 1σ range. For θ23 and ∆m2

31, the best-fit values and uncertainties depend on whether
normal mass hierarchy (NH) or inverted mass hierarchy (IH) is assumed.

Parameter Central Value Relative Uncertainty
θ12 0.5843 2.3%
θ23 (NH) 0.738 5.9%
θ23 (IH) 0.864 4.9%
θ13 0.148 2.5%
∆m2

21 7.5×10−5 eV2 2.4%
∆m2

31 (NH) 2.457×10−3 eV2 2.0%
∆m2

31 (IH) -2.449×10−3 eV2 1.9%
tab:oscpar_nufit
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Figure 3.4: Analysis sample detection × selection efficiencies for the various signal and background
modes extracted from the Fast MC and used as inputs to GLoBES. Top: Used in the νe appearance
sample. Bottom: Used in the νµ disappearance sample. Left: Neutrino beam mode. Right: Antineutrino
beam mode. The NC backgrounds (and νµ CC backgrounds for the appearance mode) have been
increased by a factor of 10 for visibility. fig:eff
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Figure 3.5: νe and ν̄e appearance spectra: Reconstructed energy distribution of selected νe CC-like
events assuming a 150 kt ·MW · year exposure in the neutrino-beam mode (left) and antineutrino-
beam mode (right), for a total 300 kt ·MW · year exposure. The plots assume normal mass hierarchy
and δCP = 0. The spectra are shown for both the CDR reference beam design and the optimized beam
design as described in Section

sec:physics-lbnosc-beam-req
3.7. fig:appspectra
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Figure 3.6: νµ and ν̄µ disappearance spectra: Reconstructed energy distribution of selected νµ CC-like
events assuming a 150 kt ·MW · year exposure in the neutrino-beam mode (left) and antineutrino-beam
mode (right), for a total 300 kt ·MW · year exposure. The plots assume normal mass hierarchy and
δCP = 0. The spectra are shown for both the CDR reference beam design and the optimized beam
design as described in Section

sec:physics-lbnosc-beam-req
3.7. fig:disspectra

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report



Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–18

Table 3.5: νe and ν̄e appearance rates: Integrated rate of selected νe CC-like events between 0.5 and
8.0 GeV assuming a 150 kt ·MW · year exposure in the neutrino-beam mode and antineutrino-beam
mode. The signal rates are shown for both normal mass hierarchy (NH) and inverted mass hierarchy
(IH), and all the background rates assume normal mass hierarchy. All the rates assume δCP = 0, and
the rates are shown for both the CDR reference beam design and the optimized beam as described in
Section

sec:physics-lbnosc-beam-req
3.7.

CDR Reference Design Optimized Design
ν mode (150 kt ·MW · year)
νe Signal NH (IH) 861 (495) 945 (521)
ν̄e Signal NH (IH) 13 (26) 10 (22)
Total Signal NH (IH) 874 (521) 955 (543)
Beam νe + ν̄e CC Bkgd 159 204
NC Bkgd 22 17
ντ + ν̄τ CC Bkgd 42 19
νµ + ν̄µ CC Bkgd 3 3
Total Bkgd 226 243
ν̄ mode (150 kt ·MW · year)
νe Signal NH (IH) 61 (37) 47 (28)
ν̄e Signal NH (IH) 167 (378) 168 (436)
Total Signal NH (IH) 228 (415) 215 (464)
Beam νe + ν̄e CC Bkgd 89 105
NC Bkgd 12 9
ντ + ν̄τ CC Bkgd 23 11
νµ + ν̄µ CC Bkgd 2 2
Total Bkgd 126 127

tab:apprates

Table 3.6: νµ and ν̄µ disappearance rates: Integrated rate of selected νµ CC-like events between 0.5 and
20.0 GeV assuming a 150 kt ·MW · year exposure in the neutrino-beam mode and antineutrino-beam
mode. The rates are shown for normal mass hierarchy and δCP = 0, and the rates are shown for both
the CDR reference beam design and the optimized beam as described in Section

sec:physics-lbnosc-beam-req
3.7.

CDR Reference Design Optimized Design
ν mode (150 kt ·MW · year)
νµ Signal 10842 7929
ν̄µ CC Bkgd 958 511
NC Bkgd 88 76
ντ + ν̄τ CC Bkgd 63 29
ν̄ mode (150 kt ·MW · year)
ν̄µ Signal 3754 2639
νµ CC Bkgd 2598 1525
NC Bkgd 50 41
ντ + ν̄τ CC Bkgd 39 18

tab:disrates
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Sensitivities to the neutrino mass hierarchy and the degree of CP violation are obtained by simul-12

taneously fitting the νµ → νµ, ν̄µ → ν̄µ, νµ → νe, and ν̄µ → ν̄e oscillated spectra. It is assumed13

that 50% of the total exposure comes in neutrino beam mode and 50% in antineutrino beam mode.14

A 50%/50% ratio of neutrino to antineutrino data has been shown to produce a nearly optimal15

sensitivity, and small deviations from this (e.g., 40%/60%, 60%/40%) produce negligible changes16

in the sensitivity.17

The neutrino oscillation parameters are all allowed to vary, constrained by a Gaussian prior with 1σ18

width as given by the relative uncertainties shown in Table
tab:oscpar_nufit
3.2. The effect of systematic uncertainty19

is approximated using signal and background normalization uncertainties, which are treated as20

100% uncorrelated among the four samples. The baseline systematic uncertainty estimates and21

the effect of considering larger signal and background normalization uncertainties, as well as some22

energy-scale uncertainties are discussed in Section
sec:physics-lbnosc-beamnd-req
3.9.23

In these fits, experimental sensitivity is quantified using a test statistic, ∆χ2, which is calculated by24

comparing the predicted spectra for alternate hypotheses. These quantities are defined, differently25

for neutrino mass hierarchy and CP-violation sensitivity, to be:26

∆χ2
MH = χ2

IH − χ2
NH (true normal hierarchy), (3.6) eq:dx2_MH

∆χ2
MH = χ2

NH − χ2
IH (true inverted hierarchy), (3.7)

∆χ2
CPV = Min[∆χ2

CP (δtestCP = 0),∆χ2
CP (δtestCP = π)], where (3.8)

∆χ2
CP = χ2

δtest
CP
− χ2

δtrue
CP

. (3.9) eq:dx2_CP

Since the true value of δCP is unknown, a scan is performed over all possible values of δtrueCP . Both27

the neutrino mass hierarchy and the θ23 octant are also assumed to be unknown and are varied in28

the fits, with the lowest value of ∆χ2 thus obtained used to estimate the sensitivities.29

A “typical experiment” is defined as one with the most probable data given a set of input parame-30

ters, i.e., in which no statistical fluctuations have been applied. In this case, the predicted spectra31

and the true spectra are identical; for the example of CP violation, χ2
δtrue

CP
is identically zero and1

the ∆χ2
CP value for a typical experiment is given by χ2

δtest
CP

.2

3.3 Mass Hierarchy3

sec:physics-lbnosc-mh

The 1300-km baseline establishes one of DUNE’s key strengths: sensitivity to the matter effect.4

This effect leads to a large asymmetry in the νµ → νe versus ν̄µ → ν̄e oscillation probabilities, the5

sign of which depends on the mass hierarchy (MH). At 1300 km this asymmetry is approximately6

±40% in the region of the peak flux; this is larger than the maximal possible CP-violating asym-7

metry associated with δCP, meaning that both the MH and δCP can be determined unambiguously8

with high confidence within the same experiment using the beam neutrinos. DUNE’s goal is to9

determine the MH with a significance of at least
√

∆χ2 = 5 for all δCP values using beam neutrinos.10

Concurrent analysis of the corresponding atmospheric-neutrino samples will improve the precision11

with which the MH is resolved.12
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Figure
fig:mh_nominal
3.9 shows the significance with which the MH can be determined as a function of the value13

of δCP, for an exposure of 300 kt ·MW · year, which corresponds to seven years of data (3.5 years in14

neutrino mode plus 3.5 years in antineutrino mode) with a 40-kt detector and a 1.07-MW 80-GeV15

beam. For this exposure, the MH is determined with a minimum significance of
√

∆χ2 = 5 for16

100% of the δCP values for the optimized beam design and nearly 100% of δCP values for the CDR1

reference beam design. Figure
fig:mh_exposure
3.10 shows the significance with which the MH can be determined for2

0% (most optimistic), 50% and 100% of δCP values as a function of exposure. Minimum exposures3

of approximately 400 kt ·MW · year and 230 kt ·MW · year are required to determine the MH with4

a significance of
√

∆χ2 = 5 for 100% of δCP values for the CDR reference beam design and the5

optimized beam design, respectively.6
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Figure 3.7: The significance with which the mass hierarchy can be determined as a function of the
value of δCP for an exposure of 300 kt ·MW · year assuming normal MH (left) or inverted MH (right).
The shaded region represents the range in sensitivity due to potential variations in the beam design. fig:mh_nominal

Figures
fig:mh_theta23
3.11,

fig:mh_theta13
3.12, and

fig:mh_deltamsq
3.13 show the variation in the MH sensitivity due to different values of7

θ23, θ13, and ∆m2
31 within the allowed ranges. The value of θ23 has the biggest impact on the8

sensitivity, and the least favorable scenario corresponds to a true value of δCP in which the MH9

asymmetry is maximally offset by the leptonic CP asymmetry, and where, independently, sin2 θ2310

takes on a value at the low end of its experimentally allowed range.1

Studies have indicated that special attention must be paid to the statistical interpretation of MH2

sensitivities
Qian:2012zn,Blennow:2013oma
[18, 19]. In general, if an experiment is repeated many times, a distribution of ∆χ23

values will appear due to statistical fluctuations. It is usually assumed that the ∆χ2 metric follows4

the expected chi-squared function for one degree of freedom, which has a mean of ∆χ2 and can be5

interpreted using a Gaussian distribution with a standard deviation of
√
|∆χ2|. In assessing the6

MH sensitivity of future experiments, it is common practice to generate a simulated data set (for7

an assumed true MH) that does not include statistical fluctuations. In this typical case, ∆χ2 is8

reported as the expected sensitivity, where ∆χ2 is representative of the mean value of ∆χ2 that9
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Figure 3.8: The minimum significance with which the mass hierarchy can be determined for all values
of δCP (100%), 50% and in the most optimistic scenario (0%) as a function of exposure. The two
different shaded bands represent the different sensitivities due to variations in the beam design. This
plot assumes normal mass hierarchy. (The inverted hierarchy case is very similar.) fig:mh_exposure
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Figure 3.9: The variation in the MH sensitivity due to different values of θ23 within the allowed range.
In this figure, the nominal value of sin2 θ23 = 0.45 provides a significance of at least

√
∆χ2 = 5 for all

values of δCP. (See Figure
fig:mh_exposure
3.10 for the possible range of exposures to achieve this level of significance.)

The significance decreases for all values of δCP as sin2 θ23 gets smaller. fig:mh_theta23
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Figure 3.10: The variation in the MH sensitivity due to different values of θ13 within the allowed range.
In this figure, he nominal value of sin2 2θ13 = 0.085 provides a significance of at least

√
∆χ2 = 5 for all

values of δCP. (See Figure
fig:mh_exposure
3.10 for the possible range of exposures to achieve this level of significance.) fig:mh_theta13
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Figure 3.11: The variation in the MH sensitivity due to different values of ∆m2
31 within the allowed

range. In this figure, the nominal value of ∆m2
31 = 2.46× 10−3 eV2 provides a significance of at least√

∆χ2 = 5 for all values of δCP. (See Figure
fig:mh_exposure
3.10 for the possible range of exposures to achieve this

level of significance.) fig:mh_deltamsq
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would be obtained in an ensemble of experiments for a particular true MH. With the exception10

of Figure
fig:mhstats
3.14, the sensitivity plots in this document have been generated using this method.11

However, studies in
Qian:2012zn,Blennow:2013oma
[18, 19] show that, in the case of the mass hierarchy determination, the ∆χ212

metric does not follow the expected chi-squared function for one degree of freedom. Rather, these1

studies show that when the observed counts in the experiment are large enough, the distribution of2

∆χ2 used here approximately follows a Gaussian distribution with a mean and standard deviation3

of ∆χ2 and 2
√
|∆χ2|, respectively. Because the distribution is atypical, the interpretation of test4

statistic values in terms of confidence intervals is different than the standard case.5

The effect of statistical fluctuations in the MH measurement is shown in Figure
fig:mhstats
3.14. The col-6

ored bands show the possible range in the significance of a MH determination when statistical7

fluctuations are included for a measurement that would yield a significance of
√

∆χ2 = 5 for8

100% of δCP values in our standard treatment (the solid blue line). Also shown in Figure
fig:mhstats
3.149

are horizontal lines that specify the confidence level of an experiment that measures a particular10

value of
√

∆χ2, following the convention in
Qian:2012zn
[18]. An experiment that measures

√
∆χ2 = 5 (black11

dashed line) has a 1-3.7× 10−6 probability of determining the correct MH, while an experiment1

that measures
√

∆χ2 = 3 (blue dashed line) has a 98.9% probability of determining the correct MH.2

An experiment that measures
√

∆χ2 = 0 (cyan dashed line) has a 50% probability of determining3

the correct MH. In this case, both hypotheses (normal or inverted hierarchy) fit the data equally4

well, and the probability of guessing correctly is 50%.5

3.4 CP-Symmetry Violation6

sec:physics-lbnosc-cpv

In the particular parameterization of the PMNS matrix shown in Equation
eqn:pmns
3.2, the middle factor7

labeled “II” describes the mixing between the ν1 and ν3 mass states, and depends on the CP-8

violating phase δCP. With the recent measurement of θ13, it is now known that the minimal9

conditions required for measuring δCP in the three-flavor framework have been met; all three mixing10

angles are nonzero, and there are two distinct mass splittings. In the approximation for the electron11

neutrino appearance probability given in Equation
eqn:appprob
??, expanding the middle term results in the12

presence of CP-odd terms (dependent on sin δCP) that have opposite signs in νµ → νe and ν̄µ → ν̄e13

oscillations. For δCP 6= 0 or π, these terms introduce an asymmetry in neutrino versus antineutrino14

oscillations. The magnitude of the CP-violating terms in the oscillation depends most directly on15

the size of the Jarlskog Invariant
Jarlskog:1985cw
[?], a function that was introduced to provide a measure of CP16

violation independent of the mixing-matrix parameterization. In terms of the parameterization17

presented in Equation
eqn:pmns
3.2, the Jarlskog Invariant is:18

JPMNS
CP ≡ 1

8 sin 2θ12 sin 2θ13 sin 2θ23 cos θ13 sin δCP. (3.10)

The relatively large values of the mixing angles in the lepton sector imply that leptonic CP-violation19

effects may be quite large — depending on the value of the phase δCP, which is currently unknown.20

Experimentally, it is unconstrained at the 3σ level by the global fit
Gonzalez-Garcia:2014bfa
[17]. Given the current best-fit21

values of the mixing angles
Gonzalez-Garcia:2014bfa
[17] and assuming normal hierarchy,22

JPMNS
CP ≈ 0.03 sin δCP. (3.11)
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Figure 3.12: The sensitivity, given by
√

∆T =
√

∆χ2 for a typical experiment (solid blue line), is
compared to the bands within which 68% (green) and 95% (yellow) of experiments are expected to fall
due to statistical fluctuations. The solid blue line (representing a minimum significance of

√
∆T = 5

for 100% of δCP values) is the expected sensitivity in our standard treatment. (See Figure
fig:mh_exposure
3.10 for the

possible range of exposures to achieve this level of significance.) The dashed lines show the values of
the
√

∆T metric an experiment must measure for the probability of determining the correct neutrino
MH to be 50% (cyan), 98.9% (blue), or 1 to 3.7× 10−6 (black), following the convention in

Qian:2012zn
[18].

In the legend, the numbers corresponding to the dashed lines indicate [probability of determining MH
incorrectly] vs. [probability of determining the MH correctly]. fig:mhstats
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This is in sharp contrast to the very small mixing in the quark sector, which leads to a very small23

value of the corresponding quark-sector Jarlskog Invariant
Beringer:1900zz
[?],24

JCKM
CP ≈ 3× 10−5, (3.12)

despite the large value of δCKM
CP ≈ 70◦.25

The variation in the νµ → νe oscillation probability (Equation
eqn:appprob
??) with the value of δCP indicates26

that it is experimentally possible to measure the value of δCP at a fixed baseline using only the27

observed shape of the νµ → νe or the ν̄µ → ν̄e appearance signal measured over an energy range28

that encompasses at least one full oscillation interval. A measurement of the value of δCP 6= 0 or π,29

assuming that neutrino mixing follows the three-flavor model, would imply CP violation.1

The CP asymmetry, ACP , is defined as2

ACP = P (νµ → νe)− P (ν̄µ → ν̄e)
P (νµ → νe) + P (ν̄µ → ν̄e)

. (3.13) eqn:cp-asymm

In the three-flavor model the asymmetry can be approximated to leading order in ∆m2
21 as

Marciano:2006uc
[21]:3

ACP ∼
cos θ23 sin 2θ12sin δCP

sin θ23 sin θ13

(
∆m2

21L

4Eν

)
+ matter effects (3.14) eqn:cpasym

Regardless of the measured value obtained for δCP, the explicit observation of the asymmetry ACP4

in νµ → νe and ν̄µ → ν̄e oscillations is sought to directly demonstrate the leptonic CP-violation5

effect. A measurement of δCP that is inconsistent with the measurement of ACP according to6

Equation
eqn:cpasym
3.11 could be evidence of of physics beyond the standard three-flavor model. Further-7

more, for long-baseline experiments such as DUNE where the neutrino beam propagates through8

the Earth’s mantle, the leptonic CP-violation effects must be disentangled from the matter effects,9

discussed in Section
sec:physics-lbnosc-mh
3.3.10

Figure
fig:cpv_nominal
3.16 shows the significance with which the CP violation (δCP 6= 0 or π) can be determined11

as a function of the value of δCP for an exposure of 300 kt ·MW · year, which corresponds to seven12

years of data (3.5 years in neutrino mode plus 3.5 years in antineutrino mode) with a 40-kt detector13

and a 1.07-MW 80-GeV beam. Figure
fig:cpv_exposure
3.17 shows the significance with which CP violation can14

be determined for 25%, 50% or 75% of δCP values as a function of exposure. Table
tab:cpv_requiredexposure
3.5 lists the15

minimum exposure required to determine CP violation with a significance of 5σ for 50% of δCP16

values or 3σ for 75% of δCP values for both the CDR reference beam design and the optimized beam17

design. The CP-violation sensitivity as a function of δCP as shown in Figure
fig:cpv_nominal
3.16 has a characteristic18

double peak structure because the significance of a CP-violation measurement necessarily drops19

to zero where there is no CP violation: at the CP-conserving values of −π, 0, and π. Therefore,20

unlike the MH determination, it’s not possible for any experiment to provide 100% coverage in21

δCP for a CP-violation measurement because CP-violation effects vanish at certain values of δCP.22

Figures
fig:cpv_theta23
3.18,

fig:cpv_theta13
3.19, and

fig:cpv_deltamsq
3.20 show the variation in the CP sensitivity due to different values of23

θ23, θ13, and ∆m2
31 within the allowed ranges. The value of θ23 has the biggest impact on the24

sensitivity, and the least favorable scenario corresponds to a value of sin2 θ23 at the high end of its25

experimentally allowed range.26
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Figure 3.13: The significance with which the CP violation can be determined as a function of the value
of δCP for an exposure of 300 kt ·MW · year assuming normal MH (left) or inverted MH (right). The
shaded region represents the range in sensitivity due to potential variations in the beam design. fig:cpv_nominal

Table 3.7: The minimum exposure required to determine CP violation with a significance of 3σ for 75%
of δCP values or 5σ for 50% of δCP values for the CDR reference beam design and the optimized beam
design.

