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V. A. Kostelecký,107 K. Kothekar,19 R. Kralik,191 L. Kreczko,19 F. Krennrich,111 I. Kreslo,14

W. Kropp,29 T. Kroupova,164 S. Kubota,79 Y. Kudenko,98 V. A. Kudryavtsev,184 S. Kuhlmann,7

S. Kulagin,98 J. Kumar,80 P. Kumar,184 P. Kunze,52 N. Kurita,178 C. Kuruppu,187 V. Kus,49

T. Kutter,130 J. Kvasnicka,48 D. Kwak,200 A. Lambert,127 B. J. Land,164 C. E. Lane,54 K. Lang,197

T. Langford,212 M. Langstaff,134 J. Larkin,20 P. Lasorak,191 D. Last,164 A. Laundrie,211

G. Laurenti,86 A. Lawrence,127 I. Lazanu,21 R. LaZur,45 M. Lazzaroni,92, 141 T. Le,199

S. Leardini,85 J. Learned,80 P. LeBrun,99 T. LeCompte,178 C. Lee,67 S. Y. Lee,116 G. Lehmann

Miotto,24 R. Lehnert,107 M. A. Leigui de Oliveira,65 M. Leitner,127 L. M. Lepin,134 S. W. Li,178

Y. Li,20 H. Liao,121 C. S. Lin,127 Q. Lin,178 S. Lin,130 R. A. Lineros,37 J. Ling,190 A. Lister,211

B. R. Littlejohn,103 J. Liu,29 Y. Liu,39 S. Lockwitz,67 T. Loew,127 M. Lokajicek,48 I. Lomidze,72

K. Long,104 T. Lord,207 J. M. LoSecco,152 W. C. Louis,129 X.-G. Lu,207 K.B. Luk,27, 127

B. Lunday,164 X. Luo,32 E. Luppi,88, 68 T. Lux,83 V. P. Luzio,65 J. Maalmi,160 D. MacFarlane,178

A. A. Machado,35 P. Machado,67 C. T. Macias,107 J. R. Macier,67 A. Maddalena,74 A. Madera,24

P. Madigan,27, 127 S. Magill,7 K. Mahn,139 A. Maio,125, 61 A. Major,55 J. A. Maloney,50

G. Mandrioli,86 R. C. Mandujano,29 J. Maneira,125, 61 L. Manenti,202 S. Manly,174 A. Mann,199

K. Manolopoulos,177 M. Manrique Plata,107 V. N. Manyam,20 L. Manzanillas,160 M. Marchan,67

A. Marchionni,67 W. Marciano,20 D. Marfatia,80 C. Mariani,205 J. Maricic,80 R. Marie,160

F. Marinho,64 A. D. Marino,44 T. Markiewicz,178 D. Marsden,134 M. Marshak,143

C. M. Marshall,174 J. Marshall,207 J. Marteau,99 J. Mart́ın-Albo,84 N. Martinez,121



D.A. Martinez Caicedo,185 P. Mart́ınez Miravé,84 S. Martynenko,189 V. Mascagna,91, 109
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S.R. Soleti,127 N. Solomey,209 V. Solovov,125 W. E. Sondheim,129 M. Sorel,84 A. Sotnikov,113

J. Soto-Oton,25 F. A. Soto Ugaldi,108 A. Sousa,41 K. Soustruznik,38 F. Spagliardi,156

M. Spanu,91, 140 J. Spitz,138 N. J. C. Spooner,184 K. Spurgeon,192 M. Stancari,67 L. Stanco,94, 158



C. Stanford,79 R. Stein,19 H. M. Steiner,127 A. F. Steklain Lisbôa,193 J. Stewart,20 B. Stillwell,39
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EXECUTIVE SUMMARY

The Deep Underground Neutrino Experiment (DUNE) is a next-generation long-baseline neu-

trino oscillation experiment with a primary physics goal of observing neutrino and antineutrino

oscillation patterns to precisely measure the parameters governing long-baseline neutrino oscillation

in a single experiment, and to test the three-flavor paradigm. DUNE’s design has been developed

by a large, international collaboration of scientists and engineers to have unique capability to mea-

sure neutrino oscillation as a function of energy in a broadband beam, to resolve degeneracy among

oscillation parameters, and to control systematic uncertainty using the exquisite imaging capabil-

ity of massive LArTPC far detector modules and an argon-based near detector. DUNE’s neutrino

oscillation measurements will unambiguously resolve the neutrino mass ordering and provide the

sensitivity to discover CP violation in neutrinos for a wide range of possible values of δCP. DUNE

is also uniquely sensitive to electron neutrinos from a galactic supernova burst, and to a broad

range of physics beyond the Standard Model (BSM), including nucleon decays. DUNE is antici-

pated to begin collecting physics data with Phase I, an initial experiment configuration consisting

of two far detector modules and a minimal suite of near detector components, with a 1.2 MW

proton beam. In Phase I, DUNE will be able to quickly and unambiguously determine the neu-

trino mass ordering, a capability that is unique among existing and planned experiments, observe

CP violation with 3σ significance if δCP = −π/2, measure other oscillation parameters including

∆m2
32 with world-leading precision, detect neutrinos from a core-collapse supernova, and search

for BSM physics. To realize its extensive, world-leading physics potential requires the full scope of

DUNE be completed in Phase II. Phase II will facilitate 5σ CP violation discovery potential, 7-16

degree resolution on δCP, independent measurement of sin2 2θ13 with precision comparable to that

of reactors, significant sensitivity to the θ23 octant, and a broad physics program with unique and

world-leading sensitivity to physics beyond the three neutrino paradigm as well as additional BSM

physics and astrophysics. The three Phase II upgrades are all necessary to achieve DUNE’s physics

goals: (1) addition of far detector modules three and four for a total FD fiducial mass of at least

40 kt, (2) upgrade of the proton beam power from 1.2 MW to 2.4 MW, and (3) replacement of

the near detector’s temporary muon spectrometer with a magnetized, high-pressure gaseous argon

TPC and calorimeter. The precision physics program – including low-energy and BSM physics –

is not greatly impacted by the details of the staging plan as long as these upgrades are aggres-

sively pursued. It is critical for the long-term success of this program that the community and P5

re-affirm that the completion of the full DUNE design is the highest priority in the next decade.
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I. THE DEEP UNDERGROUND NEUTRINO EXPERIMENT

The Deep Underground Neutrino Experiment (DUNE) is an international, next-generation long-

baseline neutrino experiment based in the United States, with three primary physics goals:

1. make precise measurements of the parameters governing ν1 − ν3 and ν2 − ν3 in a single

experiment, including the neutrino mass ordering and the CP-violating phase δCP, and test

the three-flavor paradigm,

2. make astrophysics and particle physics measurements with supernova burst neutrinos and

other low-energy neutrinos, and

3. search for physics beyond the Standard Model.

DUNE is designed to achieve these goals by pushing both the intensity and precision beyond

what is achieved by current long-baseline neutrino oscillation experiments. Key features of this

design include:

• the world’s most intense neutrino and antineutrino beams,

• a broad neutrino spectrum to measure the shape of the oscillation pattern,

• large far detectors located deep underground,

• liquid argon technology for particle identification and energy measurement, and

• an optimized near detector with the same technology as the far detector, to constrain sys-

tematics to world-leading precision and enable a broad physics program.