Significance CDR Reference Design Optimized Design
3σ for 75% of δCP values 1320 kt ·MW · year 850 kt ·MW · year
5σ for 50% of δCP values 810 kt ·MW · year 550 kt ·MW · year

tab:cpv_requiredexposure
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Figure 3.14: The minimum significance with which CP violation can be determined for 25%, 50% and
75% of δCP values as a function of exposure. The two different shaded bands represents the different
sensitivities due to potential variations in the beam design. This plot assumes normal mass hierarchy. fig:cpv_exposure
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Figure 3.15: The variation in the CP sensitivity due to different values of θ23 within the allowed range.
In this figure, the nominal value of sin2 θ23 = 0.45 provides a significance of at least 3σ for 75% of δCP
values. (See Figure

fig:cpv_exposure
3.17 for the possible range of exposures to achieve this level of significance.) The

significance decreases for all values of δCP as sin2 θ23 gets larger. fig:cpv_theta23
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Figure 3.16: The variation in the CP sensitivity due to different values of θ13 within the allowed range.
In this figure, the nominal value of sin2 2θ13 = 0.085 provides a significance of at least 3σ for 75% of
δCP values. (See Figure

fig:cpv_exposure
3.17 for the possible range of exposures to achieve this level of significance.) fig:cpv_theta13
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Figure 3.17: The variation in the CP sensitivity due to different values of ∆m2
31 within the allowed

range. In this figure, the nominal value of ∆m2
31 = 2.46× 10−3 eV2 provides a significance of at least

3σ for 75% of δCP values. (See Figure
fig:cpv_exposure
3.17 for the possible range of exposures to achieve this level of

significance.) fig:cpv_deltamsq
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3.5 Precision Oscillation Parameter Measurements27

In addition to the discovery potential for neutrino mass hierarchy and CP-violation, DUNE will1

improve the precision on key parameters that govern neutrino oscillations, including:2

• sin2 θ23 and the octant of θ233

• δCP4

• sin2 2θ135

• ∆m2
316

Higher-precision measurements of the known oscillation parameters improves sensitivity to physics7

beyond the three-flavor oscillation model, particularly when compared to independent measure-8

ments by other experiments, including reactor measurements of θ13 and measurements with atmo-9

spheric neutrinos.10

The most precise measurement of sin2 θ23 to date comes from T2K, sin2 θ23 = 0.514+0.055
−0.056 (normal11

hierarchy) and sin2 θ23 = 0.511 ± 0.055 (inverted hierarchy)
Abe:2015awa
[38]. This corresponds to a value of12

θ23 near 45◦, but leaves an ambiguity as to whether the value of θ23 is in the lower octant (less than13

45◦), the upper octant (greater than 45◦), or exactly 45◦. The value of sin2 θ23 from the global14

fit reported by
Gonzalez-Garcia:2014bfa
[17] is sin2 θ23 = 0.452+0.052

−0.028(1σ) for normal hierarchy (NH), but the distribution15

of the χ2 from the global fit has another local minimum – particularly if the MH is inverted – at16

sin2 θ23 = 0.579+0.025
−0.037(1σ). A maximal mixing value of sin2 θ23 = 0.5 is therefore still allowed by17

the data and the octant is still largely undetermined. A value of θ23 exactly equal to 45◦ would18

indicate that νµ and ντ have equal contributions from ν3, which could be evidence for a previously19

unknown symmetry. It is therefore important experimentally to determine the value of sin2 θ2320

with sufficient precision to determine the octant of θ23. The measurement of νµ → νµ oscillations21

is sensitive to sin2 2θ23, whereas the measurement of νµ → νe oscillations is sensitive to sin2 θ23. A22

combination of both νe appearance and νµ disappearance measurements can probe both maximal23

mixing and the θ23 octant. The ∆χ2 metric is defined as:24

∆χ2
octant = |χ2

θtest
23 >45◦ − χ2

θtest
23 <45◦|, (3.15)

where the value of θ23 in the wrong octant is constrained only to have a value within the wrong25

octant (i.e., it is not required to have the same value of sin2 2θ23 as the true value). Figure
fig:octant
3.2226

shows the sensitivity to determining the octant as a function of θ23. Figure
fig:res_th23
3.23 shows the resolution27

of sin2 θ23 as a function of exposure, assuming the true value is sin2 θ23 = 0.45 from the current28

global fit.29

As mentioned in Section
sec:physics-lbnosc-cpv
3.4, DUNE will seek not only to demonstrate explicit CP violation by30

observing a difference in the neutrino and antineutrino oscillation probabilities, but also to measure31

the value of the parameter δCP. Figure
fig:res_cp
3.24 shows the resolution of δCP as a function of exposure32

for a CP-conserving value (δCP = 0) and the value that gives the maximum CP violation for normal33

MH (δCP = 90◦). Minimum exposures of approximately 450 kt ·MW · year and 290 kt ·MW · year34
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Figure 3.18: The significance with which DUNE can resolve the θ23 octant as a function of the true
value of θ23. The green shaded band around the curve represents the range in sensitivity due to potential
variations in the beam design and in the true value of δCP. The yellow shaded regions indicate the
current 1σ and 3σ bounds on the value of θ23 from a global fit. The same exposure that gives a 3σ
measurement of CP violation for 75% of the values of δCP is assumed. See Figure

fig:cpv_exposure
3.17 for the possible

range of exposure to achieve this significance. fig:octant
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Figure 3.19: The resolution of a measurement of sin2 θ23 as a function of exposure assuming normal MH
and sin2 θ23 = 0.45 from the current global fit. The shaded region represents the range in sensitivity
due to potential variations in the beam design. fig:res_th23
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are required to measure δCP with a resolution of 10◦ for the CDR reference beam design and the1

optimized beam design, respectively, for a true value δCP = 0.2
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Figure 3.20: The resolution of a measurement of δCP as a function of exposure assuming normal MH.
The resolution is shown for a CP-conserving value (δCP = 0) and the value that gives the maximum
CP violation for normal MH (δCP = 90◦). The shaded region represents the range in sensitivity due to
potential variations in the beam design. fig:res_cp

The rich oscillation structure that can be observed by DUNE and the excellent particle identifi-3

cation capability of the detector will enable precision measurement in a single experiment of all4

the mixing parameters governing ν1-ν3 and ν2-ν3 mixing. Theoretical models probing quark-lepton5

universality predict specific values of the mixing angles and the relations between them. The mix-6

ing angle θ13 is expected to be measured accurately in reactor experiments by the end of the decade7

with a precision that will be limited by systematics. The combined statistical and systematic un-8

certainty on the value of sin2 2θ23 from the Daya Bay reactor neutrino experiment, which has the9

lowest systematics, is currently ∼ 6% (sin2 2θ13 = 0.084 ± 0.005), with a projected uncertainty10

of ∼3% by 2017
Zhang:2015fya
[?]. While the constraint on θ13 from the reactor experiments will be important11

in the early stages of DUNE for determining CP violation, measuring δCP and determining the12

θ23 octant, DUNE itself will eventually be able to measure θ13 independently with a similar pre-13

cision to that expected from the reactor experiments. Whereas the reactor experiments measure14

θ13 using ν̄e disappearance, DUNE will measure it through νe and ν̄e appearance, thus providing15

an independent constraint on the three-flavor mixing matrix. Figure
fig:res_th13
3.25 shows the resolution of16

sin2 2θ13 as a function of exposure, assuming the true value is sin2 2θ13 = 0.085 from the current17
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global fit.18
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Figure 3.21: The resolution of a measurement of sin2 2θ13 as a function of exposure assuming normal
MH and sin2 2θ13 = 0.085 from the current global fit. The shaded region represents the range in
sensitivity due to potential variations in the beam design. fig:res_th13

DUNE can also significantly improve the resolution on the larger mass splitting beyond the pre-19

cision of current experiments. The current best fit value for ∆m2
32 from MINOS is |∆m2

32| =20

(2.34± 0.09)× 10−3 eV2 (normal hierarchy) and |∆m2
32| = (2.37+0.11

−0.07)× 10−3 eV2 (inverted hierar-21

chy)
Sousa:2015bxa
[30], with comparable precision achieved by both Daya Bay and T2K. The precision on ∆m2

3122

will ultimately depend on tight control of energy-scale systematics. Figure
fig:res_dm2
3.26 shows the expected23

resolution of ∆m2
31 as a function of exposure, assuming the true value is ∆m2

31 = 2.457× 10−3 eV224

from the current global fit.25

3.6 Effect of Systematic Uncertainties26

sec:physics-lbnosc-beamnd-req

Sensitivity studies presented in Section
sec:physics-lbnosc-senscalc
3.2 test the ability to distinguish the expected number of νe27

appearance and νµ disappearance events given a set of oscillation parameters from the expectations28

given an alternate set of parameters. For example, the CP-violation and MH-sensitivity studies29

test the spectral differences induced by shifting δCP away from 0.0 and π and by changing the30
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Figure 3.22: The resolution of a measurement of ∆m2
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value is ∆m2
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in sensitivity due to potential variations in the beam design. fig:res_dm2
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mass hierarchy. These differences are quantified with a test statistic (see Equation
eq:dx2_MH
3.6 -

eq:dx2_CP
3.9) which31

accounts for statistical and systematic uncertainties.32

The effect of systematic uncertainty in the models used to predict these spectra is included by33

allowing the parameters to vary within Gaussian ranges. In the fits, these systematic nuisance34

parameters are profiled, i.e., the set of nuisance parameters that produces the minimum value1

of the test statistic is chosen. The central values of the oscillation parameters and their relative2

uncertainties are taken from the Nu-Fit
Gonzalez-Garcia:2014bfa
[17] global fit to neutrino data; these values are given in3

Table
tab:oscpar_nufit
3.2. Uncertainty in non-oscillation parameters is approximated using normalization uncer-4

tainties on each constituent interaction mode that comprise the signal and background in each5

sample. The values for these normalization uncertainties are chosen based on current constraints6

on underlying model parameters, the ability of previous experiments to constrain these quantities,7

and the expected capability of the DUNE near detector (ND) as outlined in the Near Detector8

Reference Design chapter of Volume 4: The DUNE Detectors at LBNF. Consideration is also given9

to the sources of uncertainty that go into each of the effective normalization parameters and how10

they may be correlated among the different far detector (FD) analysis samples that will be fit in11

combination.12

In the following sections, a justification is presented for the chosen values of the signal and back-13

ground normalization uncertainties and their respective correlations. Studies that consider the14

effect of varying the size of the residual normalization uncertainties on the νe and ν̄e samples15

are also presented. Finally the ongoing effort to characterize and evaluate the effect of individ-16

ual sources of uncertainty when propagated to oscillation parameter measurements in the DUNE17

experiment is described.18

3.6.1 Far Detector Samples19
sec:syst_just

Uncertainties in DUNE will be constrained by external data, near detector data, and a combined20

fit to the four (νe appearance, ν̄e appearance, νµ disappearance, ν̄µ disappearance) far detector21

samples. This four-sample fit is alternatively referred to as a three-flavor analysis, because the22

constraints depend upon the validity of the three-flavor model of neutrino oscillation.23

The νµ disappearance analysis sample is composed of νµ CC interactions with backgrounds from24

NC interactions in which a charged pion is misidentified as a muon and ντ CC interactions in which25

the resulting tau decays to a muon and two neutrinos. The unoscillated νµ rate and spectrum are26

expected to be well constrained by the near detector. The uncertainty on the neutral current1

(NC) background comes primarily from uncertainty in pion production rates for the coherent,2

resonance, and DIS channels, as well as modeling of pion topological signatures that determine the3

likelihood of it being misidentified as a muon. Uncertainties in the ντ CC background level arise4

from the uncertainty in the ντ/νµ cross section ratio, which cannot be directly constrained by ND5

measurements.6

The νe appearance sample is composed of νe CC interactions resulting from νµ →νe oscillation7

and background from intrinsic beam νe interactions, NC and νµ CC interactions in which a photon8

from a final-state neutral pion is misidentified as an electron, and ντ interactions in which the9
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resulting τ decays to an electron and two neutrinos. Since the νµ disappearance signal and the νe10

appearance signal are produced by the same flux, the νe appearance signal is constrained relative11

to the νµ signal. The residual uncorrelated uncertainty on the νe signal results from the statistical12

limitations of the νµ constraint, differences in energy scale and selection efficiency between the13

samples, and theoretical uncertainties on the νe/νµ cross section ratio. The uncertainty on the14

intrinsic beam νe background is dominated by flux uncertainties which are constrained by the15

near detector and the observed νµ events. Predictions for NC and νµ CC background rates are16

limited by the uncertainties on pion production rates, the π0/π± production ratio, and differences17

in selection efficiencies. Again, the ντ background uncertainties are related to cross section ratio18

uncertainties which are treated as 100% correlated among samples.19

The far detector samples for the antineutrino beam mirror those described above for the neutrino20

beam samples. Additional constraints are expected to occur in a fit to both neutrino and antineu-21

trino beam samples; variations in δCP induce opposite effects (in both shape and rate) in the νe and22

ν̄e samples, while most systematic uncertainties have a positively correlated effect. In the neutrino23

and antineutrino samples, NC background to the νµ and ν̄µ samples is treated as correlated, as is1

NC and νµ CC background to the νe and ν̄e samples, because the dominant source of uncertainty2

is expected to be modeling of pion production. Signal and beam νe background normalization is3

treated as uncorrelated. The normalization for ντ CC background is treated as 100% correlated4

among all samples.5

Energy-scale uncertainties in these samples, which can affect the shape of the reconstructed energy6

spectra, result from inaccurate models of detector response, missing energy in the hadronic systems7

(primarily from neutron production), and from final-state interactions (FSI). The dominant source8

of uncertainty is the hadronic energy scale, which is the same for both νe and νµ samples, so relative9

energy-scale uncertainties are limited to differences in kinematics between νµ and νe interactions10

and differences in detector response for muons and electrons, which will be highly constrained11

by test beam experiments. Systematic uncertainties stemming from the FSI model are different12

between the ν and ν̄ samples, which provides enough freedom in the three-flavor fit to potentially13

mimic the effect of a CP violation signal, thus degrading experimental sensitivity. However, the14

effect will be the same in the νe (ν̄e) and νµ (ν̄µ) samples, allowing the relative νe to νµ (ν̄e to ν̄µ)15

energy scales to be fixed by comparing the energies of the appearance peak and the disappearance16

trough. Additional constraints on the FSI model will be required from ND analyses and external17

data.18

3.6.2 Anticipating Uncertainties Based on Previous Experience19

Table
tab:nuesysts
3.7 shows the uncertainties in analyses of the νe appearance rate achieved by MINOS

Adamson:2013ue
[37]20

and T2K
Abe:2015awa
[38] compared to the uncertainties anticipated in a similar DUNE analysis. The goals21

for normalization uncertainties represent the total expected uncertainty on an analysis of νe ap-22

pearance rate in DUNE; the actual DUNE analysis will be based on a three-flavor spectral fit to23

all four far detector samples, so that the portions of these uncertainties that are correlated among24

far detector samples is expected to largely cancel. The portions of these uncertainties that are not25

correlated among samples and the effect of energy reconstruction on this analysis must be well un-26

derstood. The goals for each source of systematic uncertainty are chosen by determining which of27
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the existing experiments is more representative of DUNE for that source of uncertainty and, based28

on that comparison, setting a reasonable goal for a next-generation experiment. The goals are29

based on expected capabilities of the high-resolution LArTPC far detector, precise measurements30

expected from a highly capable near detector, and well-understood analysis techniques developed31

in the existing generation of experiments. Explanations of the choices in Table
tab:nuesysts
3.7 follow.32

Table 3.8: Systematic uncertainties on the νe appearance signal rate prediction in MINOS and T2K
and a projection of the anticipated uncertainties in DUNE. In each case, the quoted uncertainty is the
effect on the νe appearance signal rate only. These uncertainties are the total expected uncertainties
on the νe appearance signal rate; this includes both those uncertainties that are correlated and those
that are uncorrelated in the three-flavor fit. For reference, the uncertainties assumed in the nominal
DUNE sensitivity calculations are also provided.

Source of MINOS T2K DUNE Comments
Uncertainty νe νe νe
Beam Flux 0.3% 3.2% 2% See “Flux Uncertainties” in Section

sec:syst_just_flux
3.9.2

after N/F
extrapolation
Interaction 2.7% 5.3% ∼ 2% See “Interaction Model Uncertainties”
Model in Section

sec:syst_just_sim
3.9.2

Energy scale 3.5% included (2%) Included in 5% νµ sample normalization
(νµ) above uncertainty in DUNE 3-flavor fit.
Energy scale 2.7% 2.5% 2% See “νe Energy-Scale Uncertainties”
(νe) includes in Section

sec:syst_just_fd
3.9.2

all FD
effects

Fiducial 2.4% 1% 1% Larger detectors = smaller uncertainty.
volume
Total 5.7% 6.8% 3.6 %
Used in DUNE 5%⊕ 2% Residual νe uncertainty: 2%
Sensitivity
Calculations

tab:nuesysts

Flux Uncertainties33
sec:syst_just_flux

DUNE plans to take advantage of spectral analysis, meaning that absolute and relative flux nor-1

malization is required. Since the MINOS νe appearance analysis is based on normalization only, in2

terms of the νe appearance analysis, DUNE will be more like T2K, which has achieved 3.2% nor-3

malization uncertainty on its νe sample from uncertainties in the flux. Additionally, the inclusive4

neutrino charged-current cross section measurement from the MINOS near detector reported in
Adamson:2009ju
[?]5

has achieved a normalization uncertainty of ∼2% in the range 3 < Eν < 9 GeV and the near-to-far6

νµ unoscillated-spectrum extrapolation errors in MINOS are <3% without any independent con-7

straints on hadron production or muon-flux measurements at the near site. Therefore, as DUNE is8

planned to have a highly capable near detector, beamline muon detectors, dedicated hadronization9
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measurements, and improved simulation of beam flux based on MINERνA
Aliaga:2013uqz
[?] measurements in the10

NuMI beam, a goal uncertainty of 2% has been set on νe signal normalization from uncertainties11

in the flux determination. As described in Chapter
ch:physics-nd
6 and summarized in Section

sec:syst_studies_ind
3.9.4, preliminary12

simulations of the fine-grained tracker ND suggest this is an appropriate goal, predicting a 2.5%13

uncertainty on the absolute flux and a 1–2% uncertainty on the flux shape from ND analyses.14

Interaction Model Uncertainties15
sec:syst_just_sim

Interaction model uncertainties result from uncertainties in modeling neutrino interactions with16

the target nuclei in the near and far detectors. These uncertainties include νe and νµ cross section1

uncertainties, uncertainties from modeling the structure of the target nucleus, and the impact of2

hadronization model uncertainties in simulating the break up of the target nucleus in higher-energy3

inelastic interactions. DUNE will employ argon nuclear targets in both the near and far detectors,4

allowing for a larger cancellation of interaction model uncertainties than in T2K, in which the target5

nuclei in the near detector are carbon while those in the far detector are oxygen. Additionally,6

the angular resolution, vertex resolution, and particle identification capability of the DUNE near7

detector are expected to increase its ability to constrain those cross section uncertainties that8

are common between near and far detectors, but for which the T2K near detector could not9

provide significant constraint. DUNE’s high-resolution near detector is expected to enable further10

constraints on hadronization uncertainties, relative to MINOS, by resolving many of the individual11

particles produced in the resonance and deep-inelastic scattering interactions, which represent the12

majority of the DUNE data sample. Finally, significant improvements to neutrino interaction13

models are anticipated as a result of the intermediate neutrino program
Adams:2015ogl
[?], in which measurements14

will be made across a range of different nuclei and the resulting models will be tested on argon in15

LArTPCs. Therefore, 2% is taken as a goal for the effect of interaction model uncertainties on the16

DUNE νe signal normalization. It is important to note that this level of uncertainty depends upon17

the ability to isolate neutrino-argon interactions in the near detector to facilitate cancellation of18

near-far uncertainties; this is a requirement of the ND design.19

Additionally, in considering the effect of the three-flavor analysis on the final uncertainty, the neu-20

trino beams in DUNE and MINOS have energy spectra that peak around 2.5–3.0 GeV, compared21

to 600 MeV in T2K. The theoretical uncertainty on the νe/νµ cross section ratio is less than 1%22

above neutrino energies of 1.0–1.5 GeV
Day-McFarland:2012
[39], a factor of about three smaller than at T2K’s median23

energy, so the uncertainty on the νe normalization with respect to the νµ spectrum in DUNE will24

be significantly improved compared to T2K. Uncertainty in the ν/ν̄ cross section ratio is somewhat25

more difficult to quantify given the existing discrepancies between data and currently implemented26

models, though this is expected to improve as more complete models are introduced. As described27

in Section
sec:syst_studies_ind
3.9.4, preliminary studies with a Fast MC demonstrate the potential for significant can-28

cellation of cross section uncertainties in the DUNE three-flavor analysis, even when uncertainties29

in the νe/νµ and ν/ν̄ cross section ratios are as large as 20%.30

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report



Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–43

Uncertainty from νe Energy Scale1
sec:syst_just_fd

MINOS and T2K have achieved uncertainty in the νe signal normalization from νe energy scale2

of 2.7% and 2.5% respectively, where the 2.5% from T2K actually includes most far detector3

effects. DUNE’s LArTPC far detector is expected to outperform both the MINOS sampling4

calorimeter and the T2K water Cerenkov detector in reconstruction of νe interactions. Purity of5

the quasielastic-like event selection should be improved relative to T2K’s by the capability of the6

LArTPC to detect hadronic showers that would be below threshold in SuperK, as described in
Mosel-Lalakulich-Gallmeister:2014
[40].7

For non-quasielastic-like events, the low thresholds and high resolution of the DUNE LArTPC will8

significantly improve calorimetric reconstruction over the MINOS sampling calorimeter. Significant9

experience with simulation, reconstruction, and calibration of neutrino interactions in LArTPCs10

is expected from the Intermediate Neutrino Program, particularly Fermilab’s SBN program
Antonello:2015lea
[?],11

which will include three LArTPCs: SBND
Admas:2013xka
[?], µBooNE

microboonetdr
[?], and ICARUS-T600

Rubbia:2011ft
[?]. An active12

program of prototypes and test-beam measurements is planned to study the reconstruction of13

charged and neutral particles in LArTPCs; this suite of experiments includes the DUNE 35-t14

prototype LArIAT
Adamson:2013/02/28tla
[?], CAPTAIN

Berns:2013usa
[?], and the CERN neutrino platform single phase prototypes.15

(The 35-t and CERN prototypes are discussed in the Prototyping Strategy chapter of Volume 4:16

The DUNE Detectors at LBNF.) Finally, an improved model of neutrino interactions will reduce17

the impact of imperfect reconstruction of energy from neutrons and low-momentum protons on the18

DUNE analysis. Therefore, a goal has been set of using the superior detector performance and the19

improvements in understanding of LArTPC energy response and neutrino interactions expected in20

the next five to ten years to reduce the normalization uncertainty from the νe energy scale to 2%.21

In considering the effect of the three-flavor analysis on the final uncertainty, hadronic energy is22

expected to contribute more than half of the total energy deposit for many νe and νµ interactions23

in the DUNE far detector. Since the hadronic energy scale does not depend on neutrino flavor,24

the uncertainties on this portion of the LArTPC energy response are expected to largely cancel in25

the DUNE three-flavor analysis, up to kinematic differences in the νe and νµ samples. However,26

uncertainty in the νe and νµ energy scales will also reduce the sensitivity of the fit to spectral shape.27

The effect of one such uncertainty on experimental sensitivity is shown in Section
sec:syst_var
??, but the full28

impact of energy-scale uncertainty has not yet been explored. The fraction of the total energy29

carried by neutrons will be different between the ν and ν̄ samples both because of the different30

probabilities for neutrinos and antineutrinos to interact with protons and neutrons and because of31

differing kinematics. The contribution from neutrons will also be different between the νe and νµ32

samples because these samples peak at different energies due to oscillation effects. For this reason,33

understanding of both neutron production and detector response to neutrons will be important34

for constraining uncertainty in the three-sample fit. Deployment of the CAPTAIN detector in a1

neutron beam at LANL is planned to determine the response of a LArTPC to neutrons. With2

the neutron response well understood, measurements by CAPTAIN and other detectors in the3

intermediate neutrino program will be able to determine average neutron production rates, which4

will allow for appropriate corrections to the energy-scale bias at a statistical level.5
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Total Uncertainties Assigned to the Normalization Parameters6

Based on the preceding considerations, the DUNE signal normalization uncertainty is taken to7

be 5% ⊕ 2% in both neutrino and antineutrino mode, where 5% is the normalization uncertainty8

on the FD νµ sample and 2% is the effective uncorrelated uncertainty on the FD νe sample after9

fits to both near and far detector data and all external constraints. These signal normalization10

parameters are treated as 100% uncorrelated between neutrinos and antineutrinos. The normal-11

ization uncertainties on background to these samples and their respective correlations are given in12

Table
tab:bgnormsys
3.8. These assumptions for the non-oscillation systematic uncertainties are used to calculate13

the sensitivities presented in Section
sec:physics-lbnosc-senscalc
3.2. The goal for the total uncertainty on the νe sample14

in DUNE is less than 4%, so the 5% ⊕ 2% signal normalization uncertainty used for sensitivity15

calculations is appropriately conservative. Additionally, cancellation of the correlated portion of16

the uncertainty is expected in the four-sample fit, so the residual uncorrelated normalization un-17

certainty on the νe sample is expected to be reduced to the 1–2% level, such that the 2% residual18

normalization uncertainty used in the sensitivity calculations is also well-justified. Variations on19

these assumptions are explored in Section
sec:syst_var
??.20

Table 3.9: Normalization uncertainties and correlations for background to the νe, ν̄e, νµ, and ν̄µ data
samples

Background Normalization Uncertainty Correlations
For νe/ν̄e appearance:
Beam νe 5% Uncorrelated in νe and ν̄e samples
NC 5% Correlated in νe and ν̄e samples
νµ CC 5% Correlated to NC
ντ CC 20% Correlated in νe and ν̄e samples
For νµ/ν̄µ disappearance:
NC 5% Uncorrelated to νe/ν̄e NC background
ντ 20% Correlated to νe/ν̄e ντ background

tab:bgnormsys

3.6.3 Effect of Variation in Uncertainty21
sec:syst_var

Figure
fig:exp_systs
3.33 shows DUNE sensitivity to determination of neutrino mass hierarchy and discovery of22

CP violation as a function of exposure for several levels of signal normalization uncertainty. As23

seen in Figure
fig:exp_systs
3.33, for early phases of DUNE with exposures less than 100 kt ·MW · year, the24

experiment will be statistically limited. The impact of systematic uncertainty on the CP-violation25

sensitivity for large exposure is obvious in Figure
fig:exp_systs
3.33; the νe signal normalization uncertainty26

must be understood at the level of 5%⊕ 2% in order to reach 5σ sensitivity for 75% of δCP values27

with exposures less than ∼900 kt ·MW · year in the case of the Optimized Design. Specifically,28

the absolute normalization of the νµ sample must be known to ∼5% and the normalization of the29

νe sample, relative to the ν̄e, νµ, and ν̄µ samples after all constraints from external, near detector,30

and far detector data have been applied, must be determined at the few-percent level. This level31

of systematic uncertainty sets the capability and design requirements for all components of the32

experiment, including the beam design and the near and far detectors.33
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Figure 3.23: Expected sensitivity of DUNE to determination of the neutrino mass hierarchy (top) and
discovery of CP violation, i.e., δCP 6= 0 or π, (bottom) as a function of exposure in kt ·MW · year,
assuming equal running in neutrino and antineutrino mode, for a range of values for the νe and ν̄e signal
normalization uncertainties from 5% ⊕ 3% to 5% ⊕ 1%. The sensitivities quoted are the minimum
sensitivity for 100% of δCP values in the case of mass hierarchy and 50% (bottom left) or 75% (bottom
right) of δCP values in the case of CP violation. The two bands on each plot represent a range of
potential beam designs: the blue hashed band is for the CDR Reference Design and the solid green
band is for the Optimized Design. Sensitivities are for true normal hierarchy; neutrino mass hierarchy
and θ23 octant are assumed to be unknown. fig:exp_systs
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Signal and background normalization uncertainties remain relatively unimportant for the mass34

hierarchy measurement, even at large exposure, when considering minimum sensitivity for 100% of35

δCP values. This is because the minimum sensitivity occurs in the near-degenerate region where it is36

difficult to determine whether one is observing δCP = +π/2 in the normal hierarchy or δCP = −π/21

in the inverted hierarchy. Spectral analysis will help resolve this near-degeneracy, but is dependent2

on as-yet unexplored uncertainties in the spectral shape, which are expected to be dominated by3

energy-scale uncertainty. Figure
fig:escale_syst
3.34 shows the impact on MH and CP-violation sensitivity of4

one possible energy-scale variation, in which energy bins are adjusted by N[E]→N[(1+a)E], while5

keeping the total number of events fixed. This is only one possible type of energy-scale uncertainty;6

more comprehensive study of energy-scale uncertainty is in progress and will be included in future7

analyses of experimental sensitivity.8
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Figure 3.24: Expected sensitivity of DUNE to determination of the neutrino mass hierarchy (left) and
discovery of CP violation, i.e. δCP 6= 0 or π, (right) as a function of the true value of δCP, assuming
equal running in neutrino and antineutrino mode, for a range of values assigned to the “a” parameter
in the energy-scale variation described in the text. In the MH figure, the case with no energy-scale
systematic provides a significance of at least

√
∆χ2 = 5 for all values of δCP. In the CPV figure,

the case with no energy-scale systematic provides a significance of at least 3σ for 75% of δCP values.
(See Figures

fig:mh_exposure
3.10 and

fig:cpv_exposure
3.17 for the possible range of exposures to achieve this level of significance.)

Sensitivities are for true normal hierarchy; neutrino mass hierarchy and θ23 octant are assumed to be
unknown. fig:escale_syst

3.6.4 Ongoing and Planned Studies of Systematic Uncertainty9
sec:syst_studies_ind

Detailed evaluation of systematic uncertainties for DUNE is ongoing. In many cases plans for10

studies have been developed but have not yet been executed. In general, each systematic will11

be studied both by propagating its uncertainty to oscillation analyses to evaluate the resultant12

degradation of the sensitivity and by ensuring the considered variations give proper coverage,13

i.e., truly encapsulating the lack of knowledge of the processes/effects in question. Estimates of14

systematic uncertainty for the propagation studies will be varied between the constraints available15

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report



Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–47

from current external knowledge and a range of projections for ND performance. In cases where16

systematic uncertainty is shown to degrade the oscillation parameter measurement sensitivities,17

the required constraints will become detector performance requirements. The details of these18

studies are beyond the scope of this document; however, conclusions from some initial studies and19

an overview of each source of systematic uncertainty is laid out in the remainder of this section.20

Initial studies using a Near Detector Fast Monte Carlo with a parameterized detector response21

predict 3% statistical uncertainties on the absolute flux using fully leptonic neutrino interactions22

for which high-precision cross section predictions exist. Specifically, the statistical uncertainty23

is expected to be ∼3% for neutrino-electron scattering (Eν < 5 GeV) and inverse muon decay24

(Eν > 11 GeV). Relative normalization using the low-ν0 method is expected to constrain the flux25

shape to 1–2%; this level of precision in the νµ flux was achieved by NOMAD
Wu:2007ab,Lyubushkin:2008pe
[?, ?], enabled by its26

0.2% uncertainty in the muon energy scale. This flux shape measurement will be made for both27

νe and νµ, therefore, in combination with measurements from hadron production experiments, it28

can determine the distribution of the parent mesons which will constrain the near/far flux ratio.29

Detailed discussion of the planned program of ND measurements is in Chapter
ch:physics-nd
6 and

Mishra:2008nx,Adams:2013qkq
[?, 15].30

Studies using a multi-sample fit to constrain the flux with simulated DUNE near detector event31

samples show significant constraints on all flux uncertainties; the post-fit uncertainty in most flux32

bins for this preliminary fit is less than 5%, which is the uncorrelated νµ signal normalization33

uncertainty assumed by the sensitivity calculations.1

The two main sources of uncertainty in the beam simulation come from variations in the beam2

optics, O(1%), and uncertainties in the hadron production models, O(10%). Beam optics variations3

have been studied in detail and are found to be easily constrained by the ND. Software tools that4

allow re-weighting of neutrinos based on their parent hadrons have been developed by MINERνA;5

work is progressing with them to implement these tools in the DUNE simulation to evaluate the6

impact of uncertainty in hadron production models. In the meantime, MINERνA has agreed7

to provide its flux covariance matrix that details the flux rate and shape uncertainties prior to8

ND constraints. This will be combined with DUNE simulations to project reasonable hadron-9

production uncertainties to ND and FD analyses. Ultimately these uncertainties will be constrained10

by near detector measurements and dedicated hadron-production measurements such as those at11

NA61/SHINE
NA61:2014fnalbeams
[?] will provide additional external constraints.12

Primary interaction uncertainties are specific to each model, and each of the three major cross13

section components (quasi-elastic processes, resonance production, and deep inelastic scattering)14

contribute roughly equally to the νe and ν̄e appearance signal. In most cases, uncertainty in15

modeling primary interactions comes from the hadronic interaction part of the calculation, which16

includes form factors in the hadron tensor, the nuclear initial state, and FSI.17

Coherent scattering: Coherent models built upon partially conserved axial current theory relate18

the neutrino scattering cross section to pion-nucleon or pion-nucleus scattering data
Rein-Sehgal:1983
[?]

Berger-Sehgal:2009
[?]. The19

choice and characterization of that data can have large effects on the calculated cross section.20

Alternate “microscopic model” formulations are valid only over limited kinematic ranges and are21

not adequate to describe this process for DUNE
Alvarez-Ruso-Geng-Hirenzaki-Vicente-Vacas:2007
[?]

Alvarez-Ruso-Geng-Vicente-Vacas:2007
[?]. Both types of model suffer from limited22

data constraints over a range of neutrino energy and nuclear targets. However, the low hadron23

thresholds and good angular resolution of the DUNE ND should be able to produce world-leading24

measurements and provide adequate constraints for this interaction channel and its relatively small25

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report



Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–48

contribution to the overall cross section. Data from MINERνA
Higuera:2014azj
[?], T2K, and upcoming LArTPC26

experiments will provide constraints for a variety of target nuclei over the relevant energy ranges27

required to constrain this sub-dominant process.28

Quasi-elastic processes (QE): Models for this type of interaction require that the target nucleon29

is neither excited nor fragmented because the 4-momentum transfer to the hadronic system (Q2)30

is low. For these low-Q2 interactions, details of the nuclear initial state are important. However,31

current implementations of nuclear initial state models are inadequate, therefore the uncertainty32

in the only free parameter in the free-nucleon cross section model, MQE
A , has been expanded to33

absorb the differences between simulations and ν-nucleus scattering data. Better models of the34

nuclear initial state have been developed and are currently being implemented in GENIE and other35

generators. These new models will be compared with current and future data from MINERνA,36

T2K and upcoming LArTPC experiments, and the effect of variations in MQE
A on FD spectra will1

be compared to the effect of introducing the new models. Eventually the set of models that best2

agrees with data will be adopted in the DUNE simulations and the uncertainties assigned to these3

models will reflect the level of agreement with data.4

Resonance production: There are two important sources of uncertainty in this model. The first5

is the uncertainty on the free-nucleon cross section due to unconstrained form factors and their6

use as effective parameters to absorb nuclear modeling effects. The second is the disagreement7

in outgoing pion kinematics between simulations and data. Data from T2K, MINERνA
Eberly:2014mra
[?]

Aliaga:2015wva
[?],8

upcoming LArTPC experiments, and the DUNE ND should provide good constraints for DUNE9

oscillation analyses, but model improvements will be required to help propagate these constraints10

to the FD signal and background predictions. Model improvements are needed for the principal in-11

teraction model, so-called “background” interactions where the pion is produced at the interaction12

vertex rather than through an intermediate ∆ (or higher resonance), the interference between the13

two models, and the contributions to single-pion production from low-multiplicity DIS. Improved14

nuclear models are also required in order to estimate the impact of processes like pion-less delta15

decay and FSI. New models, which are available for some relevant regions of phase space, must be16

incorporated into generators and compared with data
Hernandez-Nieves-Valverde:2007
[?].17

Deep inelastic scattering (DIS): The inclusive DIS cross section on iron has been very well con-18

strained by data but individual final states have not. The primary source of uncertainty is in19

modeling the content and kinematics of the hadronic system as a function of its invariant mass.20

The resulting uncertainty on the DIS contribution to signal samples is relatively small, but it is21

nonetheless important to better constrain these models because the DIS contribution to back-22

ground via pion production is significant. Data from MINERνA and upcoming LArTPC experi-23

ments should help to constrain the exclusive cross sections, as well as nuclear effects on the inclusive24

cross section
Tice:2014pgu
[?]. Current studies are focused on building parameterized re-weighting functions for25

the hadronization model based on GENIE samples generated with 1σ changes to each relevant26

model parameter.27

Nuclear models enter into the simulation of neutrino interactions both through modeling of initial-28

state interactions, i.e., interactions between the neutrino and the initial state of the nucleons and29

virtual particles within the nucleus, and modeling of final-state interactions (FSI), i.e., interactions30

of the particles exiting the primary interaction vertex with the nuclear medium.31
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Nuclear initial state: Uncertainties in initial-state interactions due to naive modeling of the envi-32

ronment of the nucleus have thus far been taken into account through inflation of the uncertainties33

on the free nucleon or quark interaction model. New models
Alvarez-Ruso-Hayato-Nieves:2014
[?] are being added to generators and34

will soon be incorporated into the Fast MC to study how the impact on sensitivity of these models35

compares with uncertainties in the current nominal model. Data from upcoming LArTPC neutrino36

experiments will provide detailed information on nucleon production rates and kinematics, which1

will help to distinguish which of the new models best describes the data.2

Final-state interactions: FSI can alter event reconstruction in two distinct ways. The first is a3

smearing of the total energy available to be deposited in the detector. The second is the misidenti-4

fication of event topologies used to classify the neutrino flavor and interaction mode. Uncertainties5

in selection efficiencies and event-sample migrations due to intranuclear rescattering can be stud-6

ied with existing DUNE tools. The predictions and uncertainties on GENIE’s “hA” model
Dytman:2011zz
[?] of7

intranuclear interaction are being tested against the detailed FSI model in the GiBUU
Buss:2011mx
[?] event8

generator. Studies of correlations among the free model parameters and and how variations in9

those parameters propagate differently for ν and ν̄ are also needed. Electron-argon scattering10

data
Benhar:2014nca
[?] and studies of hadron production in upcoming LArTPC experiments are expected to11

further constrain the effects of FSI in argon nuclei.12

A fit to Fast MC simulation of all four far detector samples (νe, ν̄e, νµ, ν̄µ) significantly constrains13

cross section systematic uncertainty even in the case where many cross section parameters are14

allowed to vary simultaneously within their GENIE uncertainties. As seen in the example shown15

in Figure
fig:MAresqesyst
3.35, a fit in which both MQE,CC

A and MRES,CC
A are allowed to vary within their GENIE16

uncertainties (±20%), which could significantly alter the energy distribution of the the selected17

events, results in a dramatic reduction in sensitivity if one considers only the νe appearance signal18

without constraint from the ν̄e and νµ/ν̄µ samples. In contrast, for a four sample fit, this same19

parameter variation results in only a small reduction in sensitivity to CP violation. This result20

includes a 10% uncertainty in the ν/ν̄ cross section ratio and a 2.5% uncertainty in the νe/νµ cross21

section ratio; uncertainties in these ratios as large as 20% have been considered and did not produce22

dramatically different results. More details on this analysis are available in
Bass:2014vta
[?]. Preliminary studies23

also demonstrate significant constraint on cross section systematics from the near detector.24

Uncertainty stemming from detector effects are somewhat more difficult to address with exist-25

ing simulation efforts. Tools to evaluate the effect of uncertainty in single-particle resolutions,26

detection and particle-identification efficiencies, and energy scale are in development within the27

Fast MC framework. The results of these studies will provide performance requirements for the28

DUNE detectors, but more complete understanding of the expected size of these effects will require29

comparison between data and a full Monte Carlo. The status of efforts to develop reconstruction30

and analysis tools for a full Monte Carlo simulation of DUNE is described in the Software and31

Computing chapter of Volume 4: The DUNE Detectors at LBNF. At the same time, a number of32

test-beam and prototype experiments, including the DUNE 35-t prototype, LARIAT, CAPTAIN,33

and the CERN neutrino platform experiments, are being designed and built to reduce these uncer-34

tainties with experimental data. The status of some of these efforts is described in the Prototyping35

Strategy chapter of Volume 4: The DUNE Detectors at LBNF.1

These ongoing studies to improve models of neutrino interactions in LArTPC detectors and to2

evaluate the remaining uncertainties, by comparisons to data and alternate models, are considered3
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Figure 3.25: An example CP violation sensitivity calculated using inputs from the FastMC in a fit to
all four (νe, νe, νµ, νµ) samples (red) and a fit to the νe appearance sample only (blue), for the case
of no systematic uncertainty (solid) and the case in which both MQE,CC

A and MRES,CC
A are allowed to

vary with a 1σ uncertainty of 20% (dashed). This example was taken from an earlier DUNE study, so
the absolute sensitivity can not be compared with the DUNE sensitivities presented in this document. fig:MAresqesyst

high priority not only by the DUNE collaboration, but by the global neutrino community. It is4

reasonable to expect that model improvements and new data will provide DUNE with improved5

inputs and reduced uncertainties compared to current knowledge. Following the plan described6

in the preceding paragraphs, DUNE collaborators will actively participate in the global effort to7

improve understanding of neutrino interactions, will propagate what is learned in the intermediate8

neutrino program to DUNE analyses, and will evaluate the effect of remaining uncertainties on9

the DUNE analyses.10

3.7 Optimization of the LBNF Beam Designs11

sec:physics-lbnosc-beam

The LBNF neutrino facility at Fermilab utilizes a conventional horn-focused neutrino beam pro-12

duced from pion and kaon decay-in-flight. It will aim the neutrino beam toward the the DUNE13

far detector located 1300 km away at the Sanford Underground Research Facility. The design of14

the LBNF neutrino beamline is a critical component for the success of DUNE. As demonstrated15

in earlier sections, the optimization of the beam design can have significant impact on the expo-16

sures needed to achieve the desired physics goals independent of additional improvements to the17

accelerator complex such as upgrades to 2.4 MW and improvements to uptime and efficiency, and18

reductions in systematic uncertainties. The reference beam design is described in detail in Volume19

3: The Long-Baseline Neutrino Facility for DUNE. In this section a summary of the ongoing efforts20

to optimize the beam focusing system and decay pipe geometry designs for the primary oscillation21

physics measurements is presented.22
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3.7.1 Reference Beam Design23
sec:reference-design-focusing-system

The reference beam design is based on the designs of targets and focusing systems for NuMI.1

These designs are well understood and have proven track records of reliability and performance.2

The LBNF reference design includes a target similar to the one used for the low-energy tune of the3

NuMI beam
Anderson:1998zza
[?], but with a larger thickness to accommodate the 1.2-MW primary proton beam,4

and focusing horns essentially identical to those currently in operation in the NuMI beamline. The5

target consists of 47 graphite segments, for a total length of 95 cm including the space between6

segments, corresponding to two interaction lengths. The upstream face of the first segment is7

positioned 45 cm upstream of the first focusing horn to ensure sufficient clearance of the target’s8

downstream end from the horn inner conductor. The separation of the upstream faces of the two9

horns has been decreased to 6.6 m, compared to the 10-m distance for the low-energy tune of the10

NuMI beam, to slightly enhance the neutrino flux at lower energies. A helium-filled decay pipe,11