DUNE is poised to make numerous high-impact, world-leading measurements in a broad range

of particle and astroparticle physics over the next several decades. Unambiguous determination of

the neutrino mass ordering would resolve one of the longstanding questions in neutrino physics,

which has significant implications for astrophysics, cosmology, and neutrinoless double beta decay

experiments. The observation of CP violation in neutrinos would be an important step in under-

standing whether leptogenesis is a viable explanation of the baryon asymmetry of the universe.

High-precision measurements of mixing parameters will not only complete the three-flavor picture,

but also test it for inconsistencies that could point us to physics beyond the three-flavor model.

Determination of the θ23 octant could point to a previously unknown symmetry. DUNE will detect

a large sample of neutrinos from a supernova burst within the Milky Way and possibly beyond,
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with unique sensitivity to the electron neutrino component, allowing a wide range of astrophysics

and particle physics measurements. DUNE can probe a diverse range of phenomenology beyond

the Standard Model, including searches for dark matter, sterile neutrino mixing, nonstandard neu-

trino interactions, CPT violation, new physics enhancing neutrino trident production, and baryon

number violating processes.

The 2014 P5 report [1] prioritized DUNE’s physics program as one of the primary goals for US

particle physics. The P5 report describes a phased approach to building the world’s most precise

neutrino oscillation experiment. It sets a goal of an initial configuration capable of accumulating 120

kt-MW-yrs by the mid 2030s, sufficient to determine the neutrino mass ordering and to discover CP

violation at 3σ if δCP is maximal. The report also establishes that the facility should be upgraded

to a multi-megawatt beam and at least 40 kt of far detector fiducial mass in order to surpass 600

kt-MW-yrs and enable precision neutrino oscillation measurements.

Following the recommendations of the P5, DUNE has formed an international collaboration of

more than 1000 members from over 200 institutions in more than 30 countries. The US Depart-

ment of Energy and multiple international partners have invested significant resources in DUNE,

including physics research, detector development and prototyping, and infrastructure. Liquid ar-

gon TPC technology has been demonstrated in large-scale detectors, with MicroBooNE[2, 3] and

ICARUS[4, 5] operating successfully in neutrino beams, and ProtoDUNE running successfully in

a hadron test beam at full scale in the drift dimension[6, 7]. Figure 1 is an event display from

ProtoDUNE data, which shows the granularity with which individual final-state particles can be

detected in DUNE. DUNE has published a technical design report of the far detector [8], and a

conceptual design report of the near detector [9]. The collaboration has developed sophisticated

physics analyses based on full simulations, including a long-baseline neutrino oscillation analy-

sis with algorithmic event selection and reconstruction, and with realistic flux, cross section, and

detector systematic uncertainties included [10]. Additional extensive investment has been made

in the Long Baseline Neutrino Facility (LBNF), which enables DUNE’s physics by providing the

neutrino beam and conventional facilities for the detectors. Excavation of the DUNE drifts and

caverns at SURF is underway, final designs for the beamline complex and near detector complex

have been completed, and the neutrino beamline final design is nearing completion. PIP-II, Fermi-

lab’s proton accelerator improvement plan, which is necessary to provide an intense neutrino beam,

is well underway, with conventional facilities nearing completion, and is expected to be ready to

provide proton beams by 2029.

The full physics program of DUNE requires four far detector modules (40 kt fiducial mass), an

3
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FIG. 1. An event display showing a pion charge exchange candidate from ProtoDUNE-SP data. In this event,

3 GeV π+ from the beamline enters the detector (from left) and undergoes a charge exchange interaction,

producing a proton and π0. The proton can be seen coming to rest, while the π0 decays into two photons,

which induce electromagnetic showers. A cosmic ray muon can be seen overlapping with the incident pion.

ProtoDUNE sees a large flux of cosmic rays due to its surface location, but the underground DUNE FD will

never see overlapping signals.

initial proton beam intensity of 1.2 MW with an upgrade to 2.4 MW, and a highly capable near

detector system. Due to funding constraints, DUNE is expected to begin collecting physics data in

the late 2020s, with the neutrino beam available in 2032. The initial detector configuration (Phase

I) will include two far detector modules and a limited near detector, as described in Section IV,

with a 1.2 MW proton beam. This configuration is sufficient to achieve DUNE’s early physics

goals, but the full physics program is in jeopardy if the full scope of the design (Phase II) is not

realized.

This document is offered as a summary of DUNE’s design considerations and expected physics

sensitivity, which have been extensively documented in [9, 11–15]. Section II describes each of the

fundamental design choices and how it is motivated by DUNE’s broad physics goals. Section III

summarizes studies quantifying DUNE’s sensitivity to these physics measurements. Section IV

discusses practical matters, such as schedules and funding, that will impact DUNE’s ability to

carry out the physics program described herein and Section V summarizes the collaboration’s

message to Snowmass.

4



II. DUNE DESIGN CONSIDERATIONS

DUNE will observe neutrinos from the new LBNF [8, 16] neutrino beam originating at Fermi-

lab. LBNF will use the high-power Fermilab proton accelerator to produce a horn-focused beam

of predominately muon neutrinos or antineutrinos with a broad spectrum of neutrino energies

that peaks at 2.5 GeV. Measurements will be made with a near detector (ND) located on site

at Fermilab and a far detector (FD) located 1285 km from the neutrino production point, at the

Sanford Underground Research Facility (SURF), in Lead, South Dakota. The near detector will

consist of a suite of detector technologies designed to constrain systematic uncertainties in the

oscillation measurements. The far detector will consist of four large liquid argon time projection

chamber (LArTPC) modules located at the 4850-ft level of SURF. Combined data from the near

and far detectors will allow DUNE to unambiguously determine the neutrino mass ordering, dis-

cover CP violation in neutrinos for a wide range of possible values of the CP-violating phase δCP,

and precisely measure δCP, θ13, θ23, and ∆m2
32 in a single experiment. These measurements will

resolve longstanding questions in neutrino physics, test the consistency of the PMNS framework,

and differentiate among models that predict mixing parameters and/or relationships among these

parameters. The far detector technology and location deep underground will facilitate study of

low-energy neutrinos, including sensitivity to solar neutrinos and neutrinos from a core-collapse

supernova, should one occur in our vicinity during the lifetime of the experiment. DUNE will per-

form searches for baryon number violating processes, such as proton decay and neutron-antineutron

annihilation, and for other physics beyond the Standard Model, including both searches for BSM

processes observable as deviations from the standard three-flavor neutrino mixing paradigm and

direct searches for new particles, including dark matter of cosmic origin.

Design choices in DUNE are largely based on the requirements of the long-baseline neutrino

oscillation physics program, though sensitivity to low-energy neutrino interactions such as those

from supernova burst neutrinos have also been an important consideration. In this section, the

primary experimental principles of DUNE are summarized, with a brief explanation of how each

is driven by physics considerations.

The high-level physics requirements of DUNE are:

• Long baseline: With a baseline greater than ∼ 1000 km, the asymmetry in the νµ → νe and

ν̄µ → ν̄e oscillation probabilities due to the matter effect is much larger than that arising

from CP violation, regardless of the value of δCP. This breaks the experimental degeneracy

between the neutrino mass ordering and the determination of δCP[17, 18], allowing DUNE
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to measure both using the same data set unambiguously, a unique capability among existing

and planned neutrino experiments.