4 m in diameter and 204 m in length, provides the decay volume for the secondary pions to decay12

to muon neutrinos.13

Neutrino fluxes for the reference beam are shown in Figure
fig:beam_req_reference_flux
3.27 for a 120-GeV primary proton14

beam. Lowering the momentum of the primary proton beam increases right-sign neutrino flux at15

low energies and decreases wrong-sign contamination. Figure
fig:beam_req_proton_energy
3.28 shows current estimates of CP16

and mass hierarchy sensitivities versus proton momentum. It is estimated that these quantities17

improve very slightly as proton momentum decreases, until approximately 60 GeV, at which point18

the Main Injector cycle time becomes constant with proton momentum, causing beam power and19

physics sensitivities to drop sharply. Unless otherwise noted, results throughout this volume assume20

an 80-GeV proton beam, corresponding to the optimal momentum whose technical feasibility has21

been thoroughly studied.22

Another handle for tuning the neutrino energy spectrum of the reference beam is modification of23

the distance between the target and the first focusing horn. The expected fluxes for three different24

configurations are shown in Figure
fig:beam_req_lemehe
3.29. The improvement in flux for each configuration with a25

longer decay pipe length of 250 m is also shown.26

3.7.2 Improved Beam Options27
sec:alternative-focusing-systems

There are several potential modifications to the reference beam design that would improve the28

experiment’s sensitivity to the CP-violating phase and mass hierarchy. One option, which will be29

referred to as enhanced reference beam, is based on the NuMI focusing horn design but uses a30

thinner and shorter cylindrical beryllium target positioned 25 cm upstream of the first focusing31

horn. We consider two decay pipe configurations for this enhanced reference beam, one 204 m long32

and 6 m in diameter and the other 250 m long and 4 m in diameter. The neutrino fluxes for these33

options, generated with an 80-GeV primary proton beam, are shown in Figure
fig:beam_req_focusing_comp
3.30.34

The option offering the largest gains in sensitivity is a redesign of the focusing system, including35

target and horns, which would require a modification of the dimensions of the present target36

chase. To identify optimal designs, a genetic algorithm has been implemented to search for beam37
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Figure 3.26: Neutrino fluxes for the reference focusing system operating in neutrino mode (left) and
antineutrino mode (right), generated with a 120-GeV primary proton beam. fig:beam_req_reference_flux
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fractional improvement in flux for the same beam configurations when the decay pipe is lengthened to
250 m (right). fig:beam_req_lemehe

configurations that maximize sensitivity to CP violation. The procedure is inspired by a similar38

one developed by the LBNO collaboration
Agarwalla:2014tca
[?], and considers 20 beamline parameters governing the1

primary proton momentum, target dimensions, and horn shapes, positions and current. Figure
fig:beam_req_opthorn
3.312

shows the approximate shape and the 12 shape parameters (5 radial and 7 longitudinal dimensions)3

used for the optimization of the first focusing horn, while the second focusing horn is modeled as a4

NuMI-style horn, but allowed to rescale both in radial and longitudinal dimensions. The procedure5

yields horn size and shapes similar to those found by the LBNO collaboration. The first focusing6

horn is ∼5.5 m in length and ∼1.3 m in diameter. This optimized beam configuration includes a7

second focusing horn that is 32% longer and 7.8 m further downstream than that of the reference8

focusing design. This option would require an increase both in length, by ∼9 m, and in width, by9

∼60 cm, of the target chase in the reference design. The increase in target chase length can be10

compensated by a reduction in decay pipe length, so that the total length of the combined chase11

and decay pipe remains the same as in the reference design. Figure
fig:beam_req_focusing_comp
3.30 shows a comparison of12

fluxes for the reference, enhanced reference and optimized beam configurations. This optimized13

beam, with a decay pipe 195 m long and 4 m in diameter, produces a muon neutrino flux that14

is 20% greater than the nominal configuration at the first oscillation maximum (between 1.5 and15

4 GeV), 53% greater at the second oscillation maximum (between 0.5 and 1.5 GeV), and reduces the16

antineutrino contamination of the beam. Sensitivity to δCP and the mass hierarchy as a function of17

the exposure for reference and alternative beam options are shown in Figure
fig:beam_req_sensitivities
3.32. The optimized18

beam leads to improvements in sensitivity to both mass hierarchy and CP violation. Refinement of19

the optimization procedure, including verification of the results with alternate hadron production20

models, and evaluation of the feasibility of the optimized designs are in progress.21
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Figure 3.29: Neutrino mode muon neutrino fluxes for several beam designs, including the reference, the
enhanced reference, and the optimized beam described in section

sec:alternative-focusing-systems
3.7.2 (top). The total CC interaction

rate per year at 1300 km from the optimized focusing design with a 195-m decay pipe, and the ratio to
the reference beam design (bottom). All beams use 80-GeV protons. fig:beam_req_focusing_comp
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Figure 3.30: First focusing horn design considered in the alternative focusing optimization. fig:beam_req_opthorn
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3.8 Testing the Three-Flavor Paradigm and the Standard Model22

sec:physics-lbnosc-3nutests

Due to the very small masses and large mixing of neutrinos, their oscillations over a long distance23

act as an exquisitely precise interferometer with high sensitivity to very small perturbations caused24

by new physics phenomena, such as:25

• nonstandard interactions in matter that manifest in long-baseline oscillations as deviations26

from the three-flavor mixing model27

• new long-distance potentials arising from discrete symmetries that manifest as small pertur-28

bations on neutrino and antineutrino oscillations over a long baseline29

• sterile neutrino states that mix with the three known active neutrino states30

• large compactified extra dimensions from String Theory models that manifest through mixing31

between the Kaluza-Klein states and the three active neutrino states32

• Lorentz and CPT violation due to an underlying Planck-scale theory that manifest through33

sidereal dependence on the neutrino oscillation probability34

Full exploitation of DUNE’s sensitivity to such new phenomena will require high-precision pre-35

dictions of the unoscillated neutrino flux at the far detector and large exposures. Studies will be36

conducted to understand the limits that DUNE could impose relative to current limits and those37

expected from other experiments.38

3.8.1 Search for Nonstandard Interactions1

For νµ,e → νe,µ oscillations that occur as the neutrinos propagate through matter, the coherent2

forward scattering of νe’s on electrons in matter modifies the energy and path-length dependence3

of the vacuum oscillation probability in a way that depends on the magnitude and sign of ∆m2
31.4

This is the Mikheyev-Smirnov-Wolfenstein (MSW) effect
Mikheev:1986gs,Wolfenstein:1977ue
[23, 24]. NC nonstandard interactions5

(NSI) may be interpreted as nonstandard matter effects that are visible only in a far detector at6

a sufficiently long baseline. They can be parameterized as new contributions to the MSW matrix7

in the neutrino-propagation Hamiltonian
Valle:1987gv,Roulet:1991sm
[?, ?]:8

H = U

 0
∆m2

21/2E
∆m2

31/2E

U † + ṼMSW , (3.16)

with9

ṼMSW =
√

2GFNe

 1 + εmee εmeµ εmeτ
εm∗eµ εmµµ εmµτ
εm∗eτ εm∗µτ εmττ

 (3.17)
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Here, U is the leptonic mixing matrix, and the ε parameters give the magnitude of the NSI relative10

to standard weak interactions. For new physics scales of a few hundred GeV, a value of |ε| ≤ 0.0111

is expected
Davidson:2003ha,GonzalezGarcia:2007ib,Biggio:2009nt,Barranco:2007ej,Escrihuela:2011cf
[25, 26, 27, ?, ?]. DUNE’s 1300-km baseline provides an advantage in the detection of12

NSI relative to existing beam-based experiments with shorter baselines. Only atmospheric-neutrino13

experiments have longer baselines, but the sensitivity of these experiments to NSI is limited by14

systematic effects. See
Adams:2013qkq
[15] for potential sensitivities to these parameters at a 1300-km baseline.15

3.8.2 Search for Long-Range Interactions16

The small scale of neutrino-mass differences implies that minute differences in the interactions of17

neutrinos and antineutrinos with currently unknown particles or forces may be detected through18

perturbations to the time evolution of the flavor eigenstates. The longer the experimental baseline,19

the higher the sensitivity to a new long-distance potential acting on neutrinos. For example, some20

of the models for such long-range interactions (LRI) as described in
Davoudiasl:2011sz
[28] could contain discrete21

symmetries that stabilize the proton and give rise to a dark-matter candidate particle, thus pro-22

viding new connections between neutrino, proton decay and dark matter experiments. The longer23

baseline of DUNE improves the sensitivity to LRI beyond that possible with the current genera-24

tion of long-baseline neutrino experiments. The sensitivity will be determined by the amount of25

νµ/ν̄µ-CC statistics accumulated and the accuracy with which the unoscillated and oscillated νµ26

spectra can be determined.27

3.8.3 Search for Mixing between Active and Sterile Neutrinos28

Several recent anomalous experimental results count among their possible interpretations phenom-29

ena that do not fit in the three-flavor mixing model
Aguilar:2001ty,AguilarArevalo:2007it,Aguilar-Arevalo:2013pmq,Mention:2011rk,Giunti:2010zu
[2, 3, 4, 5, ?], and searches for evidence of one30

or more sterile neutrino states are ongoing.31

At DUNE, searches for active-sterile neutrino mixing can be conducted by examining the NC event32

rate at the far detector and comparing it to a precise estimate of the expected rate extrapolated33

from νµ flux measurements from the near detector and from beam and detector simulations. Ob-34

served deficits in the NC rate could be evidence for mixing between the active neutrino states and35

unknown sterile neutrino states. The most recent such search in a long-baseline experiment was36

conducted by the MINOS experiment
Sousa:2015bxa,Adamson:2011ku
[30, 29]. DUNE will provide a unique opportunity to revisit37

this search over a large range of neutrino energies and a longer baseline. The large detector mass38

and high beam power will allow a high-statistics sample of NC interactions to be collected. The1

high-resolution LArTPC far detector will enable a coarse measurement of the incoming neutrino2

energy in a NC interaction by using the event topology and correcting for the missing energy of3

the invisible neutrino. Both the energy spectrum and the rate of NC interactions will be measured4

with high precision at both near and far detectors.5

Long-baseline experiments are sensitive to sterile neutrinos not only through NC measurements6

but also via appearance searches. In particular, as recently shown in
Klop:2014ima
[?], long-baseline appearance7

searches are the sole ones that are sensitive to the additional CP-violating phases that appear in8
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a framework with more than three neutrinos. In the event of a discovery of sterile neutrino states,9

long-baseline experiments — and DUNE in particular — will have a unique role in completing10

the picture of the new enlarged framework, because short-baseline experiments have almost no11

sensitivity to these additional CP-violating phases. It has been shown that T2K already provides12

some information on one such phase
Klop:2014ima
[?], and the sensitivity has been studied for LBNE

Hollander:2014iha
[?].13

3.8.4 Search for Large Extra Dimensions14

Several theoretical models propose that right-handed neutrinos propagate in large compactified15

extra dimensions, whereas the standard left-handed neutrinos are confined to the four-dimensional16

brane
Machado:2011wx
[31]. Mixing between the right-handed Kaluza-Klein modes and the standard neutrinos1

would change the mixing patterns predicted by the three-flavor model. The effects could manifest,2

for example, as distortions in the disappearance spectrum of νµ. The rich oscillation structure3

visible in DUNE, measured with its high-resolution detector using both beam and atmospheric1

oscillations, could provide further opportunities to probe for this type of new physics.2

3.8.5 Search for Lorentz and CPT Violation3

Lorentz invariance and its associated CPT symmetry are foundational aspects of the Standard4

Model. However, the Standard Model is thought to be a low-energy limit of a more fundamental5

theory that unifies quantum physics with gravity at the Planck scale. As a result, an underlying6

theory can induce violations of Lorentz invariance and violations of CPT symmetry that can gen-7

erate experimentally observable signals of Planck-scale physics. The Standard-Model Extension8

(SME)
Colladay:1996iz,Colladay:1998fq,Kostelecky:2003fs
[32, 33, 34] is an effective field theory that contains the Standard Model, general relativity,9

and all possible operators that break Lorentz symmetry. (Since CPT violation implies Lorentz10

violation, the SME necessarily includes operators that break CPT symmetry.) Within the SME11

framework, the probability for neutrino oscillations depends on the direction of neutrino propaga-12

tion within a Sun-centered inertial frame
Kostelecky:2003cr,Kostelecky:2011gq
[35, 36]. For a long-baseline experiment with both the13

neutrino beam source and detector fixed to the surface of the Earth, the Earth’s rotation causes14

the direction of neutrino propagation to change with sidereal time. The SME theory thus predicts15

a sidereal dependence of the observed beam neutrino rate. DUNE has the potential to perform16

studies that explore regimes never previously investigated and to improve existing sensitivities17

obtained in other neutrino experiments. For example, the baseline of 1300 km offers an advantage18

because the sensitivity to Lorentz and CPT violation grows linearly with the baseline. The beam19

orientation for DUNE is different from other experiments such as MINOS or T2K, so the combi-20

nations of coefficients for Lorentz and CPT violation appearing in the DUNE mixing probabilities21

are distinct. Additionally, the wide range of energy for the beam neutrinos and the ability to1

investigate both neutrino and antineutrino channels are advantageous.2
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3.9 Experimental Requirements3

sec:physics-lbnosc-det-req

The technical designs of LBNF and the DUNE detectors must fulfill the scientific objectives de-4

scribed in Chapter
ch:physics-goals
2. The following is a summary of the high-level scientific requirements for the5

neutrino oscillation physics. Details of the scientific and technical requirements for LBNF/DUNE6

deriving from the scientific objectives can be found in reference
lbnfdune-cdr-req
[?].7

3.9.1 Neutrino Beam Requirements8
sec:physics-lbnosc-beam-req

LBNF must be designed for approximately twenty years of operation, in order to provide adequate9

exposure for the DUNE experiment. During its lifetime, the facility must be able to accommodate10

various target and focusing configurations to enable tunability in the neutrino energy spectrum,11

and must be suitable for upgraded targets and horns as technology improves and the primary12

proton beam power increases. Such flexibility is an essential requirement for a facility that will13

operate over multiple decades. The energy range of the neutrino beam must be adaptable, in order14

to address new questions in neutrino physics that may come up during such a long period.15

The DUNE experiment requires that the LBNF facility provides a neutrino beamline and the16

conventional facilities to support it. The global science requirements on the LBNF beamline are17

as follows:18

• The neutrino beam spectrum shall cover the energy region of the first two oscillation maxima19

affected by muon-neutrino conversion from the atmospheric parameters. For a baseline of20

1300 km, with the current knowledge of parameters, the first two nodes are expected to be21

approximately 2.4 and 0.8 GeV. The matter effects dominate over the CP effects above 322

GeV and the CP effect dominates below 1.5 GeV. Adequate number of electron neutrino23

events with good energy resolution will allow DUNE to exploit this spectral information to24

determine mass hierarchy, CP phase, and a precise value of θ13 unambiguously. The beam1

spectrum will also allow muon disappearance measurement with two nodes.2

• The beam shall be sign-selected to provide separate neutrino and anti-neutrino beams with3

high purity to enable measurement of CP violation mass hierarchy, and precision oscillation4

measurement.5

• The electron neutrino content in the beam shall be kept small so that the systematic errors6

on the additional background has a small impact on the CP phase measurement (compared7

to the statistical error).8

• The neutrino beam spectrum shall extend beyond the first maximum to higher energies, while9

maintaining a high signal to background ratio to obtain the maximum number of charged10

current signal events. This will allow precision probes of the PMNS parameters that govern11

neutrino oscillations.12

• The beam shall be aimed at the far detector with an angular accuracy that allows the deter-1
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mination of the far detector spectrum using the near detector measurements. The angular2

accuracy shall not be the dominant factor in the determination of oscillation parameters.3

• The beam shall be capable of operating with a single-turn, fast-extracted primary proton4

beam from the Main Injector with greater than 2 MW of power. The fast extraction enables5

short spills which are essential for good cosmic ray background rejection for detectors.6

• The beamline shall be able to accept a range of Main Injector proton energies that is well7

matched to the oscillation physics requirements. Proton beam energies of around 60GeV are8

optimal for measurement simultaneous measurements of CP violation and MH, while higher9

energy beams (the maximum possible from the Main Injector is 150GeV) can probe physics10

beyond the 3-flavor mixing, and probe ντ appearance with higher statistics. The power and11

protons-on-target available from the MI as a function of proton beam energy is summarized12

in Table
tab:beam_req_pot
3.6.13

3.9.2 Far Detector Requirements14
sec:physics-lbnosc-fd-req

The DUNE Far Detector (FD) requirements relevant to long-baseline neutrino oscillation physics15

include:16

• Identification of Electron Neutrino and Antineutrino Events: The FD shall be capable of iden-17

tifying electron neutrino and antineutrino charged current beam events in sufficient numbers18

within the fiducial volume of the detector to enable precision measurements of the parame-19

ters that govern νµ → νe oscillations. The neutrino flavor of the event will be identified by20

clearly identifying the primary final state charged electron. The total energy of the charged21

current event shall be measured.22

• Muon Neutrino and Antineutrino Events: The FD shall be capable of identifying muon1

neutrino and antineutrino charged current beam events in sufficient numbers within the2

fiducial volume of the detector and identify the primary muon particle emerging from the3

main event vertex. The total energy of the charged current event shall be measured.4

• Multiple tracks and Electromagnetic Showers: The FD shall be capable of identifying events5

with multiple electromagnetic showers and non-showering particles produced within the fidu-6

cial volume of the detector.7

• Baseline Length: A baseline of sufficient length shall be established between the neutrino8

beam facility and a far detector facility so that the difference between muon to electron9

neutrino conversion for the two cases of neutrino mass ordering can be clearly separated10

from the variation due to the CP phase, leading to unique determination of the CP phase.11

• Cosmic Ray Shielding: The FD shall be located at a depth to reduce the number of in-time12

(within the beam spill time) cosmic ray background so that it does not contribute more than13

1% of the final beam neutrino sample.14
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• CP Phase Measurement: The total number of observed electron-neutrino and electron-15

antineutrino type events – including consideration of background – shall be sufficient to16

measure the CP phase to better than 3σ at the maximum CP violation.17

• Time Accuracy: Individual event times shall be measured with sufficient time accuracy to18

allow correlation of event times between detectors that are geographically separated. In the19

case of long-baseline oscillations, this would include correlation between the DUNE near and20

far detectors.21

3.9.3 Near Detector Requirements22
sec:physics-lbnosc-nd-req

The DUNE Near Detector (ND) requirements relevant to long-baseline neutrino oscillation physics23

include:24

• FD measurements not limited by ND: ND measurements shall be of sufficient precision to25

ensure that when extrapolated to FD to predict the FD event spectra without oscillations,26

the associated systematic error must be significantly less than the statistical error over the27

lifetime of the experiment.28

• Muon Neutrino and Antineutrino Flux measurements: The ND shall measure the absolute29

and relative muon neutrino and antineutrino spectra separately. See Sections
sec:syst_just_flux
3.9.2

sec:syst_studies_ind
3.9.4 for30

discussions of the required flux uncertainty and current studies.31

• Electron Neutrino and Antineutrino Flux measurements: The ND shall measure the electron-32

neutrino and antineutrino contamination spectra of the beam separately in order to render33

the CP measurement as precise as possible.34

• Background Measurements: The ND shall measure rates, kinematic distributions and de-35

tailed topologies of physics processes that could mimic signal events in the FD nuclear tar-36

gets. This measurement shall be made with sufficient resolution to allow FD background1

calculation with precision that does not limit the oscillation measurements.2

• Cross section measurements I: The ND will measure CC and NC differential cross sections1

separately as a function of energy.2

• Cross section measurements II: The ND shall characterize various exclusive and semi-exclusive3

processes such as quasi-elastic interactions, resonance production, deep inelastic scattering,4

and neutrino-electron and neutrino-proton elastic scattering.5

• Cross section measurements III: The ND shall measure the neutrino nucleus cross section off6

various targets like Hydrogen, Ar, Fe, Ca, and C.7
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Chapter 48

Nucleon Decay and Atmospheric Neutrinos9

ch:physics-atmpdk

4.1 Nucleon Decay10

sec:physics-atmpdk-ndk

4.1.1 Physics Motivation11

The class of theories known as Grand Unified Theories (GUTs) makes predictions about both12

baryon number violation and proton lifetime that may be within reach of the full-scope DUNE13

experiment. The theoretical motivation for the study of proton decay has a long and distinguished1

history
Pati:1973rp,Georgi:1974sy,Dimopoulos:1981dw
[?, ?, ?] and has been reviewed many times

Langacker:1980js,deBoer:1994dg,Nath:2006ut
[?, ?, ?]. Early GUTs provided the original2

motivation for proton-decay searches in kiloton-scale detectors placed deep underground to limit3

backgrounds. The 22.5-kt Super–Kamiokande experiment extended the search for proton decay by1

more than an order of magnitude relative to the previous generation of experiments. Contemporary2

reviews
Raby:2008pd,Senjanovic:2009kr,Li:2010dp
[?, ?, ?] discuss the strict limits already set by Super–Kamiokande and the context of3

the proposed next generation of larger underground experiments such as Hyper-Kamiokande and4

DUNE.5

Although no evidence for proton decay has been detected, lifetime limits from the current gener-6

ation of experiments already constrain the construction of many contemporary GUT models. In7

some cases, these limits are approaching the upper bounds allowed by GUT models. This situation8

points naturally toward continuing the search with new highly-capable underground detectors, es-9

pecially those with improved sensitivity to specific proton decay modes favored by GUT models.10

In particular, the exquisite imaging, particle identification and calorimetric response of the DUNE11

LArTPC Far Detector opens the possibility of obtaining evidence for nucleon decay on the basis12

of a single well reconstructed event.13
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Figure 4.1: Feynman diagrams for proton decay modes from supersymmetric GUT, p+ → K+ν (left)
and gauge-mediation GUT models, p+ → e+π0 (right). fig:pdk_feyn

4.1.2 Proton Decay Modes14

The strength of the DUNE experiment is particularly evident in its capabilities for two prominent15

decay modes, shown in Figure
fig:pdk_feyn
??. The decay p→ e+π0 arises from gauge mediation and is often16

predicted to have the higher branching fraction. This channel is also demonstrably the more17

straightforward experimental signature for a water Cherenkov detector. In this mode, the total18

mass of the proton is converted into the electromagnetic shower energy of the positron and two19

photons from π0 decay, with a net momentum vector near zero.20

The second key mode is p→ K+ν. This mode is dominant in most supersymmetric GUTs, many21

of which also favor other modes involving kaons in the final state. With a charged kaon in the final22

state, the p → K+ν mode is uniquely interesting: since stopping kaons have a higher ionization23

density than lower-mass particles, an LArTPC could identify the K+ track with high efficiency.24

In addition, many final states of K+ decay would be fully reconstructable in an LArTPC.25

Although significant attention will be focused on the above benchmark modes, the nucleon decay26

program at DUNE will be a broad effort. Many other allowed modes of proton or bound neutron27

into antilepton plus meson that also conserve B − L have been identified. Other modes that1

conserve B+L, or that decay only into leptons, have also been hypothesized. While these are less2

well motivated theoretically, opportunistic experimental searches cost little and could have a large3

payoff.4

Figure
fig:PDK-limits-theory
4.2 shows a comparison of experimental limits on key decay modes, dominated by recent5

results from Super–Kamiokande, to the ranges of lifetimes predicted by an assortment of GUTs.6

From this figure it is clear that an experiment with sensitivity to proton lifetimes between 1033 and7

1035 years will probe a large number of GUTmodels, and thus presents a compelling opportunity for8

discovery. Even if no proton decay is detected, stringent lifetime limits will constrain the models:9

minimal SU(5) was ruled out by the early work of IMB and Kamiokande, and minimal SUSY SU(5)10

is considered to be ruled out by Super–Kamiokande. In most cases, another order of magnitude in11

improved limits will not rule out specific models but will constrain their allowed parameters; this12

could allow identification of models which must be fine-tuned in order to accommodate the data,13

and are thus less favored.14

It is also clear from Figure
fig:PDK-limits-theory
4.2 that it will not be easy for an LArTPC-based detector to make15

significant inroads on the p → e+π0 channel, where background-free high-efficiency searches are16
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Figure 4.2: Current nucleon decay lifetime limits
Beringer:1900zz,Nishino:2012ipa
[?, ?] (90% C.L.) compared with ranges predicted

by Grand Unified Theories. The upper section is for p → e+π0, most commonly caused by gauge
mediation. The lower section is for SUSY-motivated models, which commonly predict decay modes
with kaons in the final state. Marker symbols other than stars indicate published experimental limits,
as labeled by the colors on top of the figure. The stars represent projected limits for several recently
proposed future experiments, calculated based on Poisson statistics including background, assuming
that detected event yields equal the expected background. fig:PDK-limits-theory
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possible with large water Cherenkov detectors with lower cost per kiloton. For this reason, the focus17

of the remaining discussion is on the channels with kaons, and in particular, p→ K+ν. However,18

it is important to note that the full-scale DUNE far detector would be able to provide confirming19

evidence for p → e+π0 should a signel for this channel start to develop in the next-generation20

water detector at the few times 1034 year level.21

4.1.3 Signatures for Nucleon Decay in DUNE22

Extensive surveys
Bueno:2007um,Klinger:2015kva
[?, ?] of nucleon decay efficiency and background rates for large LArTPCs with23

various depth/overburden conditions provide the starting point for the assessment of DUNE’s1

capabilities. Table
tab:pdecay
4.2 lists selected modes where LArTPC technology exhibits a significant per-2

formance advantage (per kiloton) over the water Cherenkov technology. This section focuses on3

the capabilities of DUNE for the p → K+ν channel, as the most promising from theoretical and4

experimental considerations. Much of the discussion that follows can be applied to cover the other5

channels with kaons listed in the table.

Table 4.1: Efficiencies and background rates (events per Mt · year) for nucleon decay channels of
interest for a large underground LArTPC

Bueno:2007um
[?], and comparison with water Cherenkov detector capabilities.

The entries for the water Cherenkov capabilities are based on experience with the Super–Kamiokande
detector

kearns_isoups
[?].

Decay Mode Water Cherenkov Liquid Argon TPC
Efficiency Background Efficiency Background

p→ K+ν 19% 4 97% 1
p→ K0µ+ 10% 8 47% < 2
p→ K+µ−π+ 97% 1
n→ K+e− 10% 3 96% < 2
n→ e+π− 19% 2 44% 0.8

tab:pdecay
6

The key signature for p→ K+ν is the presence of an isolated charged kaon (which would also be7

monochromatic for the case of free protons, with p =340MeV/c). Unlike the case of p → e+π0,8

where the maximum detection efficiency is limited to 40–45% because of inelastic intranuclear9

scattering of the π0, the kaon in p→ K+ν emerges intact (because the kaon momentum is below10

threshold for inelastic reactions) from the nuclear environment of the decaying proton ∼ 97% of11

the time. Nuclear effects come into play in other ways, however: the kaon momentum is smeared12

by the proton’s Fermi motion and shifted downward by re-scattering
Stefan:2008zi
[?].13

In LArTPC detectors, the K+ can be tracked, its momentum measured by range, and its identity14

positively resolved via detailed analysis of its energy-loss profile. This is in sharp contrast with15

water detectors, in which the K+ momentum is below Cherenkov threshold. Additionally, all decay16

modes can be cleanly reconstructed and identified in an LArTPC, including those with neutrinos,17

since the decaying proton is nearly at rest. With this level of detail, it is possible for a single event18

to provide overwhelming evidence for the appearance of an isolated kaon of the right momentum19

originating from a point within the fiducial volume. The strength of this signature is clear from20
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cosmogenic-induced kaons observed by the ICARUS Collaboration in the cosmic-ray (CR) test run21

of half of the T600 detector, performed at a surface installation in Pavia
Amerio:2004ze
[41] and in high-energy22

neutrino interactions with the full T600 in the recent CNGS (CERN Neutrinos to Gran Sasso)23

run
Antonello:2012hu
[42]. Figure

fig:icaruskaon
4.3 shows a sample event from the CNGS run in which the kaon is observed as24

a progressively heavily-ionizing track that crosses into the active liquid argon volume, stops, and25

decays to µν, producing a muon track that also stops and decays such that the Michel-electron26

track is also visible.

wire no.

ti
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e

cathode

kaon decay

muon decay

0.5 m

wire no.

ti
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cathode

kaon decay
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Figure 4.3: Event display for a decaying kaon candidate K → µνµ µ → eνeνµ in the ICARUS T600
detector observed in the CNGS data (K: 90 cm, 325MeV; µ : 54 cm, 147MeV; e : 13 cm, 27MeV).
The top figure shows the signal on the collection plane, and the bottom figure shows the signal on the
second induction plane

Antonello:2012hu
[42]. fig:icaruskaon
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References
Adams:2013qkq,Klinger:2015kva,blake_doc8836
[15, ?, ?] presented detailed examinations of possible backgrounds, including those27

arising from cosmic ray interactions in the detector and surrounding rock, atmospheric neutrino28

interactions in the dectector, and reconstruction failures. Table
tab:pdkbkds
?? summarizes the results of those29

background studies. All together, our estimates of total background events in the proton decay30

sample is less than 1 Mt · year.31

Table 4.2: Background sources and mitigation strategies or nucleon decay
Background Source Mitigation Strategy
Internal cosmic ray spallation Energy threshold
External cosmogenic
K+ production Depth, fiducialization
External cosmogenic
K0 production
+internal charge-exchange
to K+ Cuts on other secondaries
Atmospheric ν
∆S = 0 processes Cut on associated strange baryon
Atmospheric ν Cabibbo-suppressed,
∆S = 1 processes lepton ID
Atmospheric ν dE/dx discrimination,
with π mis-ID 236 MeV muon track
Reconstruction pathologies dE/dx profiles vs track length

tab:pdkbkds

4.1.4 Summary of Expected Sensitivity to Key Nucleon Decay Modes32

Based on the expected signal efficiency and upper limits on the background rates the expected33

limit on the proton lifetime as a function of running time in DUNE for p → K+ν is shown in34

Figure
fig:kdklimit
4.4. Figure

fig:kdklimit
4.4 demonstrates that to improve the current limits on the p → νK+, set by35

Super–Kamiokande, significantly beyond that experiment’s sensitivity, a LArTPC detector of at1

least 10 kt, installed deep underground, is needed. A 40-kt detector will improve the current limits2

by an order of magnitude after running for two decades. Clearly a larger detector mass would3

improve the limits even more in that span of time.4

4.2 Atmospheric Neutrinos5

sec:physics-atmpdk-atmnu

Atmospheric neutrinos are a unique tool to study neutrino oscillations: the oscillated flux contains6

all flavors of neutrinos and anti-neutrinos, is very sensitive to matter effects and to both ∆m2, and7

covers a wide range of L/E. In principle, all oscillation parameters could be measured, with high8
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Figure 4.4: Proton decay lifetime limit for p → K+ν as a function of time for underground LArTPCs
starting with an initial 10 kt and adding another 10 kt each year for four years, for a total of 40 kt. For
comparison, the current limit from SK and a projected limit from Hyper-K is also shown. The limits are
at 90% C.L., calculated for a Poisson process including background, assuming that the detected events
equal the expected background. fig:kdklimit

complementarity to measurements performed with a neutrino beam. In addition, atmospheric neu-9

trinos are available all the time, in particular before the beam becomes operational. Atmospheric10

neutrinos also provide a laboratory in which to search for exotic phenomena where the dependence11

of the flavor-transition and survival probabilities on energy and path length can be defined. The12

DUNE far detector, with its large mass and the overburden to protect it from backgrounds, is13

an ideal tool for these studies. The following will focus on the measurement of the oscillation14

parameters where the role of atmospheric neutrinos is most important.15

The sensitivity to oscillation parameters has been evaluated with a dedicated simulation, recon-16

struction and analysis chain. The fluxes, after oscillation, of each neutrino species at the far17

detector location were computed. Interactions in the LAr medium were simulated with the GE-18

NIE event generator. Detection thresholds and energy resolutions based on full simulations were19

applied to the outgoing particles, to take into account detector effects. Events were classified as20

Fully Contained (FC) or Partially Contained (PC) by placing the vertex at a random position21

inside the detector and tracking the lepton until its edges. Partially Contained events are those22

where a final state muon exits the detector. The number of events expected for each flavor and23

category is summarized in Table
tab:atmos_rates
4.4.24

Figure
fig:lovere
4.6 shows the expected L/E distribution for high-resolution muon-like events from a25
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Table 4.3: Atmospheric-neutrino event rates including oscillations in 350 kt · year with a LArTPC, fully
or partially contained in the detector fiducial volume.

Sample Event Rate
fully contained electron-like sample 14,053
fully contained muon-like sample 20,853
partially contained muon-like sample 6,871

tab:atmos_rates

350 kt · year exposure. The data provide excellent resolution of the first two oscillation nodes,26

even when taking into account the expected statistical uncertainty. In performing oscillation fits,27

the data in each flavor/containment category are binned in energy and zenith angle.28

Figure 4.5: Reconstructed L/E Distribution of ‘High Resolution’ µ-like atmospheric neutrino events in
a 350 kt · year exposure with and without oscillations (left), and the ratio of the two (right), with the
shaded band indicating the size of the statistical uncertainty. fig:lovere

When neutrinos travel through the Earth, the MSW resonance influences electron neutrinos in29

the few-GeV energy range. More precisely, the resonance occurs for νe in the case of normal mass30

hierarchy (NH, ∆m2
23 > 0), and for νe in the case of inverted mass hierarchy (IH, ∆m2

23 < 0). This31

is illustrated in Figure
fig:atm_e_zenith
4.7.32

The mass hierarchy (MH) sensitivity can be greatly enhanced if neutrino and antineutrino events33

can be separated. The DUNE detector will not be magnetized; however, its high-resolution imaging34

offers possibilities for tagging features of events that provide statistical discrimination between neu-1

trinos and antineutrinos. For the sensitivity calculations that follow, two such tags were included:2

a proton tag and a decay electron tag.3

Figure
fig:atm_mh
4.8 shows the MH sensitivity as a function of the fiducial exposure. Over this range of4

fiducial exposures, the sensitivity goes essentially as the square root of the exposure, indicating that5

the measurement is not systematics-limited. Unlike for beam measurements, the sensitivity to MH6

with atmospheric neutrinos is nearly independent of the CP-violating phase. The sensitivity comes7

from both electron neutrino appearance as well as muon neutrino disappearance, and is strongly8

dependent on the true value of θ23, as shown in Figure
fig:atm_mh
4.8. Despite the much smaller mass, DUNE9

would have comparable sensitivity to Hyper-Kamiokande atmospheric neutrino analyses
Kearns:2013lea
[43] due10

to the higher detector resolution.11
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Figure 4.6: Statistical significance of the difference in expected event rates for NH and IH for electron
neutrino events (left) and muon neutrino events (right), as a function of neutrino energy and zenith
angle, for a 350 kt · year exposure. fig:atm_e_zenith

Figure 4.7: Sensitivity to mass hierarchy using atmospheric neutrinos as a function of fiducial exposure
in a liquid argon detector (left), and as a function of the true value of θ23 (right). For comparison,
Hyper-K sensitivities are also shown

Kearns:2013lea
[43]. fig:atm_mh
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In the two-flavour approximation, neutrino oscillation probabilities depend on sin2(2θ), which is1

invariant when changing θ to π/2 − θ. In this case, the octant degeneracy remains for θ23 in the2

leading order terms of the full three-flavor oscillation probability, making it impossible to determine3

whether θ23 < π/4 or θ23 > π/4. Accessing full three-flavor oscillation with atmospheric neutrinos4

will give a handle to solve the ambiguity.5

These analyses will provide a complementary approach to beam neutrinos. Atmospheric neutri-6

nos can help to lift degeneracies that can be present in beam analyses, for instance, through the7

fact that the MH sensitivity is essentially independent of δCP . Atmospheric neutrino data will be8

acquired even in the absence of the beam, and will provide a useful sample for the development9

of reconstruction software and analysis methodologies. Atmospheric neutrinos provide a window10

into a range of new physics scenarios, and can place limits on CPT violation
Kostelecky:2003cr
[35], non-standard11

interactions
Chatterjee:2014gxa
[44], mass-varying neutrinos

Abe:2008zza
[45], sterile neutrinos

Abe:2014gda
[46], and Lorentz invarance viola-12

tion
Kostelecky:2011gq
[36].13

4.3 Indirect Search for WIMPs at the DUNE Far Detector14

If the true nature of DM does indeed involve a weakly-interacting particle with a mass in the15

100’s of GeV range, one of the main search strategies involves looking for anomalous signals in16

astrophysical data from its annihilation (or decay) into SM particles, like neutrinos. Signals of DM17

via neutrinos can come from such distant objects as the galactic center, the center of the Sun or18

even the Earth
Press:1985ug,Silk:1985ax,Gaisser:1986ha,Gould:1987ir,Cirelli:2005gh
[?, ?, ?, ?, 47]. As our solar system moves through the DM halo, WIMPs interact19

with the nuclei of celestial bodies and become trapped in the body’s gravitational well. Over20

time, the WIMPs accumulate near the core of the body, enhancing the possibility of annihilation.21

The high-energy neutrinos (E ∼ mWIMP) from these annihilations can free-stream through the22

astrophysical body and emerge roughly unaffected (although oscillation and matter effects can1

slightly alter the energy spectrum). For the Sun, the background of neutrinos is produced at much2

lower energies via the nuclear fusion process. Thus, the detection of high-energy neutrinos pointing3

to the Sun and detected in the DUNE far detector would be clear evidence of DM annihilation.4

Since the DUNE far detector has relatively large mass of the order tens of kt, it can act as5

a “neutrino telescope” and be used to search for signals of DM annihilations coming from the6

Sun and/or the core of the Earth. IceCube
Aartsen:2012kia
[48] and Super-Kamiokande

Choi:2015ara
[49] have searched for7

WIMPs with masses from a few to a few hundred GeV/c2 through this method, but have not8

observed a signal of DM annihilation into neutrinos. These indirect-detection experiments are9

limited by atmospheric neutrino background. Compared to these experiments, which are based10

on Cherenkov light detection, the DUNE LArTPC can provide much better angular resolution.11

This would substantially reduce the background in the direction of the expected WIMP-induced12

neutrino signal, and could potentially provide competitive limits in the low-WIMP-mass range.13

Studies are needed to investigate the sensitivity of DUNE for indirect WIMP detection.14
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4.4 Detector Requirements15

sec:physics-atmpdk-detector-requirements

Physics with atmospheric neutrino interactions and searches for nucleon decays have several re-16

quirements that are not necessarily in common with the beam-related physics program. Detector17

mass and depth plays a more critical role here; the atmospheric “beam” is fixed, and the number18

of nucleons available to decay obviously depends on the number of nuclei in the detector. The19

DUNE Far Detector Requirements
lbnfdune-cdr-req
[?] specific to searches for proton decay and measurements of20

the atmospheric neutrino flux are as follows:21

• Far Detector Depth: The far detector shall be located at sufficient depth to allow detection22

of atmospheric neutrinos and proton decay with negligible backgrounds from cosmogenic23

sources. Depth plays a greater role for these physics topics than for long-baseline neutrino24

oscillations, because of the lack of a beam gate coincidence. As discussed in the previous25

sections, cosmic ray interactions in the surrounding rock and and detector dead regions can26

lead to critical backgrounds, or create difficulties for reconstruction algorithms. Analyses27

of backgrounds
Bueno:2007um, Klinger:2015kva, Adams:2013qkq
[?, ?, 15] has shown that a depth of 4850 ft is sufficient to reduce these28

backgrounds to negligible levels.29

• Far Detector Mass: The far-detector fiducial size multiplied by the duration of operation [ex-30

pressed in kiloton-years] shall be sufficient to yield a scientifically competitive result on proton31

decay. As Figure
fig:kdklimit
4.4 shows, a 10 kt detector can exceed the existing Super-Kamiokande lim-32

its for the p → K+ + ν̄ nucleon decay channel in two years, and the full 40 kt scope in33

much less than that. For atmospheric neutrinos, a detector mass of 40 kt will achieve a mass34

hierarchy determination of better than 3σ in 10 years.35

• Far Detector DAQ: The far detector DAQ must enable data be recorded continously, outside36

of any beam gate, and enough information from the front end (including photon system) must37

be retained through the DAQ chain to allow a trigger on events of interest. Any information38

that would allow the identification of putative events must be kept, and its efficiency should1

be higher than the efficiency of all other cuts placed on the data. The trigger system itself2

must be able to provide information that allows linking of tracks in different modules of the3

far detector.4

• Far Detector Particle ID: It is required that the separation of K+’s and π+’s in the Far5

Detector be good enough to leak much less than one event into the proton decay sample.6

Unlike the long-baseline physics, proton decay is a rare-process search and therefore small7

tails from (for example) atmospheric neutrino interactions creating π+s that are mis-identified8

could be very damaging9

• Far Detector Energy Resolution: It is required that the energy resolution be known well10

enough that its uncertainty is a negligible contribution to the measurement of the atmospheric11

neutrino energy spectrum of all flavors and that it has a neglibible impact on background12

predictions for proton decay.13
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Chapter 514

Supernova Neutrino Bursts and Low-energy15

Neutrinos16

ch:physics-snblowe

5.1 Overview17

sec:physics-snblowe-overview

The DUNE experiment will be sensitive to neutrinos in the few to few tens of MeV range, which18

create short electron tracks in liquid argon, potentially accompanied by gamma ray and other19

secondary particle signatures. This regime is of particular interest for detection of the burst of20

neutrinos from a galactic core-collapse supernova (the primary focus of this section). The sensitivity21

of DUNE is primarily to electron flavor supernova neutrinos, and this capability is unique among22

existing and proposed supernova neutrino detectors for the next decades. Neutrinos from other23

astrophysical sources are also potentially detectable. The low-energy event regime has particular24

reconstruction, background and triggering challenges.25

5.1.1 Neutrinos from collapsed stellar cores: basics26

A core-collapse supernova1 occurs when a massive star reaches the end of its life. As a result of27

nuclear burning throughout the star’s life, the central region of such star gains an “onion” structure,28

with an iron core at the center surrounded by concentric shells of lighter elements (silicon, oxygen,29

neon, magnesium, carbon, etc). At temperatures of T ∼ 1010 K and densities of ρ ∼ 1010 g/cm3,30

the Fe core continuously loses energy by neutrino emission (through pair annihilation and plasmon31

decay). Since iron cannot be further burned, the lost energy cannot be replenished throughout32

the volume and the core continues to contract and heat up, while also growing in mass thanks to33

the shell burning. Eventually, the critical mass of about 1.4M� of Fe is reached, at which point34

a stable configuration is no longer possible. As electrons are absorbed by the protons and some35

iron is disintegrated by thermal photons, the pressure support is suddenly removed and the core1