• Large far detector mass and high-power beam: The fiducial mass of the far detector and

the intensity of the proton beam linearly impact the number of neutrino interactions. The

full FD mass (at least 40 kt fiducial, 20 kt fiducial initially) and full beam power (2.4 MW,

1.2 MW initially) are required to reach the precision goals of the experiment.

• Wide-band neutrino beam: To definitively establish CP violation, precisely test the three

neutrino mixing paradigm, and resolve ambiguities between parameters, DUNE will observe

neutrino oscillations as a function of L/E over more than one full oscillation period. At a

fixed baseline, this corresponds to measuring neutrinos with a range of energies. The horn-

focused neutrino beam line builds on the successful NuMI [19] beam design by optimizing

the focusing parameters to maximize sensitivity to CP violation in DUNE. The beam can be

operated in forward (reverse) horn current mode, resulting in a predominately νµ (ν̄µ) flux

that is peaked at about 2.5 GeV, near the first oscillation maximum, with significant rate

covering more than one oscillation period (0.5-4.0 GeV), less than 5% contamination from

wrong-sign ν̄µ (νµ), and less than 1% contamination from νe/ν̄e components.

• Precise neutrino flavor and energy reconstruction: It is critical to accurately separate

νµ and νe charged-current interactions in the FD, which requires excellent discrimination

between muons and electrons. To measure oscillations as a function of L/E at fixed baseline,

the FD must have the ability to reconstruct the neutrino energy precisely, event by event.

• Precise constraints of systematic uncertainties: Precisely measuring δCP requires a few-

percent-level measurement of muon-to-electron oscillations, as a function of neutrino energy.

Systematic uncertainties due to the neutrino flux prediction, interaction cross sections, and

detector response must be constrained at a level better than the statistical precision.

• Deep underground FD location: The deep underground location is critical for searches

for rare non-accelerator signals, due to the high rate of activity from cosmic particles for

a detector on the surface. These signals include baryon number violating processes, which

require nearly zero background, as well as low-energy neutrinos from a supernova burst. An

underground FD also greatly simplifies the reconstruction of accelerator neutrinos.

These high-level requirements are satisfied by the full DUNE design, which includes 40 kt fiducial
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mass, deep underground, in a high-power wide-band beam. Below, the physics motivation behind

specific detector design choices is described:

• Liquid argon TPC (LArTPC) far detector: Given the baseline of DUNE, the first oscilla-

tion maximum occurs at 2.5 GeV neutrino energy. In this energy regime, many neutrino

interaction processes are important, including those with multiple final-state mesons. The

LArTPC technology combines tracking and calorimetry, allowing for identification of νµ and

νe CC interactions, as well as good resolution to both the lepton and hadronic energies,

and scalability to the required detector mass. The imaging capability of the LArTPC FD

also plays an important role in many DUNE BSM searches, and the argon target provides

unique sensitivity to electron neutrinos (as opposed to antineutrinos) from supernova bursts.

A visualization of a ProtoDUNE pion charge exchange event is shown in Figure 1, showing

high-resolution imaging of DUNE and the granularity with which individual particles can be

measured.

• Near detector system including LArTPC: The role of the ND is to measure the neutrino

beam prior to the onset of oscillation effects, and to minimize systematic uncertainties in

long-baseline oscillation measurements. The observed neutrino energy spectrum depends

on a complicated product of flux, cross sections, and detector response, all of which have

large a priori uncertainties. Because the FD is a LArTPC, the only way to be sensitive

to all three of these classes of uncertainty simultaneously is with a LArTPC at the near

site, with kinematic acceptance at least as good as the FD. ND-LAr is optimized to meet

this requirement, and is critical for all stages of the experiment. In order to cope with the

high event rate at the near site, ND-LAr is designed with pixelated readout and optical

segmentation. To minimize costs, ND-LAr is not magnetized, and is not large enough to

contain forward muons. Instead, a downstream muon spectrometer (the Temporary Muon

Spectrometer, TMS, in Phase I) measures the momentum and charge sign of exiting muons.

Because neutrino cross sections depend on energy, and the fluxes at the ND and FD are

different (mainly due to oscillations), it is important to take ND data in different neutrino

fluxes. This is enabled by the PRISM technique, in which ND-LAr and TMS move laterally

from the primary proton beam direction. As one moves off axis, the neutrino energy spectrum

shifts downward. Data collected with different spectra can be combined to produce a data-

driven prediction of the oscillated FD spectrum, which is largely independent of interaction

and detector modeling. SAND remains on axis, and has a broad and complementary cross
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section and exotic physics program in addition to monitoring the neutrino beam. To reach

the ultimate oscillation physics goals, measurements of neutrino-argon interactions with even

greater precision are required. This is fulfilled in Phase II by replacing TMS with ND-GAr,

a magnetized high-pressure gaseous argon TPC with a surrounding calorimeter. Its gaseous

active target volume gives extremely low thresholds, minimal secondary interactions, and

particle-by-particle charge and momentum reconstruction, which extend the reach of the ND.

Each of these systems plays a critical role in the experiment. In addition to its critical role

in oscillation measurements, the DUNE ND in conjunction with the high-power beam also

enables numerous BSM searches, as well as precision measurements of electroweak physics

and nuclear structure.

• Calibration: To achieve the unprecedented level of systematic uncertainty required for

DUNE’s oscillation physics goals, the position and energy of charge deposits in the far

detector must be precisely calibrated at the few percent level. Calibration is challenging in

LArTPCs because there are a number of low-level detector properties that all impact a single

high-level quantity such as the energy scale uncertainty. For these reasons, it is important to

have as many independent sources of calibration information as possible; DUNE’s calibration

strategy involves prototype and test beam measurements, analysis of calibration data from

physics samples, and detector instrumentation.

• Photon detection: The photon detection system is used to observe prompt scintillation light

induced by charged particles traversing the LArTPC and thus provides timing information

for non-beam physics events. For supernova burst events, where mapping out the time

evolution of the neutrino flux is an important physics goal, the photon detection system

provides sufficient timing resolution that this measurement is not limited by the detector.

The scintillation signal is used in combination with the TPC information to determine the

position in the drift direction. The light yield requirement for the photon detection system is

set such that the three dimensional vertex resolution in the TPC allows the fiducial volume

to be determined at the 1% level.

• Data acquisition system: The trigger and DAQ system is responsible for receiving, pro-

cessing, and recording data, and for providing timing and synchronization to the detector

electronics and calibration devices. The DAQ design requirements are most strongly driven

by the goal of detecting supernova burst neutrinos; these include stringent up-time require-
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ments, to increase the chances that the detector is collecting data when one of these rare

transient events occurs, as well as data rate and throughput considerations.

III. DUNE PHYSICS SENSITIVITY

A. Long-Baseline Oscillation Physics

DUNE has performed analyses of the long-baseline oscillation sensitivity based on full, end-to-

end simulation, reconstruction, and event selection of far detector Monte Carlo and parameterized

analysis of near detector Monte Carlo[12]. A convolutional neural network has been developed to

select νe and νµ CC events; the selection achieves greater than 85% efficiency for reconstructed

energies between 2-5 GeV[20]. Detailed uncertainties from flux, the neutrino interaction model,

and detector effects have been included in the analysis. Sensitivity results are obtained using a

sophisticated, custom fitting framework. These studies demonstrate that DUNE will be able to

measure δCP to high precision, unequivocally determine the neutrino mass ordering, and make pre-

cise measurements of the parameters governing long-baseline neutrino oscillation. A demonstration

of DUNE’s precision measurement capability is shown in Fig. 2; at large exposures DUNE is able

to simultaneously determine both δCP and sin2 θ13, with the precision on sin2 θ13 similar to the

current world average dominated by reactor neutrino experiments. The multiple allowed regions

present for smaller exposures are eliminated at the highest exposure shown, demonstrating how

DUNE will ultimately be able to resolve degeneracy among the parameters.

DUNE’s ultimate oscillation physics goal is precision measurements of all the parameters gov-

erning long-baseline neutrino oscillation and sensitivity to deviations from standard three-flavor

mixing. Other important physics milestones are unambiguous determination of the neutrino mass

ordering and discovery of CP violation for a range of true δCP values. Figure 3 shows the sensitiv-

ity to neutrino mass ordering and CP violation as a function of the true value of δCP for a given

exposure and the sensitivity as a function of exposure for a given δCP value or range of values.

Precise determination of the parameters governing long-baseline oscillation is necessary to achieve

high sensitivity to CP violation over a wide range of possible δCP values, so this sensitivity can

also be viewed as a proxy for DUNE’s precision measurement capability.

In Phase I, DUNE will be able to establish the neutrino mass ordering at the 5σ level for 100%

of δCP values with 100 kt-MW-years exposure, and has the ability to make strong statements

with significantly shorter exposures depending on the true values of other oscillation parameters.
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FIG. 2. Two-dimensional 90% C.L. regions in the sin2 2θ13–δCP (left) and sin2 θ23–∆m2
32 (right) plane, for

three different levels of exposure, with equal running in neutrino and antineutrino mode, with the Phase II

near detector. The 90% C.L. region for the NuFIT global fit is shown in yellow for comparison. The true

values of the oscillation parameters are assumed to be the central values of the NuFit global fit and the

oscillation parameters governing long-baseline oscillation are unconstrained.

DUNE’s capacity to quickly and unambiguously determine the neutrino mass ordering is unique

among existing and planned experiments. DUNE can also observe CP violation with 3σ significance

with 100 kt-MW-years exposure if δCP = −π/2, which corresponds to maximal CP violation.

Analysis of early DUNE sensitivity is described in [15].

CP violation can be observed with 5σ significance after ∼350 kt-MW-years if δCP = −π/2 and

after ∼700 kt-MW-years for 50% of δCP values. CP violation can be observed with 3σ significance

for 75% of δCP values after ∼1000 kt-MW-years of exposure. For large exposures, δCP resolution

between five and fifteen degrees is possible, depending on the true value of δCP, and the DUNE mea-

surement of sin2 2θ13 approaches the precision of reactor experiments. For this reason, ultimately

DUNE is able to simultaneously measure all the parameters governing ν1 − ν3 and ν2 − ν3 mixing

in a single experiment, without an external sin2 2θ13 constraint. This facilitates discrimination

among flavor and BSM models that predict oscillation parameters, and a comparison between the

DUNE and reactor sin2 2θ13 results, which allows for a test of the unitarity of the PMNS matrix.

DUNE will also have significant sensitivity to the θ23 octant for values of sin2 θ23 less than about

0.47 and greater than about 0.55. Conversion of exposures to calendar years depends upon the

staging scenario, which is addressed in Section IV, but if upgrades are aggressively pursued, the

details of the early staging do not greatly impact this precision physics program.
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FIG. 3. Sensitivity to the neutrino mass ordering (left) and CP violation (right) as a function of the true

value of δCP for several exposures (top) or as a function of exposure in kt-MW-years (bottom), with the

Phase II near detector. For the top plots, the solid line shows the median sensitivity while the width of

the band represents 68% of variations of statistics, systematics, and oscillation parameters. In the bottom

plots, only the Asimov sensitivity is considered and the width of the bands represents the difference between

the nominal analysis, which uses the external constraint from reactor antineutrino experiments on sin2 θ13,

and an analysis without this constraint. Curves are shown for maximal CP violation (δCP = −π/2) and for

different fractions of δCP values.

DUNE’s precision measurement program, including significant sensitivity to CP violation for a

wide range of δCP values, relies upon control of systematic uncertainties, which is largely achieved

using near detector measurements. For this reason, care has been taken to implement a sophis-

ticated treatment of systematic uncertainties in the sensitivity studies presented here, which ex-
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plicitly include constraints from a joint fit to near and far detector samples on a large number

of individual systematic parameters. The analysis includes parameters describing uncertainty in

the flux, both from hadron production and focusing, in the neutrino-nuclear interaction model,

including effects from initial- and final-state interactions, and from detector effects. Implicit in the

sensitivities shown in Figs. 2 and 3 is the use of near detector data to perform an analysis that is

robust against insufficient modeling of neutrino interactions; studies demonstrating the impact of

shortcomings in the neutrino interaction model are described in [9, 11] and are reflected in some

of the studies shown in Section IV. The ability to observe the flux at multiple off-axis angles with

the near detector, called DUNE PRISM, is a critical feature of DUNE’s design that will reduce

DUNE’s dependence on the neutrino-nucleus interaction model by facilitating largely data-driven

predictions of far detector spectra. Dedicated analyses of near detector samples will contribute

to improvement of the neutrino-nucleus interaction model. DUNE’s analysis strategy of perform-

ing fits to constrain variation in model parameters, incorporating analysis techniques that reduce

model dependence, and making improvements to models has been developed to ensure that DUNE

is able to control systematic uncertainty sufficiently to reach its precision measurement goals and

has directly informed near detector design choices as described in Section II.

B. Low-Energy Physics

The DUNE far detector is sensitive to neutrinos produced by the Sun and in core-collapse

supernovae with energies in the range ∼5-100 MeV. Charged-current interactions of neutrinos

from around 5 MeV to several tens of MeV create short electron tracks in liquid argon, potentially

accompanied by gamma-ray and other secondary particle signatures.

Core-collapse supernovae within our own Galaxy are expected to occur once every few decades;

there is a reasonable chance for one to occur during the several-decade expected lifetime of the

DUNE experiment. Because these events are so rare, it is critical that experiments be prepared

to capture as much data as possible when one does occur. This need largely drives DUNE’s

requirements for detector livetime, DAQ and triggering systems, and reconstruction capabilities

for low-energy events. DUNE’s expected energy threshold is a few MeV of deposited energy and

the expected energy resolution is around 10-20% for energies in the few tens of MeV range. While

the expected event rate varies significantly among models of supernova bursts, the 40-kt (fiducial)

DUNE detector would be expected to observe approximately 3000 neutrinos from a supernova

burst at 10 kpc. Argon detectors have unique sensitivity to electron neutrinos as opposed to
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antineutrinos; because DUNE’s far detector is a liquid-argon TPC, the dominant interaction is

charged-current absorption of νe on 40Ar: νe+
40Ar → e−+40K∗. Subdominant ν̄e charged-current

and neutrino-electron elastic scattering will also contribute. Another mode of interest is neutral-

current scattering on argon nuclei, which may be identified by a cascade of de-excitation gammas.