1“Supernova” always refers to a “core-collapse supernova” in this chapter.
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collapses essentially in free fall, reaching speeds of about a quarter of the speed of light. 22

The collapse of the central region is suddenly halted after ∼ 10−2 seconds, as the density reaches3

nuclear (and up to supra-nuclear) values. The central core bounces and a shock wave is formed.4

The extreme physical conditions of this core, in particular the densities of order 1012−1014 g/cm3,5

create a medium that is opaque even for neutrinos. As a consequence, the core initially has a6

trapped lepton number. The gravitational energy of the collapse at this stage is stored mostly7

in the degenerate Fermi sea of electrons (EF ∼ 200 MeV) and electron neutrinos, which are in8

equilibrium with the former. The temperature of this core is not more than 30 MeV, which means9

the core is relatively cold.10

At the next stage, the trapped energy and lepton number both escape from the core, carried by the11

least interacting particles, which in the Standard Model are neutrinos. Neutrinos and antineutrinos12

of all flavors are emitted in a time span of a few seconds (their diffusion time). The resulting central13

object then settles to a neutron star, or a black hole. A tremendous amount of energy, some 105314

ergs, is released in 1058 neutrinos with energies ∼ 10 MeV. A fraction of this energy is absorbed by1

beta reactions behind the shock wave that blasts away the rest of the star, creating a spectacular2

explosion. Yet, from the energetics point of view, this visible explosion is but a tiny perturbation.3

Over 99% of all gravitational binding energy of the 1.4M� collapsed core – some 10% of its rest4

mass – is emitted in neutrinos.5

5.1.2 Stages of the explosion6

Neutrinos from the celebrated SN1987A core collapse
Bionta:1987qt,Hirata:1987hu
[51, 52] in the Large Magellanic Cloud outside7

the Milky Way were detected. This observation provided qualitative validation of the basic physical8

picture outlined above and provided powerful constraints on numerous models of new physics. At9

the same time, the statistics were sparse and a great many questions remain. A high-statistics10

observation of a nearby supernova neutrino burst would be possible with the current generation of11

detectors. Such an observation would shed light on the nature of the astrophysical event, as well12

as on the nature of neutrinos themselves. Sensitivity to the different flavor components of the flux13

is highly desirable.14

The core-collapse neutrino signal starts with a short, sharp neutronization (or break-out) burst15

primarily composed of νe. These neutrinos are messengers of the shock front breaking through16

the neutrinosphere (the surface of neutrino trapping): when this happens, iron is disintegrated,17

the neutrino scattering cross section drops and the lepton number trapped just below the original18

neutrinosphere is suddenly released. This quick and intense burst is followed by an “accretion”19

phase lasting some hundreds of milliseconds, depending on the progenitor star mass, as matter20

falls onto the collapsed core and the shock is stalled at the distance of perhaps ∼ 200 km. The1

gravitational binding energy of the accreting material is powering the neutrino luminosity during2

this stage. The later “cooling” phase over ∼10 seconds represents the main part of the signal, over3

which the proto-neutron star sheds its trapped energy.4

2Other collapse mechanisms are possible: an “electron-capture” supernova does not reach the final burning phase
before highly degenerate electrons break apart nuclei and trigger a collapse.
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The flavor content and spectra of the neutrinos emitted from the neutrinosphere change throughout5

these phases, and the supernova’s evolution can be followed with the neutrino signal. Some fairly6

generic features of these emitted neutrinos are illustrated in Figure
fig:spectrum
5.1, based on a 1-dimensional7

model of
Fischer:2009af
[53] and reproduced from

Wurm:2011zn
[54].8

Figure 5.1: Expected core-collapse neutrino signal from the “Basel” model
Fischer:2009af
[53], for a 10.8 M� progen-

itor. The left plots show the very early signal, including “neutronization burst;” the middle plots show
the “accretion phase”, and the right plots show the cooling phase. Across the top, luminosities as a
function of time are shown. Across the bottom, the plots show average energy as a function of time
for the νe, νe and νµ,τ flavor components of the flux (fluxes for νµ, νµ, ντ , and ντ should be identical).
Figure courtesy of

Wurm:2011zn
[54]. fig:spectrum

The physics of neutrino decoupling and spectra formation is far from trivial, owing to the energy9

dependence of the cross sections and the roles played by both charged- and neutral-current reac-10

tions. Detailed transport calculations using methods such as Monte Carlo or Boltzmann solvers11

have been employed. It has been observed that spectra coming out of such simulations can typically12

be parameterized at a given moment in time by the following ansatz (e.g.,
Minakata:2008nc,Tamborra:2012ac
[55, 56]):13

φ(Eν) = N
(
Eν
〈Eν〉

)α
exp

[
− (α + 1) Eν

〈Eν〉

]
, (5.1) eq:pinched

where Eν is the neutrino energy, 〈Eν〉 is the mean neutrino energy, α is a “pinching parameter”,14

andN is a normalization constant. Large α corresponds to a more “pinched” spectrum (suppressed15

high-energy tail). This parameterization is referred to as a “pinched-thermal” form. The different16

νe, νe and νx, x = µ, τ flavors are expected to have different average energy and α parameters and17

to evolve differently in time.18

The initial spectra get further processed (permuted) by flavor oscillations and understanding these19

oscillations is very important for extracting physics from the detected signal.20
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5.1.3 Detection Channels and Interaction Rates21

Liquid argon should have a particular sensitivity to the νe component of a supernova neutrino22

burst, via charged-current absorption of νe on 40Ar,23

νe +40 Ar→ e− +40 K∗, (5.2) eq:nueabs

for which the observable is the e− plus deexcitation products from the excited K∗ final state, as1

well as a ν̄e interaction and elastic scattering on electrons. Cross sections for the most relevant2

interactions are shown in Fig.
fig:xscns
5.2.3

Another process of interest for supernova detection in LAr detectors, not yet fully studied, is4

neutral-current scattering on Ar nuclei by any type of neutrino: νx + Ar→ νx + Ar∗, for which the5

signature is given by the cascade of deexcitation γs from the final state Ar nucleus. A dominant6

9.8-MeV Ar∗ decay line has been recently identified as a spin-flip M1 transition
Hayes
[57]. At this7

energy the probability of e+e− pair production is relatively high, offering a potentially interesting8

neutral-current tag.9
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Figure 5.2: Cross sections for supernova-relevant interactions in argon
GilBotella:2003sz,snowglobes
[?, 58]. fig:xscns

The predicted event rate from a supernova burst may be calculated by folding expected neutrino10

differential energy spectra with cross sections for the relevant channels, and with detector response;11

we do this using SNOwGLoBES
snowglobes
[58], which uses Icarus detector resolution

Amoruso:2003sw
[59] and assumes a12

detection threshold of 5 MeV.13

Table
tab:argon_events
5.1 shows rates calculated for the dominant interactions in argon for the “Livermore”14

model
Totani:1997vj
[60] (out of date, but included for comparison with literature), and the “GKVM” model

Gava:2009pj
[61];15

for the former, no oscillations are assumed; the latter assumes collective effects. In general, there16

is a rather wide variation— up to an order of magnitude — in event rate for different models,17
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due to different numerical treatment (e.g., neutrino transport, dimensionality), physics input (nu-18

clear equation of state, nuclear correlation and impact on neutrino opacities, neutrino-nucleus19

interactions) and oscillation effects. In addition, there is intrinsic variation in the nature of the20

progenitor and collapse mechanism. Neutrino emission from the supernova may furthermore be21

have an emitted lepton-flavor asymmetry
Tamborra:2014aua
[?], so that observed rates may be dependent on the22

supernova direction.1

Table 5.1: Event rates for different supernova models in 40 kt of liquid argon for a core collapse at
10 kpc, for νe and ν̄e charged-current channels and elastic scattering (ES) on electrons. Event rates
will simply scale by active detector mass and inverse square of supernova distance. No oscillations
are assumed; we note that oscillations (both standard and “collective”) will potentially have a large,
model-dependent effect.

Channel Events Events
“Livermore” model “GKVM” model

νe +40 Ar→ e− +40 K∗ 2720 3350
νe +40 Ar→ e+ +40 Cl∗ 230 160
νx + e− → νx + e− 350 260
Total 3300 3770

tab:argon_events

Figure
fig:garching
5.3 gives another example of an expected burst signal, for which a calculation with detailed2

time dependence of the spectra is available
Huedepohl:2009wh
[62] out to 9 seconds post-bounce. This model has3

relatively low luminosity but the standard robust neutronization burst. Note that the relative4

fraction of neutronization-burst events is quite high. Figure
fig:eventrates
5.4 shows the event channel breakdown5

for the same model. Clearly, the νe flavor dominates. Although water and scintillator detectors1

will record νe events
Laha:2013hva,Laha:2014yua
[?, ?], liquid argon is the only future prospect for a large, clean supernova νe2

sample
Scholberg:2012id
[?].3

The number of signal events scales with mass and inverse square of distance as shown in Fig.
fig:ratesvsdist
5.5.4

For a collapse in the Andromeda galaxy, a 40-kton detector would observe a few events.5

5.2 Neutrino Physics and Other Particle Physics1

sec:physics-snblowe-neutrino-physics

A core-collapse supernova is essentially a gravity-powered neutrino bomb: the energy of the collapse2

is initially stored in the Fermi seas of electrons and neutrinos and then gradually leaked out by3

neutrino diffusion. The key property of neutrinos that makes them play such a dominant role4

in the supernova dynamics is the feebleness of their interactions. It then follows that should5

there be new light (< 100 MeV) particles with even weaker interactions, they could alter the6

energy transport process and the resulting evolution of the nascent proto-neutron star. Moreover,7

additional interactions or properties of neutrinos could also be manifested in this way.8

Thus, a core-collapse supernova can therefore be thought of as an extremely hermetic system,9

which can be used to search for numerous types of new physics (e.g.,
Schramm:1990pf,Raffelt:1999tx
[?, 63]). The list includes10

various Goldstone bosons (e.g., Majorons), neutrino magnetic moments, new gauge bosons (“dark11
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Figure 5.3: Expected time-dependent signal for a specific flux model for an electron-capture super-
nova

Huedepohl:2009wh
[62] at 10 kpc. No oscillations are assumed. The top plot shows the luminosity as a function

of time, the second plot shows average neutrino energy, and the third plot shows the α (pinching)
parameter. The fourth (bottom) plot shows the total number of events (mostly νe) expected in 40 kt
of liquid argon, calculated using SNOwGLoBES. Note the logarithmic binning in time; the plot shows
the number of events expected in the given bin and the error bars are statistical. The vertical dashed
line at 0.02 seconds indicates the time of core bounce, and the vertical lines indicate different eras in
the supernova evolution. The leftmost time interval indicates the infall period. The next interval, from
core bounce to 50 ms, is the neutronization burst era, in which the flux is composed primarily of νe.
The next period, from 50 to 200 ms, is the accretion period. The final era, from 0.2 to 9 seconds, is
the proto-neutron-star cooling period. fig:garching
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Figure 5.4: Left: Expected time-dependent signal in 40 kt of liquid argon for the electron-capture
supernova

Huedepohl:2009wh
[62] at 10 kpc, calculated using SNoWGLoBES

snowglobes
[58], showing breakdown of event channels.

Right: expected measured event spectrum for the same model, integrated over time. fig:eventrates
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Figure 5.5: Estimated numbers of supernova neutrino interactions in DUNE as a function of distance
to the supernova, for different detector masses (νe events dominate). The red dashed lines represent
expected events for a 40-kton detector and the green dotted lines represent expected events for a 10-kton
detector. The lines limit a fairly wide range of possibilities for “Garching-parameterized” supernova flux
spectra (Equation

eq:pinched
5.1) with luminosity 0.5 × 1052 ergs over ten seconds. The optimistic upper line of

a pair gives the number of events for average νe energy of 〈Eνe〉 = 12 MeV, and “pinching” parameter
α = 2; the pessimistic lower line of a pair gives the number of events for 〈Eνe〉 = 8 MeV and α = 6.
(Note that the luminosity, average energy and pinching parameters will vary over the time frame of
the burst, and these estimates assume a constant spectrum in time. Oscillations will also affect the
spectra and event rates.) The solid lines represent the integrated number of events for the specific
time-dependent neutrino flux model in

Huedepohl:2009wh
[62] (see Figs.

fig:garching
5.3 and

fig:eventrates
5.4; this model has relatively cool spectra

and low event rates). Core collapses are expected to occur a few times per century, at a most-likely
distance of around 10 to 15 kpc. fig:ratesvsdist
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photons”), “unparticles”, and extra-dimensional gauge bosons. The existing data from SN1987A12

already provides significant constraints on these scenarios, by confirming the basic energy balance13

of the explosion. At the same time, more precision is highly desirable and should be provided with14

the next galactic supernova.15
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Figure 5.6: Average νe energy from a simulated fit to the oscillated fluxes predicted by the Garching
1D model with a light (10.8 M�) progenitor. Our oscillation calculations included full multi-angle
treatment of collective evolution, for two different mass hierarchy assumptions. The predicted events
were then smeared with SNOwGLoBES and fit with pinched-thermal spectrum as a function of time
(assuming a supernova at 10 kpc and a 34 kt LAr detector). The bands represent 1σ error bars from
the fit (assuming only statistical uncertainties). The solid black line is the true 〈Eν〉 for the unoscillated
spectrum. Clearly, the rate of energy escape from the proto-neutron star can be gleaned by tracking νe
spectra as a function of time. fig:coolingcurves

The analysis will make use of two types of information. First, the total energy of the emitted16

neutrinos should be compared with the expected release in the gravitational collapse. Note that17

measurements of all flavors, including νe, are needed for the best estimate of the energy release.18

Second, the rate of cooling of the protoneutron state should be measured and compared with what19

is expected from diffusion of the standard neutrinos. This requires comparing one-second-interval20

time-integrated spectra at successive times as illustrated in Fig.
fig:coolingcurves
5.6.21
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Because DUNE is mostly sensitive to νe, complementary data from water Cherenkov detector and22

scintillator for the measurement of ν̄e and a careful analysis of the oscillation pattern (see below)23

will enable inference of the fluxes of µ and τ flavors. As for measuring the energy loss rate, it will1

require sufficient statistics at late times and, once again, understanding the oscillation dynamics,2

as is clear in Fig.
fig:coolingcurves
5.6 where oscillated and unoscillated cases are shown.3

The flavor oscillation physics and its signatures are a major part of the physics program. Compared4

to the well-understood case of solar neutrinos, in a supernova, neutrino flavor transformations are5

much more involved. Not only neutrinos and antineutrinos of all flavors are emitted, not only are6

there two mass splittings – “solar” and “atmospheric” – to worry about, but the physics of the7

transformations is significantly richer. For example, several seconds after the onset of the explosion,8

the flavor conversion probability is affected by the expanding shock front and the turbulent region9

behind it. The conversion process in such a stochastic profile is qualitatively different from the10

adiabatic MSW effect in the smooth, fixed density profile of the Sun.11

Even more complexity is brought about by the coherent scattering of neutrinos off each other.12

This neutrino “self-refraction” results in highly nontrivial flavor transformations close to the neu-13

trinosphere, typically within a few hundred kilometers from the center, where the density of stream-14

ing neutrinos is very high. Since the evolving flavor composition of the neutrino flux feeds back15

into the oscillation Hamiltonian, the problem is nonlinear. Furthermore, as the interactions cou-16

ple neutrinos and antineutrinos of different flavors and energies, the oscillations are characterized17

by collective modes. This leads to very rich physics that has been the subject of intense inter-18

est over the last decade and a voluminous literature exists exploring these collective phenomena,19

e.g.,
Duan:2005cp,Fogli:2007bk,Raffelt:2007cb,Raffelt:2007xt,EstebanPretel:2008ni,Duan:2009cd,Dasgupta:2009mg,Duan:2010bg,Duan:2010bf,Wu:2014kaa
[64, 65, 66, 67, 68, 69, 70, 71, 72, ?]. This is an active theoretical field and the effects are20

not yet fully understood. A supernova burst is the only opportunity to study neutrino-neutrino21

interactions experimentally.22
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Figure 5.7: A simulation of the effects of collective oscillations alone (left panel) and of collective
oscillations plus the shock front (right panel). Solid lines are unoscillated νe (green, cooler) and νx
(blue, hotter) and filled curve is after collective oscillations. (Flux in arbitrary units) fig:shockandcollective

Matter effects in the Earth can also have a mass-hierarchy-dependent effect on the signal (e.g.,
Choubey:2010up
[?]).23

One may wonder whether all this complexity will impede the extraction of useful information from24
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the future signal. In fact, the opposite is true: the new effects can imprint information about the25

inner workings of the explosion on the signal. The oscillations can modulate the characteristics of26

the signal (both event rates and spectra as a function of time), as seen in Fig.
fig:coolingcurves
5.6. Moreover, the27

oscillations can imprint non-thermal features on the energy spectra, potentially making it possible28

to disentangle the effects of flavor transformations and the physics of neutrino spectra formation.29

This in turn should help us learn about the development of the explosion during the crucial first30

10 seconds. It is important to note that the features depend on the unknown mass hierarchy, and31

so can potentially tell us what the hierarchy is.32

An illustration is provided in Fig.
fig:shockandcollective
5.7. The role of the collective oscillations in this case is to33

almost completely permute the original νe and νµ,τ spectra, so that the flux of observed electron1

neutrinos is noticeably hotter than the original one. Moreover, the shock front modulated the MSW2

conversion probability and imprints a nonthermal “step” in the spectrum. Below this step, the3

swap between the original νe and νµ,τ spectra is only partial. As the shock expands, the feature4

moves to higher energies, creating a “smoking-gun” signature that exists only in the neutrino5

channel.6

As another example of a probe of new physics with supernova neutrinos or antineutrinos, a class7

of tests of Lorentz and CPT violation involves comparing the propagation of neutrinos with other8

species or of neutrinos of the same flavor but different energies
Kostelecky:2003cr,Kostelecky:2003xn,Kostelecky:2011gq,Diaz:2009qk
[35, 73, 36, 74]. These amount to9

time-of-flight or dispersion studies. Time-of-flight and dispersion effects lack the interferometric1

resolving power available to neutrino oscillations, but they provide instead sensitivity to Lorentz-2

and CPT-violating effects that cannot be detected via oscillations. The corresponding SME coef-3

ficients controlling these effects are called oscillation-free coefficients
Kostelecky:2011gq
[36]. Supernova neutrinos are4

of particular interest in this context because of the long baseline, which implies sensitivities many5

orders of magnitude better than available from time-of-flight measurements in beams. Observa-6

tions of the supernova SN1987A yield constraints on the difference between the speed of light and7

the speed of neutrinos, which translates into constraints on isotropic and anisotropic coefficients8

in both the minimal and nonminimal sectors of the SME. Knowledge of the spread of arrival times9

constrains the maximum speed difference between SN1987A antineutrinos of different energies in10

the approximate range 10–40 MeV, which restricts the possible antineutrino dispersion and yields11

further constraints on SME coefficients
Kostelecky:2011gq
[36]. Analyses of this type would be possible with DUNE12

if supernova neutrinos are observed. Key features to maximize sensitivity would include absolute13

timing information to compare with photon spectral observations and relative timing information14

for different components of the neutrino energy spectrum. Significant improvements over existing15

limits are possible. Figure 4 displays DUNE supernova sensitivities to coefficients for Lorentz16

and CPT violation that leave unaffected neutrino oscillations and so cannot be measured using17

atmospheric or long-baseline neutrinos. The figure assumes a supernova comparable to SN1987A18

(optimistically at a distance of 50 kpc). Studies of supernova neutrinos using DUNE can measure19

many coefficients (green) at levels improving over existing limits (grey).20

Finally, via detection of time-of-flight delayed νe from the neutronization burst, DUNE will be21

able to probe neutrino mass bounds of O(1) eV for a 10-kpc supernova
Rossi-Torres:2015rla
[75] (although likely not22

competitive near-future terrestrial kinematic limits). If eV-scale sterile neutrinos exist, they will23

likely have an impact on astrophysical and oscillation aspects of the signal (e.g.,
Keranen:2007ga,Tamborra:2011is,Esmaili:2014gya
[?, ?, ?]), as well24

as time-of-flight observables.25

26
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Figure 5.8: DUNE supernova sensitivities to oscillation-free coefficients for Lorentz and CPT violation.
Studies of DUNE supernova neutrinos can measure many coefficients (green) at levels improving over
existing limits (grey). These Lorentz- and CPT- violating effects leave oscillations unchanged and so
are unobservable in atmospheric or long-baseline measurements

kostelecky
[?]. fig:snliv
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5.3 Astrophysics1

sec:physics-snblowe-astrophysics

A number of astrophysical phenomena associated with supernovae are expected to be observable2

in the supernova neutrino signal, providing a remarkable window into the event. In particular,3

the supernova explosion mechanism, which in the current paradigm involves energy deposition via4

neutrinos, is still not well understood, and the neutrinos themselves will bring the insight needed5

to confirm or refute the paradigm.6

There are many other examples of astrophysical observables.7

• The initial burst, primarily composed of νe and called the “neutronization” or “breakout”8

burst, represents only a small component of the total signal. However, oscillation effects can9

manifest themselves in an observable manner in this burst, and flavor transformations can be10

modified by the “halo” of neutrinos generated in the supernova envelope by scattering
Cherry:2013mv
[76].11