DUNE will participate in worldwide multi-messenger astronomy efforts, such as SNEWS [21], and,

will be able to provide pointing information to localize an observed supernova [11, 22].

In a core-collapse supernova, the neutrino signal starts with a short, sharp “neutronization”

burst primarily composed of νe. This is followed by an “accretion” phase lasting several hundred

milliseconds, and then a “cooling” phase which lasts about 10 seconds and represents the bulk of

the signal, roughly equally divided among all flavors of neutrinos and antineutrinos. The flavor

content and spectra of neutrinos change throughout these phases, so the supernova’s evolution

can be mapped out using the neutrino signal. Information about the progenitor, the collapse, the

explosion, and the remnant, as well as information about neutrino properties, are contained in

this signal. The flux spectrum may be parameterized by the “pinched-thermal” model[23]. DUNE

will have sensitivity to determining the parameters describing the νe spectrum; see Fig. 4. Other

astrophysical observables include: the formation of a black hole, which would cause a sharp signal

cutoff (e.g., [24–26]); shock wave effects (e.g., [27]), which would cause a time-dependent change in

flavor and spectral composition as the shock wave propagates; the standing accretion shock insta-

bility (SASI) [28, 29], a “sloshing” mode predicted by three-dimensional neutrino-hydrodynamics

simulations of supernova cores which would give an oscillatory flavor-dependent modulation of the

flux; and turbulence effects [30, 31], which would also cause flavor-dependent spectral modification

as a function of time.

Study of the energy balance of a supernova burst can provide constraints on new physics sce-

narios, the existence of which would alter the energy transport process within the explosion; the

existing data from SN1987 can already begin to constrain some scenarios. Neutrino flavor transfor-

mation probabilities are complex in a supernova burst because of the kinematics of the explosion

itself and the possibility for neutrino-neutrino scattering and collective modes of oscillation. These

effects will imprint on the neutrino signal and can be used to study these phenomena experimen-

tally. The true neutrino mass ordering has a strong impact on the expected signal [35], particularly

in early times including the neutronization burst. Knowledge of the mass ordering from DUNE’s

own long-baseline oscillation measurements may be used to better extract other particle and as-

trophysical knowledge from the observed supernova burst signal.

Neutrinos and antineutrinos from other astrophysical sources, such as solar [36] and diffuse
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FIG. 4. Left: Expected measured spectrum in DUNE, for the full 40-kt fiducial mass far detector, as

a function of observed energy, after detector response smearing and integrated over time, for the model

in [32] with no flavor transformation. Event rates are computed using SNOwGLoBES [33] with a transfer

matrix based on full DUNE simulation and reconstruction, and shown for neutrino-electron elastic scattering

(ES), as well as neutrino- and antineutrino-nucleus scattering. Right: Sensitivity regions in (〈Eν〉, ε) space

(profiled over pinching parameter α) for the νe spectrum for three different supernova distances, for the full

40-kt fiducial mass far detector. SNOwGLoBES assumes a transfer matrix made using MARLEY [34] with

a 20% Gaussian resolution on detected energy, and a step efficiency function with a 5 MeV detected energy

threshold.

background supernova neutrinos [37], are also potentially detectable. While detection of these

sources will be challenging, particularly because of the presence of radioactive background in the

detector, initial studies suggest potential for DUNE to select a sample of solar neutrinos that

would allow a significant improvement in the measurement of ∆m2
21 as well as observations of the

hep and 8B solar neutrino flux. Development of reconstruction, calibration, and triggering/DAQ

infrastructure will play an important role in enabling a broader physics program at low energies.

C. Physics Beyond the Standard Model

The deep underground location of the DUNE far detector facilitates sensitivity to nucleon

decay and other rare processes. DUNE can probe a rich and diverse BSM phenomenology including

searches for dark matter, sterile neutrino mixing, nonstandard neutrino interactions, CPT violation,

new physics enhancing neutrino trident production, and baryon number violating processes.

Experimental results in tension with the three-neutrino-flavor paradigm, which may be inter-

14



preted as mixing between the known active neutrinos and one or more sterile states, have led to a

rich and diverse program of searches for oscillations into sterile neutrinos [38, 39]. DUNE is sensi-

tive over a broad range of potential sterile neutrino mass splittings by looking for disappearance of

charged-current and neutral-current neutrino interactions over the long distance separating the ND

and FD, as well as over the short baseline of the ND. With a longer baseline, a more intense beam,

and a high-resolution large-mass FD, compared to previous experiments, DUNE provides a unique

opportunity to improve significantly on the sensitivities of the existing probes, and greatly enhance

the ability to map the extended parameter space if a sterile neutrino is discovered. A generic char-

acteristic of most models explaining the neutrino mass pattern is the presence of heavy neutrino

states beyond the three light states of the Standard Model of particle physics [40–42]. These types

of models, as well as those of light sterile neutrinos, imply that the 3 × 3 PMNS matrix is not

unitary due to mixing with additional states. DUNE can constrain the parameters describing

non-unitarity [43, 44] with precision comparable to that from present oscillation experiments.

Non-standard interactions (NSI), affecting neutrino propagation through the Earth, can signif-

icantly modify the data to be collected by DUNE as long as the new physics parameters are large

enough [45]. Leveraging its very long baseline and wide-band beam, DUNE is uniquely sensitive

to these probes. DUNE can substantially improve the bounds on, for example, the NSI parameter

εττ − εµµ and the non-diagonal NSI parameters.

CPT symmetry is a cornerstone of model-building in modern physics. Using beam neutrinos,

DUNE can improve the present limits on Lorentz and CPT violation by several orders of magni-

tude [46–53], a very important test of these fundamental assumptions underlying quantum field

theory. Atmospheric neutrinos are a unique tool for studying neutrino oscillations: the oscillated

flux contains all flavors of neutrinos and antineutrinos, is very sensitive to matter effects and to

both ∆m2 parameters, and covers a wide range of L/E. Studying atmospheric neutrinos in DUNE

is a promising approach to search for BSM effects such as Lorentz and CPT violation.

Neutrino trident production is a weak process in which a neutrino, scattering off the Coulomb

field of a heavy nucleus, generates a pair of charged leptons [54–62]. The high-intensity muon-

neutrino flux at the DUNE near detector will lead to a sizable production rate of trident events,

offering excellent prospects to improve [63–65] on existing measurements. A deviation from the

event rate predicted by the Standard Model could be an indication of new interactions mediated

by new gauge bosons [66].

DUNE will carry out an extensive program of dark sector particle searches at the ND, including

searches for axion-like particles and low-mass dark matter (LDM) [67]. This is possible because
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the ND is close enough to the intense beam source to sample a substantial dark matter (DM) flux,

assuming that DM is produced. The boosted nature of LDM produced in the beamline enables

DUNE to access a mass range that is not reachable by existing direct search experiments due to

intrinsic radioactive impurities. In addition, the PRISM capability of the ND further enhances the

search and provides additional control of Standard Model neutrino backgrounds. A discovery of

DM could guide the design of a DM beam and a detailed study of the DM properties. In Phase

II, ND-GAr adds additional unique sensitivity to heavy neutral leptons (HNL) and heavy axions,

where the signature is the decay of a new particle in the detector. In such searches, the signal rate

scales with the detector volume while backgrounds from neutrino interactions scale with detector

mass, so the low density of ND-GAr is ideal.