• The formation of a black hole would cause a sharp signal cutoff (e.g.,
Beacom:2000qy,Fischer:2008rh
[77, 78]).12

• Shock wave effects (e.g.,
Schirato:2002tg
[79]) would cause a time-dependent change in flavor and spectral13

composition as the shock wave propagates.14

• The standing accretion shock instability (SASI)
Hanke:2011jf,Hanke:2013ena
[80, 81], a “sloshing” mode predicted by15

three-dimensional neutrino-hydrodynamics simulations of supernova cores, would give an16

oscillatory flavor-dependent modulation of the flux.17

• Turbulence effects
Friedland:2006ta,Lund:2013uta
[82, 83] would also cause flavor-dependent spectral modification as a func-18

tion of time.19

Observation of a supernova neutrino burst in coincidence with gravitational waves (which would20

also be prompt, and could indeed provide a time reference for a a time-of-flight analysis) would be21

especially interesting
Arnaud:2003zr,Ott:2012jq, Mueller:2012sv, Nishizawa:2014zna
[?, ?, ?, ?].22

The supernova neutrino burst is prompt with respect to the electromagnetic signal and therefore23

can be exploited to provide an early warning to astronomers
Antonioli:2004zb,Scholberg:2008fa
[84, 85]. Additionally, a liquid argon24

signal
Bueno:2003ei
[86] is expected to provide some pointing information, primarily from elastic scattering25

on electrons. We note that not every core collapse will produce an observable supernova, and26

observation of a neutrino burst in the absence of an electromagnetic event would be very interesting.27

Even non-observation of a burst, or non-observation of a νe component of a burst in the presence28

of supernovae (or other astrophysical events) observed in electromagnetic or gravitational wave29

channels, would still provide valuable information about the nature of the sources. Further, a30

long-timescale, sensitive search yielding no bursts will also provide limits on the rate of core-31

collapse supernovae.32

We note that the better one can understand the astrophysical nature of core-collapse supernovae,33

the easier it will be to extract information about particle physics. DUNE’s capability to charac-34

terize the νe component of the signal is unique and critical.35
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5.4 Additional Astrophysical Neutrinos1

sec:physics-snblowe-other

5.4.1 Solar Neutrinos2

Intriguing questions in solar neutrino physics remain, even after data from the Super-K and3

SNO
Fukuda:2001nj,Ahmad:2001an
[87, 88] experiments explained the long-standing mystery of missing solar neutrinos

Cleveland:1998nv
[89]4

as due to flavor transformations. Some unknowns, such as the fraction of energy production via5

the CNO cycle in the Sun, flux variation due to helio-seismological modes that reach the solar core,6

or long-term stability of the solar core temperature, are astrophysical in nature. Others directly7

impact particle physics. Can the MSW model explain the amount of flavor transformation as a8

function of energy, or are non-standard neutrino interactions required? Do solar neutrinos and9

reactor antineutrinos oscillate with the same parameters?10

Detection of solar and other low-energy neutrinos is challenging in a LArTPC because of relatively11

high intrinsic detection energy thresholds for the charged-current interaction on argon (>5MeV).12

Compared with other technologies, a LArTPC offers a large cross section and unique potential13

signatures from deexcitation photons. Aggressive R&D efforts in low-energy triggering and control14

of background from radioactive elements may make detection of solar neutrinos in DUNE possible.15

Signatures of solar neutrinos in DUNE are elastic scattering on electrons as well as CC absorption16

of νe on 40Ar (equation
eq:nueabs
5.2), which has a 4.5-MeV energy threshold and a large cross section17

compared to elastic scattering on electrons. Furthermore, the CC absorption differential cross18

section (the interaction products track neutrino energy closely) potentially enables precise solar-19

neutrino spectral measurements. The solar neutrino event rate in a 40-kt LArTPC, assuming a20

4.5-MeV neutrino energy threshold and 31% νe survival, is 122 per day.21

The solar neutrino physics potential of a large LArTPC depends on the ability to pick up a low-22

energy electron, light collection of the photon-triggering system, and, critically, on background23

suppression. The decay of the naturally occurring 39Ar produces β’s with a 567-keV endpoint24

and an expected rate of 10MHz per 10 kt of liquid argon. This limits the fundamental reach25

of DUNE to neutrino interactions with visible energies above 1MeV. Cosmic-muon and fast-26

neutrino interactions with the 40Ar nucleus (which are rather complex compared to interactions27

on 16O or 12C) are likely to generate many long-lived spallation products which could limit the28

detection threshold for low-energy neutrinos. 40Cl, a beta emitter with an endpoint of 7.48MeV,29

is a dominant source of background at energies above 5MeV, and is expected to be produced with30

a rate on the order of 10 per kton of LAr per day at 4850 ft.31

The ICARUS collaboration has reported a 10-MeV threshold
Guglielmi:2012
[90]. Assuming the detector itself32

has low enough radioactivity levels, this threshold level would enable a large enough detector to33

measure the electron flavor component of the solar 8B neutrino flux with high statistical accuracy.1

It could thereby further test the MSW flavor transformation curve with higher statistical precision2

and potentially better energy resolution. In addition to these solar matter effects, solar neutrinos3

also probe terrestrial matter effects with the variation of the νe flavor observed with solar zenith4

angle while the Sun is below the horizon — the day/night effect (reported recently in
Renshaw:2013dzu
[91]). The5

comparison of neutrino disappearance to antineutrino disappearance tests CPT invariance.6
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5.4.2 Diffuse Supernova Background Neutrinos7

Galactic supernovae are relatively rare, occurring somewhere between once and four times a cen-8

tury. In the Universe at large, however, thousands of neutrino-producing explosions occur every9

hour. The resulting neutrinos — in fact most of the neutrinos emitted by all the supernovae10

since the onset of stellar formation — suffuse the Universe. Known as the diffuse supernova11

neutrino background (DSNB), their energies are in the few-to-30-MeV range. DSNB have not yet12

been observed, but an observation would greatly enhance our understanding of supernova-neutrino13

emission and the overall core-collapse rate
Beacom:2010kk
[?].14

A liquid argon detector such as DUNE’s far detector is sensitive to the νe component of the diffuse15

relic supernova neutrino flux, whereas water Cherenkov and scintillator detectors are sensitive to16

the antineutrino component. However, backgrounds in liquid argon are as yet unknown, and a17

huge exposure (>500 kt · years) would likely be required for observation. With tight control of18

backgrounds, DUNE — in the long term — could lay a unique and complementary role in the19

physics of relic neutrinos.20

Background is a serious issue for DSNB detection. The solar hep neutrinos, which have an endpoint1

at 18.8MeV, will determine the lower bound of the DSNB search window (∼ 16MeV). The upper2

bound is determined by the atmospheric νe flux and is around 40MeV. Although the LArTPC3

provides a unique sensitivity to the electron-neutrino component of the DSNB flux, early studies4

indicate that due to this lower bound of ∼ 16MeV DUNE would need a huge mass of liquid5

argon — of order 100 kt — to get more than 4σ evidence for the diffuse supernova flux in five6

years
Cocco:2004ac
[92]. The expected number of relic supernova neutrinos, NDSNB, that could be observed in a7

40-kt LArTPC detector in ten years
Cocco:2004ac
[92] assuming normal hierarchy is:8

NDSNB = 46± 10 16 MeV ≤ Ee ≤ 40 MeV (5.3) eqn:srnrate

where Ee is the energy of the electron from the CC interaction as shown in Equation
eq:nueabs
5.2.9

The main challenge for detection of such a low rate of relic neutrinos in a LArTPC is understanding10

how much of the large spallation background from cosmic-ray interactions with the heavy argon11

nucleus leaks into the search window. Some studies have been done
Barker:2012nb
[?] but more work is needed.12

5.4.3 Other Low-Energy Neutrino Sources13

We note some other potential sources of signals in the tens-of-MeV range which may be observable14

in DUNE. These include neutrinos from accretion disks
Caballero:2011dw
[93] and black-hole/neutron star merg-15

ers
Caballero:2009ww
[94]. These will create spectra not unlike those from core-collapse events, and with potentially16

large fluxes. However they are expected to be considerably rarer than core-collapse supernovae17

within an observable distance range. There may also be signatures of dark-matter WIMP annihi-18

lations in the low-energy signal range
Rott:2012qb, Bernal:2012qh
[?, ?].19
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5.5 Detector Requirements20

sec:physics-snblowe-detector-requirements

For supernova burst physics, the detector must be able to detect and reconstruct as well as possible21

events in the range 5–100 MeV. As for proton decay and atmospheric neutrinos, no beam trigger22

will be available; therefore there must be special triggering and DAQ requirements that take into23

account the short, intense nature of the burst, and the need for prompt propagation of information24

in a worldwide context. The DUNE Far Detector Requirements
lbnfdune-cdr-req
[?] specific to supernova burst25

neutrinos are as follows:1

• Far Detector Depth: The signal to background ratio shall be sufficiently large to identify the2

burst (<100 seconds) from a core-collapse supernova within 20 kpc (within the Milky Way).3

This will require a detector located at sufficient depth for cosmic-ray-related background,4

including spallation-induced events, to be sufficiently low. Furthermore backgrounds from5

radioactivity or other sources must also be sufficiently low. Preliminary studies
gehman
[?] indicate6

that backgrounds at 4850 ft (including both cosmogenics and intrinsic radioactivity) will be7

sufficiently low, although more work is needed.8

• Far Detector Triggering and DAQ: The far detector shall be capable of collecting information9

for a supernova burst within the Milky Way. Events are expected within a time window of10

approximately 10 seconds, but possibly over an interval as long as several tens of seconds;11

a large fraction of the events are expected within approximately the first second of the12

burst. The data acquisition buffers shall be sufficiently large and the data acquisition system13

sufficiently robust to allow full capture of neutrino event information for a supernova as close14

as 0.1 kpc. At 10 kpc, one expects thousands of events within approximately 10 seconds,15

but a a supernova at a distance of less than 1 kpc would result in 105 − 107 events over 1016

seconds.17

The far detector shall have high uptime (>90%) with little event-by-event deadtime to allow18

the capture of low-probability astrophysical events that could occur at any time with no19

external trigger. Supernova events are expected to occur a few times per century within the20

Milky Way galaxy. For any 10-year period, the probability of a supernova could be 20 to21

30%. Capturing such an event at the same time as many of the other detectors around the22

Earth is very important.23

The DUNE detector systems shall be configured to provide information to other observatories24

on possible astrophysical events (such as a galactic supernova) in a short enough time to allow25

global coordination. To obtain maximum scientific value out of a singular astronomical event,26

it is very important to inform all other observatories (including optical ones) immediately,27

so that they can begin observation of the evolution of the event.28

• Far Detector Event Reconstruction: The far detector shall be capable of collecting low energy29

(<100MeV) charged-current electron neutrino interactions on 40Ar nuclei that arrive in a30

short period of time. The final-state electron (or positron) shall be detected and its energy31

measured. An energy threshold of 5 MeV or better is highly desirable; most supernova32

burst events are expected to have energy depositions in the range 5–50 MeV. Energy and33

event time resolution must be sufficient to resolve interesting physics features of the burst.34
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Preliminary studies suggest that resolution measured by Icarus for low-energy events
Amoruso:2003sw
[59]1

should be adequate, and that approximately millisecond event time resolution should be2

sufficient to resolve features such as the neutronization burst and the preceding short notch3

due to neutrino trapping in the νe spectrum (see the luminosity curve of Fig.
fig:garching
5.3), given4

adequate statistics.5

Detection of gamma ray photons from the final-state excited nucleus could lead to additional6

electronics requirements.7

The other low-energy physics described in Sections
sec:physics-snblowe-other
5.4 typically requires similar event reconstruc-8

tion capabilities as does supernova-burst physics; however background requirements are much more9

stringent for these (especially for DSNB). Realistic background conditions in the few-tens-of-MeV10

range are not currently very well understood. These physics topics do not drive detector require-11

ments, although it may still be possible for DUNE to address them if backgrounds can be kept12

sufficiently well under control.13
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Chapter 614

Near Detector Physics15

ch:physics-nd

6.1 Introduction and Motivation16

sec:physics-nd-introduction

The LBNF neutrino beam used to study neutrino oscillations in DUNE is an extended source at the17

near site, therefore every single spectrum induced by the neutrino charged (CC) and neutral (NC)18

current interactions — νµ-CC, ν̄µ-CC, νe-CC, ν̄e-CC, and the NC — is different when measured19

at the far detector versus the near detector. In order to achieve the systematic precision for the20

signal and background events in the far detector, which ideally should always be lower than the21

corresponding statistical error, the near detector measurements — including neutrino fluxes, cross22

sections, topology of interactions and smearing effects — must be unfolded and extrapolated to the23

far detector location. The charge, ID, and the momentum vector resolution of particles produced24

in the neutrino interactions are key to constraining the systematic uncertainties in the predictions25

at far detector.26

To this end, it is useful to recall that for the LBNF low-energy reference beam (80-GeV protons,27

1.07 MW, 1.47× 1021 POT/year), the event rates expected at the 40-kt far detector per year are28

2900 (1000) for the νµ(ν̄µ) disappearance channel and 230 (45) for the νe(ν̄e) appearance channel29

(for δCP = 0, normal hierarchy and assumed best fit values of the mass-squared differences and30

mixings). For comparison, the raw event rates per ton of near detector target mass (without31

detector effects) for various neutrino interactions in the near detector at 574m from the proton32

beam target are summarized in Table
tab:rates
??. The rates are indicated for a ton of target mass of Ar33

(Carbon) per 1020 protons-on-target. The mass of Ar in the near detector targets is required to1

have sufficient mass to provide × 10 the statistics of the far detector. Although the Ar-target2

design is preliminary, the Ar mass is expected to be approximately 100kg.3

Importantly, given the scale and ambition of LBNF/DUNE, the near detector must offer a physics4

potential that is as rich as those offered by collider detectors. One of the main advantages of a5

high-resolution near detector built according to the reference design (detailed in Volume 4, Chapter6

7 of this CDR) is that it will offer a rich panoply of physics spanning an estimated 100 topics and7

resulting in over 200 publications and theses during a ten-year operation.8
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Table 6.1: Estimated interaction rates on Ar (Carbon) in the neutrino (second column) and antineutrino
(third column) beams per ton of detector for 1× 1020 POT at 574m assuming neutrino cross-section
predictions from GENIE

GENIE
[?] and a 120-GeV proton beam using the optimized design (Section

sec:alternative-focusing-systems
3.7.2).

Processes are defined at the initial neutrino interaction vertex and thus do not include final-state effects.
These estimates do not include detector efficiencies or acceptance

DOCDB740,DOCDB783
[?, ?].

Production mode νµ Events νµ Events
on Ar (Carbon) on Ar (Carbon)

CC QE (νµn→ µ−p) 30,000 (28,000) 13,000 (15,000)
NC elastic (νµN → νµN) 11,000 (11,000) 6,700 (68,00)
CC resonant (νµp→ µ−pπ+) 21,000 (24,000) 0 (0)
CC resonant (νµn→ µ−nπ+ (pπ0)) 23,000 (21,000) 0 (0)
CC resonant (ν̄µp→ µ+pπ− (nπ0)) 0 (0) 83,00 (7,800)
CC resonant (ν̄µn→ µ+nπ−) 0 (0) 12,000 (8,100)
NC resonant (νµp→ νµpπ

0 (nπ+)) 7,000 (9,200) 0 (0)
NC resonant (νµn→ νµnπ

+ (pπ0)) 9,000 (11,000) 0 (0)
NC resonant (ν̄µp→ ν̄µpπ

− (nπ0)) 0 (0) 3,900 (4,300)
NC resonant (ν̄µn→ ν̄µnπ

−) 0 (0) 4,700 (4,300)
CC DIS (νµN → µ−X or νµN → µ+X) 95,000 (92,000) 24,000 (25,000)
NC DIS (νµN → νµX or νµN → νµX) 31,000 (31,000) 10,000 (10,000)
CC coherent π+ (νµA→ µ−Aπ+) 930 (1,500) 0 (0)
CC coherent π− (νµA→ µ+Aπ−) 0 (0) 800 (1,300)
NC coherent π0 (νµA→ νµAπ

0 or νµA→ νµAπ
0) 520 (840) 450 (720)

NC elastic electron (νµe− → νµe
− or νµe− → νµe

−) 16 (18) 11 (12)
Inverse Muon Decay (νµe→ µ−νe) 9.5 (11) 0 (0)
Total CC 170,000 (170,000) 59,000 (61,000)
Total NC+CC 230,000 (230,000) 84,000 (87,000)

tab:rates
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6.2 Physics Goals of the Near Detector9

sec:physics-nd-goals

The physics goals of the DUNE near detector fall under three categories:10

• constraining the systematic uncertainties in oscillation studies11

• offering a generational advance in the precision measurements of neutrino interactions, e.g.,12

cross sections, exclusive processes, electroweak and isospin physics, structure of nucleons and13

nuclei14

• conducting searches for new physics covering unexplored regions, including heavy (sterile)15

neutrinos, large ∆m2 neutrino oscillations, light Dark Matter candidates, etc.16

These three broad goals possess significant synergy. The physics requirements for the near detector17

are driven by the oscillation physics. However, the unprecedented neutrino fluxes available at18

LBNF and the challenging constraints required by the long-baseline program, especially those19

related to the CP measurement, also make the near detector imminently suitable for short-baseline20

precision physics. And conversely, conducting precision measurements of neutrino interactions will21

actually result in a reduction of systematic uncertainties on signal and background predictions in22

the far detector
HIRESMNU, DPR, Adams:2013qkq
[97, 98, 15].23

6.3 The Role of the Near Detector in Oscillation Physics24

sec-nd-oscl

As illustrated in Chapter
ch:physics-lbnosc
3, studies on the impact of different levels of systematic uncertainties on25

the oscillation analysis indicate that uncertainties exceeding 1% for signal and 5% for backgrounds26

may result in substantial degradation of the sensitivity to CP violation and mass hierarchy. The27

near detector physics measurements discussed in this section are needed in order to match this28

level of systematic uncertainty.29

The near detector will need to determine the relative abundance and energy spectrum of all four30

species of neutrinos in the LBNE beam. This requires measurement of νµ, ν̄µ, νe, and ν̄e via their31

CC-interactions, which in turn demands precise measurement of µ−, µ+, e−, and e+ in the the near32

detector. Specifically, to measure both the small νe and ν̄e contamination in the beam with high33

precision, the detector would need to be able to distinguish e+ from e−. This last requirement is34

motivated by35

1. the need to measure and identify ν−e NC elastic scattering (and calibrate the corresponding36

backgrounds) for the absolute flux measurements1

2. the redundancy in determining the momentum distributions of the parent mesons, in par-2

ticular, the K0 mesons using ν̄e-events, which are essential ingredients for predicting the far3

detector/near detector flux ratio as a function of energy4
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3. the measurement of the π0 yield in CC and NC interactions from converted photons5

4. the different composition in terms of QE, single-pion resonance, multi-pion resonance, and6

deep inelastic scattering (DIS) of CC and NC events originated by each of the four species7

in the far detector and near detector, respectively8

Quantifying asymmetries between neutrinos and antineutrinos, such as energy scales and interac-9

tion topologies, which are relevant for the measurement of the CP-violating phase, is another job10

of the near detector. Since the reference near neutrino detector, the fine-grained tracker (FGT), is11

not identical to the far detector, it is not possible in long-baseline analyses to “cancel” the event12

reconstruction errors in a near-to-far ratio. The extent to which such a cancellation will limit13

the ultimate precision of the experiment has yet to be fully explored. Because of the low average14

density of the FGT (0.1 g/cm3), however, DUNE will be able to measure the missing transverse15

momentum (pT ) vector in the CC processes, in addition to accurately measuring the lepton and16

hadron energies. This redundant missing-pT vector measurement provides a most important con-17

straint on the neutrino and antineutrino energy scales. Measurements of exclusive topologies like18

quasi-elastic, resonance and coherent meson production offer additional constraints on the neutrino19

energy scale.20

In the disappearance studies, the absolute νµ- and ν̄µ flux should be determined to ' 3% precision21

in 0.5 ≤ Eν ≤ 8 GeV so as to eliminate uncertainties in the neutrino and antineutrino cross22

sections affecting the oscillation measurements. For precision measurements of electroweak and23

QCD physics, a similar precision is required at higher energies.24

For precision νµ- and ν̄µ-disappearance channels, the far detector/near detector ratio of the number25

of neutrinos (νµ and ν̄µ) at a given Eν bin in 0.5 ≤ Eν ≤ 8 GeV range should be known to ' 1−2%26

precision. The capability to precisely measure the muon momenta and the low-hadronic energy of27

the near detector will enable this precision.28

NC processes constitute one of the largest backgrounds to all appearance and disappearance oscil-29

lation channels. It is therefore important for the near detector to make a precise measurement of30

the NC cross section relative to CC as a function of the hadronic energy, EHad.31

A precise measurement of π0 and photon yields by the near detector in both ν-induced NC and32