It is also possible that boosted dark matter (BDM) particles are created in the universe under

non-minimal dark-sector scenarios [68, 69], and can reach terrestrial detectors. The DUNE far

detector is expected to possess competitive sensitivity to BDM signals from various sources in the

current universe such as the galactic halo [68, 70–75], the sun [70, 74, 76–79], and dwarf spheroidal

galaxies [75]. One particular signature that is very distinct in the DUNE FD is low-mass BDM

interacting inelastically, and upscattering to a higher-mass state, which subsequently decays to

low mass DM. This is expected to produce two leptons in the initial interaction, and either an

additional lepton or a nucleon recoil some distance away. DUNE’s sensitivity in this channel covers

a mass range that has not previously been probed.

The excellent imaging, as well as calorimetric and particle identification capabilities, of the

LArTPC technology implemented for the DUNE far detector will facilitate searches for a broad

range of baryon-number violating processes. Reconstruction of these events, which have final-state

particle kinetic energy of order 100 MeV, is a significant challenge, made more difficult by final

state interactions (FSI), which generally reduce the energy of observable particles. The dominant

background for these searches is from atmospheric neutrino interactions. For example, a muon from

an atmospheric νµn→ µ−p interaction may be indistinguishable from a muon fromK+ → µ+ → e+

decay chain from p → K+ν decay, such that identification of the event relies on the kaon-proton

discrimination.

Sensitivity to several of these processes has been studied using the full DUNE simulation and

reconstruction analysis chain, including the impact of nuclear modeling and FSI on a BDT-based

selection algorithm. With an expected 30% signal efficiency, including anticipated reconstruction

advances, and an expected background of one event per Mt-yr, a 90% C.L. lower limit on the proton

lifetime in the p→ K+ν channel of 1.3× 1034 years can be set, assuming no signal is observed for
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a 400 kt-yr exposure. Another potential mode for a baryon number violation search is the decay

of the neutron into a charged lepton plus meson, i.e., n → e−K+. The lifetime sensitivity for a

400 kt-yr exposure is estimated to be 1.1× 1034 years. Neutron-antineutron (n− n̄) oscillation is

a |∆B| = 2 process, which also leads to ∆B = −2 dinucleon decays. This type of baryon number

violation has never been observed but is predicted to occur by many BSM theories[80, 81], and

has been searched for in free neutron propagation experiments and nucleon decay detectors. The

expected limit for the oscillation time of free neutrons for a 400 kt-yr DUNE exposure is calculated

to be 5.5× 108 s.

IV. PRACTICAL CONSIDERATIONS

The construction of LBNF and DUNE is resource-limited. The highest priority is to deliver the

full LBNF facility, including far site conventional facilities to accommodate four 17-kt FD (each at

least 10-kt fiducial) modules, near site conventional facilities to support the full ND, and a 1.2 MW

beam that can be upgraded to 2.4 MW. DUNE will be built in two phases, detailed in Table I. In

the most recent funding profile scenarios, DUNE Phase I is anticipated to begin collecting physics

data with the far detector in the late 2020s, with the beam and near detector coming online by

2032. The Phase I configuration is sufficient for early physics goals, and is capable of producing

world-class results including the determination of the neutrino mass ordering. However, Phase I

can not achieve the precision neutrino oscillation physics goals laid out in the P5 [1]; the full scope

is critical for both the oscillation and non-oscillation physics programs of DUNE. In this section,

we describe the physics reach of each phase of the experiment and the impact of the staging

scenarios that arise from funding constraints on the DUNE timeline. We quantify the importance

of realizing the full DUNE experiment design (Phase II), including a 40-kt fiducial far detector, a

2.4 MW beam, and the full near detector.

Parameter Phase I Phase II Impact

FD mass 20 kt fiducial 40 kt fiducial FD statistics

Beam power up to 1.2 MW 2.4 MW FD statistics

ND config ND-LAr,TMS, SAND ND-LAr, ND-GAr, SAND Syst. constraints

TABLE I. A description of the two-phased approach to DUNE. ND-LAr, including the PRISM movement

capability, and SAND are present in both phases of the ND.

All three of the experiment parameters listed in Table I (far dectector mass, beam power, and
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near detector configuration) affect DUNE’s oscillation physics sensitivities. In the case of the FD

mass and beam power, Phase II is required in order to attain sufficient far detector statistics

to reach the required precision. Going from Phase I to Phase II quadruples the FD event rate,

such that exposure (in kt-MW-years) accumulates four times faster. The ND constrains systematic

uncertainty in predictions of the expected FD event spectrum, which would otherwise limit precision

measurements of oscillation parameters. In addition to the oscillation physics, the far detector mass

also affects the low-energy physics program (e.g. supernova and solar neutrinos) as well as searches

for rare signals from natural sources (e.g. nucleon decays), the beam power affects searches for

BSM signals that come from the beam (e.g. heavy neutral leptons, neutrino tridents, etc.), and the

ND plays a key role in some BSM searches and will faciliate a broad suite of neutrino cross-section

and Standard Model parameter measurements.

Figure 5 shows the sensitivity to the neutrino mass ordering and CP violation that can be

achieved with the Phase I configuration. The mass ordering can be unambiguously determined

within the first two years of the experiment if δCP = −π/2 and within 3-5 years for any value of

δCP. The Phase I detector configuration will also have 3σ sensitivity to CP violation if δCP = −π/2.

The width of the bands corresponds to the beam turn-on; the bottom curve assumes the currently-

understood ramp-up schedule and the top curve assumes that the beam turns on at 1.2 MW on

day one; the most likely true scenario falls within the band. The exposure and time required to

reach these milestones are summarized in Table II. In light of expected results from contemporary

experiments, such as JUNO[82] and Hyper-Kamiokande[83], it is important to achieve the full 1.2

MW proton beam power, and thus interesting physics results, as early as possible. However, even

in the least favorable case, unambiguous determination of the neutrino mass ordering is possible

in Phase I.

Figure 6 shows the sensitivity to CP violation over 50% of δCP values that can be achieved

with the Phase II configuration. The green band represents the Phase I configuration as seen in

Fig. 5: 1.2 MW beam, 2 FD modules, and a limited ND. The red band represents a scenario where

upgrades are pursued aggressively: an upgrade to 2.4 MW after 6 years of operation, the third and

fourth FD module added in years 4 and 6, respectively, and the ND upgraded to include ND-GAr

after 6 years. The width of the band corresponds to the beam turn-on as in Fig. 5. The exposure

and time required to achieve selected physics milestones are summarized in Table II. Phase II

is required to reach high significance over a broad range of δCP values. CP violation sensitivity

for a broad range of values is directly related to and can be used as a proxy for the precision

measurements of δCP and other oscillation parameters, which require Phase II.
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FIG. 5. Sensitivity to the neutrino mass ordering (left) and CP violation for δCP = −π/2 (right) in Phase I.

The cyan bands show the sensitivity if δCP = −π/2 and the green band in the left plot shows the sensitivity

for 100% of δCP values. The width of the bands shows the impact of potential beam power ramp up; the

solid upper curve is the sensitivity if data collection begins with 1.2 MW beam power and the lower dashed

curve shows a conservative beam ramp scenario where the full power is achieved after 4 years.

The impact of the far detector mass, beam power, and near detector upgrades is illustrated in

Figure 7, which shows the sensitivity to CP violation for 50% of δCP values in the absence of each

of the three upgrades, compared to the Phase I and Phase II sensitivity. As seen in Figure 7, all

three upgrades are necessary to achieve DUNE’s precision physics goals. The impact of FD mass,

beam power, and the ND are described further in Sections IV A, IV B, and IV C, respectively.

A. Impact of Far Detector Fiducial Mass

The far detector event rate is directly proportional to the far detector fiducial mass, such that

there is a direct correlation between fiducial mass and sensitivity until the experiment becomes

systematics limited. The first and second FD modules (FD-1 and FD-2) are part of the Phase I

project, while the third and fourth modules (FD-3 and FD-4) are part of Phase II. The left plot in

Figure 7 shows the impact of FD fiducial mass on sensitivity to CP violation over 50% of δCP values,

as an example of the precision oscillation physics program. The installation of FD-3 and FD-4 are

necessary, but not sufficient, to achieve DUNE’s precision oscillation physics goals; without these

detectors, DUNE can not achieve 5σ sensitivity to CP violation for 50% of δCP values within a 12

year timescale.
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Experiment Stage Physics Milestone Exposure Years

(kt-MW-years) (Staged)

Phase I 5σ MO (δCP = −π/2) 16 1-2

5σ MO (100% of δCP values) 66 3-5

3σ CPV (δCP = −π/2) 100 4-6

Phase II 5σ CPV (δCP = −π/2) 334 7-8

δCP resolution of 10 degrees (δCP = 0) 400 8-9

5σ CPV (50% of δCP values) 646 11

3σ CPV (75% of δCP values) 936 14

sin22θ13 resolution of 0.004 1079 16

TABLE II. Exposure, in kt-MW-years, and time, in calendar years, required to reach selected physics

milestones. The time in years assumes that Phase I is complete at Year 0 and that the Phase II staging

scenario described in the text is realized. The range of time in years covers the effect of the beam ramp,

with the lower bound corresponding to full 1.2 MW proton beam power at Year 0 and the higher bound

corresponding to a scenario where the full power is achieved after 4 years. When no range is provided, the

difference between these scenarios is less than one year. Time in years is rounded to the nearest whole year.

Among the Phase II upgrades, FD-3 and FD-4 have the greatest impact on the broader DUNE

physics program because they affect searches for signals from natural sources. The additional FD

mass doubles the number of observed neutrinos. For a galactic SNB, the number of neutrinos is

large in either case, but the additional statistics are extremely useful for measurements that are

sensitive to the astrophysics of the core collapse. The additional mass is even more relevant for

supernova bursts in the Large or Small Magellanic Cloud. DUNE’s sensitivity to other rare signals

such as nucleon decays is dependent on the exposure, measured in kt-years, and scales linearly

with the FD mass.

B. Impact of Beam Power

For the accelerator-based physics program including neutrino oscillations, the impact of beam

power is exactly parallel to that of far detector fiducial mass: the far detector event rate is directly

proportional to the proton beam power. This can be seen in Figure 7, where the left and middle

plots, illustrating the Phase II sensitivity without the FD and beam upgrades, respectively, are

nearly identical. The beam power upgrade is necessary, but not sufficient, to achieve DUNE’s

precision oscillation physics goals; without 2.4 MW proton beam power, DUNE can not achieve

5σ sensitivity to CP violation for 50% of δCP values within a 12 year timescale. In PIP-II [84] will
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FIG. 6. Sensitivity to CP violation for 50% of δCP values in Phase I (green band) and in a scenario where

Phase II is achieved after 6 years (red band). The width of the bands shows the impact of potential beam

power ramp up; the solid upper curve is the sensitivity if data collection begins with 1.2 MW beam power

and the lower dashed curve shows a conservative beam ramp scenario where the full power is achieved after

4 years.

provide the 1.2 MW proton beam required for Phase I. The upgrade to 2.4 MW is beyond the

scope of PIP-II; it requires replacement of the Booster and possible upgrades of the Main Injector.

An upgrade path has been proposed [85] that could meet the needs of DUNE and address much

of the science program presented by the Booster Replacement Science Working Group [86].
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FIG. 7. Sensitivity to CP violation for 50% of δCP values, as a function of time in calendar years. The width

of the bands shows the impact of potential beam power ramp up; the solid upper curve is the sensitivity

if data collection begins with 1.2 MW beam power and the lower dashed curve shows a conservative beam

ramp scenario where the full power is achieved after 4 years. The green bands show the Phase I sensitivity

and the red bands shows the Phase II sensitivity. In each plot the cyan band shows the Phase II sensitivity

if one of the three upgrades does not occur. The left plot shows the sensitivity without the FD upgrade,

the middle plot shows the sensitivity without the beam upgrade, and the right plot shows the sensitivity

without the ND upgrade, illustrating that each is necessary to achieve DUNE’s physics goals.

C. Impact of Near Detector

DUNE is expected to begin taking data with a limited near detector. The DUNE Phase I

ND design consists of ND-LAr, TMS, and SAND. The core requirement of the ND is to inform

predictions of the reconstructed neutrino energy spectrum in the FD, which is determined by adding

the lepton and visible hadronic energy. The hadronic energy in particular is sensitive to neutrino

cross sections and LAr TPC detector response in a complex way. As such, the most critical ND

component for both Phase I and Phase II is ND-LAr, which is the only detector that can measure

neutrino-argon interactions in a way that can be directly extrapolated to the FD.

In Phase I, ND-LAr is supported by TMS to measure the charge and momentum of forward

muons. This initial ND configuration is sufficient for the needs of the experiment for early exposures

up to about 200 kt-MW-yrs, where the primary oscillation physics milestones are the determination

of the mass ordering and sensitivity to maximal CPV. For exposures less than 100 kt-MW-years,

there will be 3-5σ sensitivity to the neutrino mass ordering with the Phase I ND. Similarly, in

the 100-200 kt-MW-year exposure range, observation of CP violation at the 3σ level is possible if

δCP = −π/2.

Beyond 200 kt-MW-yrs, systematic uncertainty from inadequacies in the interaction model will
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limit the ultimate sensitivity of the experiment. In Phase II, TMS is replaced with ND-GAr [87],

a magnetized, high-pressure gaseous argon TPC and calorimeter. The primary impact of ND-GAr

is providing high-precision neutrino-argon interaction measurements with 4π acceptance including

sign selection, very low thresholds, and very long hadron interaction lengths that enable exquisite

particle ID. These measurements complement ND-LAr and provide the additional precision re-

quired to achieve the ultimate oscillation physics goals. ND-GAr also serves as a muon spectrometer

for ND-LAr. Because the beam stability will be directly monitored, constraints on neutrino-argon

interactions in ND-GAr can eventually be applied to the full sample, so that FD data taken in

Phase I can be combined with FD data from Phase II. After commissioning is complete, ND-GAr

will need roughly one year of data in each beam mode to begin to provide constraints. The right

panel of Figure 7 shows DUNE sensitivity to CP violation for 50% of δCP values in Phase II with

and without ND-GAr. Higher significance sensitivity for 50% or more of δCP values eventually

becomes impossible without ND-GAr, as do precision measurements of the oscillation parameters

that are among the ultimate goals of DUNE. Beyond the neutrino oscillation program, ND-GAr

also plays a key role in BSM searches, in particular those in which new particles decay (rather

than interact) in the detector volume, as well as in neutrino cross section measurements that are

sensitive to nuclear structure.