CC interactions is essential; this is the most important background to the νe- and ν̄e appearance33

at low energies.34

The π± content in CC and NC hadronic jets is is the most important background to the νµ- and ν̄µ35

disappearance coming from the hadronic π± → µ±; it can also be a background to the appearance36

channel at lower energies. By separately measuring the momenta of π+ and π− produced in each1

of the CC- and NC-induced hadronic shower, the ND will in situ measure the π± content in CC2

and NC events, and hence the corresponding backgrounds to the disappearance signal.3

Precise near detector measurements leading to characterization of various exclusive (semi-exclusive)4

channels such as Quasi-Elastic (QE), resonance (Res), coherent-mesons and Deep-Inelastic-Scattering5

(DIS) will yield in situ constraints on the nuclear effects from both initial and final interaction6

(FSI).7
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The near detector will quantify the neutrino-argon cross section by measuring interactions off Ar,8

Ca, C, H, etc. targets. The goal is to provide a consistent model, as opposed to an empirical9

parametrization, for the nuclear effects.10

Finally, the near detector will constrain NC and CC backgrounds to the τ− appearance in the far11

detector. We point that one of the unique capabilities of the liquid argon (LAr) far-detector is to12

identify the tau-appearance with high fidelity. The ND measurements would considerably reduce13

the error in the production of the tau-lepton (large xBJ data) and would constrain the backgrounds14

that mimic tau-signal.15

The above requirements suggest a high-resolution, magnetized near detector for identifying and16

measuring e+, e−, µ−, µ+, π0, π+,− and protons with high efficiency.17

6.4 Precision Measurements at the Near Detector18

sec-nd-sbp

Over a five-year run in neutrino mode, the intense neutrino source at LBNF will provide O(100)19

million neutrino interactions in a 7-t near detector; and about 0.4 times as many in antineutrino20

mode. The high-resolution, fine-grained near detector described in Volume 4: The DUNE Detec-21

tors at LBNFwould offer not only the requisite systematic precision for oscillation studies, but22

also a generational advance in the precision measurements and unique searches that a neutrino23

beam can provide. This section outlines the salient physics reach of this detector; further details24

can be found in
DPR
[98] and

Adams:2013qkq
[15]. Discussed first are precision measurements that would support25

and impact the oscillation physics program, followed by examples of other non-oscillation-related26

physics measurements that would extend our knowledge of important aspects of particle physics.27

6.4.1 Precision Measurements Related to Oscillation Physics28

Using ν-electron NC scattering, the absolute neutrino flux can be determined to ≤ 3% precision29

in the range 0.5 ≤ Eν ≤ 10 GeV. Additionally, the ν-electron CC scattering leading to inverse30

muon decay would determine the absolute flux to ' 3% precision in Eν ≥ 20 GeV region
ABS-FLUX
[99].31

The DUNE near detector’s ability to determine the background (primarily from νµ quasi-elastic32

scattering) to inverse muon decay without relying on ν̄µ measurements or ad hoc extrapolations,33

such as made in CCFR
CCFR-IMD-Mishra-89
[100],

CCFR-IMD-Mishra-90
[101] and CHARM

CHARM-IMD-95
[102], allows such precisions, which are dominated34

by statistics. Importantly, the ability to extract the quasi-elastic ν̄µ-H interaction, via subtraction35

of hydrocarbon and pure carbon targets, would allow an extraction of the ν̄µ absolute flux to a few36

percent precision. Furthermore, novel techniques such as the use of coherent-ρ meson production37

in the near detector combined with photo-production could provide a constraint on the absolute1

flux to ' 5% in the intermediate 5 ≤ Eν ≤ 20 GeV region. We note that this near detector will2

be the first to in-situ-constrain the absolute flux to a level approaching ∼2.5% precision.3

The most promising method of determining the shape of νµ and ν̄µ flux is by measuring the low-4

hadronic energy CC, the Low-ν0 method
MISHRA-Nu0
[103]. The method, when combined with the empirical5
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parametrization of the π±, K±, and such hadroproduction data as would be available in the coming6

decade, permits a bin-to-bin precision of 1–2% on the flux spanning 1 ≤ Eν ≤ 50 GeV. Recent7

model calculations by Bodek et al.
Bodek:2012uu
[105] confirm these error estimates. Specifically, for the νµ and8

ν̄µ disappearance the Low-ν0 method would predict the far detector/near detector(Eν) to 1–2%9

precision.10

By precisely measuring the νµ-, ν̄µ-, νe-, ν̄e-CC, the near detector will decompose the π+, K+, π−,11

K−, µ+, µ−, and K0
L contents of the beam, thus allowing a precise far detector/near detector(Eν)12

prediction to a few percent. This ability lends a unique power to not only measure the cross sections13

of all four neutrino species, but also to allow sensitive searches for new physics, e.g., violation of14

universality and large-∆m2 oscillations, as discussed below.15

For the δCP in particular, the near detector measurements would constrain the νe/νµ to < 1% and16

ν̄e/ν̄µ to ' 1% precision, thereby vastly reducing the associated error.17

The high resolution measurements of Eµ and Ee and those of charged hadrons and the recon-18

struction of about one million K0
S and several million π0 will provide a tight constraint on the19

(anti)neutrino energy scale. However, nuclear physics, including initial and final state interac-20

tions, affects the Eν-scale and can affect ν differently from ν̄ interactions thus producing a spu-21

rious contribution to any measured CP-violating observable. The unique experimental handle on22

these seemingly intractable effects comes from a a precise measurement of the missing transverse23

momentum vector, Pm
T afforded by the high-resolution near detector.24

The ability to determine Pm
T affords an event-by-event identification of NC events. This is partic-25

ularly crucial in order to decompose the background contributions to the νe or ν̄e appearance and26

the disappearance measurements.27

The yields and momentum vector measurements of π0, π+, π−,K+,K−, proton,K0
S and Λ particles28

in CC and NC, as a function of visible energy, will provide an “event generator” measurement for29

the far detector and constrain the “hadronization” error to ≤ 2.5% associated with the far detector30

prediction.31

In any long-baseline neutrino oscillation program, including LBNF/DUNE, the quasi-elastic (QE)32

interactions are special. First, the QE cross section is substantial, especially at the second oscilla-33

tion maximum. Second, because of the simple topology — a muon and a proton — QE provides,34

to first order, a close approximation to Eν . Precise momentum measurements of this two-track35

topology impose direct constraints on nuclear effects associated with both initial and final state1

interactions.2

Resonance is the second most dominant interaction mode, besides deep inelastic scattering (DIS),3

in the LBNF/DUNE oscillation range, 0.5 ≤ Eν ≤ 10 GeV. By measuring the complete topology of4

resonance, a high-resolution near detector will offer an unprecedented precision on the resonance5

cross section, and will provide in situ constraints on the nuclear effects.6

Precision measurements of structure functions and differential cross sections would directly affect7

the oscillation measurements by providing accurate simulations of neutrino interactions. They8

would also offer measure of that background processes that are dependent upon the angular dis-9
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tribution of the outgoing lepton, i.e. xBJ -distribution, in the far detector. Furthermore, the10

differential cross section measurements at the ND would constitute one of the most important11

ingredients to the ‘QCD-fitting’ enterprise: extraction of the parton distribution functions (PDF),12

benefiting not only neutrino physics but also hadron-collider analyses. Under the rubric of nucleon13

structure and QCD, the topics include:14

1. Measurement of form factors and structure functions15

2. QCD analysis, tests of perturbative QCD and quantitating the non-perturbative QCD effects16

3. d/u Parton distribution functions at large x, which is the limiting error in the ντ -CC mea-17

surements/searches at the far detector18

4. Sum rules and the strong coupling constant; and v) Quark-hadron duality19

An integral part of the near detector physics program is a set of detailed measurements of20

(anti)neutrino interactions in argon and in a variety of nuclear targets including calcium, car-21

bon, hydrogen (via subtraction), and steel. The goals are twofold, (1) obtain a model-independent22

direct measurement of nuclear effects in Ar using the FGT’s ability to isolate ν(ν̄) interactions off23

free hydrogen via subtraction of hydrocarbon and carbon targets; and (2) measure the neutrino-24

nuclear interactions as to allow an accurate modeling of initial and final state effects. The studies25

would include the nuclear modification of form factors and structure functions, effects in coherent26

and incoherent regimes, nuclear dependence of exclusive and semi-exclusive processes, and nuclear27

effects including short-range correlations, pion-exchange currents, pion absorption, shadowing,28

initial-state interactions and final-state interactions.29

6.4.2 Other Precision Measurements30

Neutrinos and antineutrinos are the most effective probes for investigating electroweak physics.31

Interest in a precise determination of the weak mixing angle (sin2 θW ) at DUNE energies via32

neutrino scattering is twofold: (1) it provides a direct measurement of neutrino couplings to the33

Z boson, and (2) it probes a different scale of momentum transfer than LEP did by virtue of not34

being at the Z boson mass peak. The weak mixing angle can be extracted experimentally from35

several independent NC physics processes: (1) deep inelastic scattering off quarks inside nucleons:36

νN → νX; (2) elastic scattering off electrons: νe− → νe−; (3) elastic scattering off protons:37

νp → νp; iv) coherent ρ0 meson production. Note that these processes involve substantially1

different scales of momentum transfer, providing a tool to test the running of sin2 θW wihin a2

single experiment.3

The most sensitive channel for sin2 θW in the DUNE near detector is expected to be the νN4

DIS through a precision measurement of the NC/CC cross-section ratio. This measurement will5

be dominated by systematic uncertainties, which can be accurately constrained by dedicated in6

situ measurements using the large CC samples and employing corresponding improvements in7

theory that will have evolved over the course of the experiment. Using the existing knowledge of8

structure functions and cross-sections we expect a relative precision of about 0.35% on sin2 θW ,9
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with the default low-energy LBNF beam. An increase of the fluxes with a beam upgrade and/or10

a one year run with a high energy tuning of the neutrino spectrum would allow a substantial11

reduction of uncertainties down to about 0.2%. This level of precision is comparable to colliders12

(LEP) and offers a shot at discovery.13

The various independent channels measured in the DUNE near detector can be combined though14

global electroweak fits, further optimizing the sensitivity to electroweak parameters. The level15

of precision achievable as well as the richness of the physics measurements put the DUNE near16

detector electroweak program on par with the gold standard electroweak measurements at LEP.17

One of the most compelling physics topics accessible to the DUNE-near detector in the LBNF-18

beam is the isospin physics using neutrino and antineutrino interactions. Given the statistics and1

a commensurate resolution of near detector, for the first time we have a chance to test the Adler2

sum-rule to a few percent level, and perhaps claim a discovery. Precision test of sum-rules is a1

rich ground for finding something new, refuting the prevalent wisdom. An added motivation is the2

possibility of isospin asymmetry in nucleons .3

To accomplish this, neutrino and anti-neutrino scattering off hydrogen is needed. Whereas the4

Adler sum rule is the prize, the ν̄µ-H and νµ-H scattering will provide (a) the absolute flux nor-5

malization via low-Q2 ν̄µ-QE interactions, and (b) will be crucial to achieve a model-independent6

measurement of nuclear effects in the neutrino-nuclear interactions.7

The question of whether strange quarks contribute substantially to the vector and axial-vector cur-8

rents of the nucleon remains unresolved. A large observed value of the strange-quark contribution9

to the nucleon spin (axial current), ∆s, would enhance our understanding of the proton structure.10

The strange axial vector form factors are poorly determined. The most direct measurement of ∆s,11

which does not rely on the difficult measurements of the g1 structure function at very small values12

of the Bjorken variable x, can be obtained from (anti)neutrino NC elastic scattering off protons.13

The low-density magnetized tracker in DUNE near detector can provide a good proton recon-14

struction efficiency as well as high resolution on both the proton angle and energy, down to15

Q2 ∼ 0.07 GeV2. This capability will reduce the uncertainties in the extrapolation of the form16

factors to the limit Q2 → 0. About 2.0(1.2) × 106 νp(νp) events are expected after the selection17

cuts in the low-density tracker, yielding a statistical precision on the order of 0.1%.18

6.5 New Physics Searches19

sec-nd-np

A search for heavy neutrinos is intriguing. The most economic way to handle the problems of20

neutrino masses, dark matter and baryon asymmetry of the universe in a unified way may be to21

add to the SM three Majorana singlet fermions with masses roughly on the order of the masses22

of known quarks and leptons. The lightest of the three new leptons is expected to have a mass23

from 1 keV to 50 keV and play the role of the Dark Matter particle (for details and additional1

references, see
DPR
[98] and

Adams:2013qkq
[15]).2
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The most effective mechanism of sterile neutrino production is through weak two body and three3

body decays of heavy mesons and baryons. In the search for heavy neutrinos, the strength of4

the proposed high-resolution near detector, compared to earlier experiments lies in reconstructing5

the exclusive decay modes, including electronic, hadronic and muonic channels. Furthermore,6

the detector provides a means to constrain and measure the backgrounds using control samples.7

Preliminary investigations of these issues are ongoing and suggest that the FGT will have an order8

of magnitude higher sensitivity in exclusive channels than previous experiments did.9

The near detector could potentially search for large ∆m2 oscillations. As has become evident over10

the past decade or more, there may be evidence from several distinct experiments that points11

towards the existence of sterile neutrinos with mass in the range 1 eV2 (for details and additional12

references, see
DPR
[98] and

Adams:2013qkq
[15]). A short-baseline neutrino program has been initiated at Fermilab13

and elsewhere to clear the questions raised by these varying pieces of evidence.14

Since the DUNE near detector is located at a baseline of several hundred meters and uses the LE15

beam, it has values of L/E ∼ 1, which render it sensitive to these oscillations — if they exist. Due16

to the differences between neutrinos and antineutrinos, four possibilities have to be considered in17

the analysis: νµ disappearance, ν̄µ disappearance, νe appearance and ν̄e appearance. It must be18

noted that the search for the high ∆m2 oscillations must be performed simultaneously with the in19

situ determination of the fluxes. To this end, it is necessary to obtain an independent prediction20

of the νe and ν̄e fluxes starting from the measured νµ and ν̄µ CC distributions, since the νe and21

ν̄e CC distributions could be distorted by the appearance signal. An iterative procedure has been22

developed to handle this, details of which can be found in
DPR
[98] and

Adams:2013qkq
[15].23

24

Recently, a great deal of interest has been generated in searching for DM at low-energy, fixed-target25

experiments. High-flux neutrino beam experiments, as DUNE is planned to be, have been shown26

to provide coverage of the DM and DM-mediator parameter space which can be covered by neither27

direct detection nor collider experiments. Upon striking the target, the proton beam can produce28

dark photons either directly through pp(pn) → V or indirectly through the production of a π029

or a η meson which then promptly decays into a SM photon and a dark photon. For the case of30

mV ≥ 2mDM , the dark photons will quickly decay into a pair of DM particles. These relativistic31

DM particles from the beam will travel along with the neutrinos to the DUNE near detector. The32

DM particles can then be detected through neutral-current-like interactions either with electrons1

or nucleons in the detector.2

Since the signature of DM events looks just like those of the neutrinos, the neutrino beam provides3

the major source of background for the DM signal. Several ways have been proposed to suppress4

neutrino backgrounds by using the unique characteristics of the DM beam. Since DM, due to much5

higher maas, will travel much more slowly than the neutrinos, the timing in the near detector6

becomes a discriminator. In addition, since the electrons struck by DM will be much more forward7

in direction, the angles of these electrons may be used to reduce backgrounds, taking advantage8

of the fine angular resolution of the DUNE near detector. Finally, a special run can be devised9

to turn off the focusing horn to significantly reduce the charged particle flux that will produce10

neutrinos. Further studies are required to determine appropriate hardware-parameter choices that11

could benefit these searches, including granularity, absorbers, timing resolution, DAQ-speed, etc.12

Studies are also required to determine if DUNE will effectively cover the important region in13
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parameter space between the MiniBooNE exclusion and the direct detection region of the most14

popular candidates.15

DUNE will be the first long-baseline experiment possessing a large statistics of high-energy νµ,16

ν̄µ, and νe + ν̄e CC and NC events measured with high precision in the liquid argon far detector.17

An obvious venue for discovery is to search for distortion at energies greater than 10 GeV, not18

envisioned by the PMNS mixing.19

DUNE will also be the first long-baseline experiment with an ability to reconstruct ντ -appearance20

with high statistics. The paucity of the number of measured ντ -CC motivates searching for new21

physics. The role of near detector — where no τ is expected — will be to accurately “calibrate”22

background topologies in the NC and CC interactions, most notably at large xbj.23

6.6 Summary24

sec:physics-nd-summary

The DUNE near detector, as embodied in the FGT reference design, will offer a rich physics25

portfolio that will not only support and buttress the oscillation program at the far detector, but26

also extend our knowledge of fundamental interactions and of the structure of nucleons and nuclei,27

possibly leading to the discovery of new phenomena. It will do so by providing tracking of charged28

particles at levels of a precision unattained by previous experiments. In the above, we have tried29

to summarize these capabilities and provide a glimpse of its impact on the overall DUNE physics1

program.2
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Chapter 73

Summary of Physics4

ch:physics-summary

The primary science goals of DUNE are drivers for the advancement of particle physics. The5

questions being addressed are of wide-ranging consequence: the origin of flavor and the generation6

structure of the fermions (i.e., the existence of three families of quark and lepton flavors), the7

physical mechanism that provides the CP violation needed to generate the Baryon Asymmetry of8

the Universe, and the high energy physics that would lead to the instability of matter. Achieving9

these goals requires a dedicated, ambitious and long-term program.10

Observation of O(1000) νµ → νe events in the DUNE LArTPCs can be achieved with moderate11

exposures of around 300 kt ·MW · year, depending on the beamline design. When coupled with a12

highly capable near detector and sophisticated analysis techniques to control systematics to a few13

per cent, this level of statistics will enable discovery (5σ) of CP violation if it is near maximal,14

and an unambiguous highly precise measurement of the mass hierarchy for all possible values of15

δCP. With an optimized beam design, a precision of 10◦ on δCP = 0 is also achievable with this16

level of exposure. Exposures of 850 to 1320 kt ·MW · year (depending on the beam design) would17

be needed to reach 3σ sensitivity to CP violation for 75% of all values of δCP — the goal set by18

the P5 advisory panel. The example staging plan for DUNE, detailed in Chapter 2 of Volume19

1: The LBNF and DUNE Projects, would enable DUNE to meet the P5 goal in less than 1420

years with an optimized beam design. It is important to note that exposures in the range of21

100–160 kt ·MW · year are sufficient to find evidence (3σ) for CP violation if it is near maximal.22

These exposures are consistent with the minimal requirement of achieving 120 kt ·MW · year set23

by P5. No experiment can provide 100% coverage of δCP values, since CP violation effects vanish as24

δCP → 0 or π. Higher exposures — with more detector mass or higher proton beam power — will25

enable high precision probes of the three-flavor model of neutrino mixing, improving sensitivities26

to new effects including the presence of sterile neutrinos and non-standard interactions.27

The DUNE far detector will significantly extend lifetime sensitivity for specific nucleon decay28

modes by virtue of its high detection efficiency relative to water Cherenkov detectors and its29

low background rates. As an example, DUNE has enhanced capability for detecting the p →30

K+ν channel, where lifetime predictions from supersymmetric models extend beyond, but remain31

close to, the current (preliminary) Super-Kamiokande limit of τ/B > 5.9× 1033 year (90% CL).1

Supersymmetric GUT models in which the p → K+ν channel mode is dominant also favor other2

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report



Chapter 7: Summary of Physics 7–100

modes involving kaons in the final state, thus enabling a rich program of searches for nucleon decay3

in the DUNE LArTPC detectors.4

In a core-collapse supernova, over 99% of all gravitational binding energy of the 1.4M� collapsed5

core — some 10% of its rest mass — is emitted in neutrinos. The neutrinos are emitted in a6

burst of a few tens of seconds duration, with about half in the first second. Energies are in7

the range of a few tens of MeV, and the luminosity is divided roughly equally between the three8

known neutrino flavors. Compared to existing water Cerenkov detectors, liquid argon has a unique9

sensitivity to the electron-neutrino (νe) component of the flux, via the absorption interaction10

on 40Ar. The νe component of the flux dominates the very early stages of the core-collapse,11

including the “neutronization” burst. The observation of the neutrino signal from a core-collapse12

supernova in the DUNE LArTPC’s will thus provide unique and unprecedented information on the13

mechanics of supernovas, in addition to enabling the search for new physics. The sensitivity of the14

DUNE LArTPC’s to low energy νe will also enable unique measurements with other astrophysical15

neutrinos, such as solar neutrinos.16

A highly capable near neutrino detector is required to provide precision measurements of neutrino17

interactions, which in the medium to long term are essential for controlling the systematic un-18

certainties in the long-baseline oscillation physics program. Furthermore, since the near detector19

data will feature very large samples of events that are amenable to precision reconstruction and20

analysis, they can be exploited for sensitive studies of electroweak physics and nucleon structure,21

as well as for searches for new physics in unexplored regions (heavy sterile neutrinos, high-∆m222

oscillations, light Dark Matter particles, and so on).23

The DUNE experiment is a world-leading international physics experiment, bringing together the24

world’s neutrino community as well as leading experts in nucleon decay and particle astrophysics, to25

explore key questions at the forefront of particle physics and astrophysics. The highly capable beam26

and detectors will enable a large suite of new physics measurements with potential groundbreaking27

discoveries.28
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