V. MESSAGE TO THE PARTICLE PHYSICS COMMUNITY FOR SNOWMASS

The 2014 P5 report envisioned DUNE/LBNF as an international neutrino facility at the center

of US-based particle physics, making world-leading measurements with impact across all of particle

physics for decades to come. Observation of CP violation in neutrinos would be an important step

in understanding whether leptogenesis is a viable explanation of the baryon asymmetry of the uni-

verse. Determination of the neutrino mass ordering will inform design of experiments to determine

the Majorana or Dirac nature of neutrinos. Precise measurements of oscillation parameters can

confirm the three-flavor model of neutrino oscillation or reveal evidence for additional states or in-

teractions. DUNE will be part of a growing network of experiments for multi-messenger astronomy

and neutrinos from a core collapse supernova contain a wealth of information about astrophysical

processes as well as particle physics. DUNE’s sensitivity to physics beyond the Standard Model of-

fers the ability to significantly constrain models and the potential for paradigm-changing discoveries

that are complementary to those at collider experiments and other precision experiments. DUNE’s

far detector upgrades offer the community the opportunity to develop advanced instrumentation
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that improves and expands DUNE’s physics reach. Measurements of neutrino-nucleus cross sec-

tions and other precision electroweak physics at DUNE’s near detector will contribute to improved

understanding and modeling of nuclear and high-energy physics. The 2020 Update of the Euro-

pean Particle Physics Strategy reaffirmed the international community’s commitment to DUNE,

stating that “Europe, and CERN through the Neutrino Platform ... should continue to collaborate

with the United States and other international partners towards the successful implementation of

[LBNF] and [DUNE]”[88]. The current Snowmass/P5 process offers the US community the oppor-

tunity to reaffirm and update the exciting vision laid out by P5 and embraced by the international

physics community.

DUNE has made significant progress towards realizing the P5 vision: establishment of a large,

international scientific collaboration, major investments from the US DOE, international funding

agencies, and CERN, sophisticated physics sensitivity analyses, successful prototypes demonstrat-

ing the power of the LArTPC detector design, real progress on excavation and conventional facil-

ities, and the start of construction of DUNE far detector components in the UK. As described in

Section II, each aspect of the experiment has been specifically designed to meet the physics needs

of the experiment. As a result of funding constraints, DUNE has adopted a phased approach to

realizing the design; Phase I includes the first half of the required far detector mass, half of the

required beam power, and the minimal suite of ND components required to make credible oscil-

lation physics measurements. With this configuration, DUNE will have unique and world-leading

ability to definitively determine the neutrino mass ordering, will begin contributing to measure-

ments of oscillation parameters and multi-messenger astronomy, and will begin to gain sensitivity

to BSM physics. However, we emphasize that Phase II, which includes upgrades to at least 40-kt

of far detector fiducial mass, a 2.4 MW proton beam, and the full near detector, is required for

world-leading study of CP violation, the precision oscillation measurement program, and significant

BSM discovery potential. Each of these three upgrades is necessary but not sufficient to exploit

DUNE’s full potential and DUNE’s primary physics program is in significant jeopardy if any of

these upgrades are not realized.

The addition of FD-3 and FD-4 is critical for the success of DUNE’s accelerator and non-

accelerator based physics programs, and offers an exciting opportunity to expand the physics scope

of DUNE beyond the original P5 vision. Far detector module concepts with expanded scope have

been proposed, offering the possibility to dramatically expand DUNE’s physics reach to include

searches for dark matter or neutrinoless double beta decay at the far detector. The community has

developed a number of new ideas[89], including a LArTPC concept based on pixel readout [90], one
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with expanded sensitivity to low-energy physics [91], and advanced optical neutrino detectors[92,

93]. DUNE welcomes the possibility of new collaborators and expanded scope from innovations

in far detector technology and encourages the community to explore this potential as part of

Snowmass. The specific detection technology for these modules does not need to match that of

FD-1 and FD-2, but the modules must provide at least equivalent sensitivity to DUNE’s primary

physics goals. Constraints on systematic uncertainties from the ND using the same nuclear target

and detection principle as the far detector are critical to DUNE’s oscillation physics sensitivities.

Non-LArTPC modules have also been suggested and may be feasible, but a strategy for constraining

systematics to the required level must be demonstrated.

Similarly, the upgrade required to reach 2.4 MW proton beam power will keep Fermilab’s

accelerator complex at the forefront of the intensity frontier, and offers significant opportunities for

new research directions within US particle physics. This upgrade is critical to DUNE’s oscillation

physics program, but the proton accelerator upgrade that enables the increase in LBNF beam power

benefits the entire Fermilab physics program; using it solely for DUNE would be an inefficient use of

resources. The improved accelerator complex could support a broad range of experiments including

next-generation muon experiments to search for lepton flavor violation, precision measurements

of rare decays sensitive to new physics at energy scales well beyond those accessible by direct

searches, and fixed-target and beam-dump experiments for direct detection of new physics. DUNE

encourages the community to take advantage of the Snowmass process to explore the full range of

physics that would be enabled by the beam upgrade.

DUNE’s success is critical to the entire US particle physics community, both because of the

important and wide-ranging physics potential of the experiment and as a model for future large-

scale, US-based international projects. LBNF/DUNE has the potential to facilitate a broad physics

program with scope far greater than originally envisioned by P5. DUNE therefore calls on the

particle physics community to affirm via the Snowmass process that:

• Phase I should be realized within the current decade. Every effort should be made to resolve

the funding profile issues that could delay first physics results until the 2030s.

• Realization of the full DUNE design is the highest priority. The Phase II upgrades must be

aggressively pursued such that Phase II is fully realized within the next decade.

• Research to design DUNE detectors with additional capability and to develop other experi-

ments that make use of the beam upgrades should be supported.
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VI. CONCLUSIONS

DUNE is designed to make precision measurements of long-baseline neutrino oscillations, as

well as to measure low-energy neutrinos, and search for physics beyond the Standard Model. The

2014 P5 report strongly endorsed the DUNE physics program, and laid out a phased approach to

realizing the experiment. Significant progress has been made since the P5; the collaboration has

developed detailed designs for the near and far detectors, constructed end-to-end physics analysis,

and demonstrated the LAr TPC technology in a prototype that is full scale in the drift dimension.

DUNE is on track to achieve its Phase I design, consisting of a 1.2 MW neutrino beam, 20kt of

LAr fiducial mass at the far detector, and a minimal near detector. This configuration is sufficient

to unambiguously determine the neutrino mass ordering, and is sensitive to CP violation for nearly

maximal δCP. However, the long-term measurement program of DUNE requires an upgrade to

Phase II: a 2.4 MW beam, 40 kt of LAr fiducial mass, and a more capable near detector. DUNE

Phase II is a high-precision neutrino experiment with a broad underground physics program that

will make world-leading measurements of neutrino oscillations and searches for new physics over

multiple decades. Phase II may include detector innovations that will further broaden the physics

reach of DUNE. The Snowmass process is an opportunity for the US particle physics community

to re-affirm a commitment to the physics goals described in the last P5 report, to update the P5

vision taking into account the significant advances made in DUNE/LBNF, and to prioritize the

full DUNE physics program.
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