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• Three central components 
• (1) High intensity neutrino source - MWs class proton Accelerator at Fermilab
• (2) Far detector situated 1.5 km underground at the Sanford Underground Research Facility (SURF)
• (3) Near detector just downstream of the neutrino source

• Long-Baseline Neutrino Facility (LBNF) project
• Provides the beamline and the civil construction for the DUNE experiment

The DUNE Experiment

17
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• ~ 1400 scientists and engineers
• International collaboration

• Total 207 institutions at Africa, Asia, Europe, North and South America as of 5th July 2024

The DUNE Collaboration

18

DUNE Collaboration Meeting, May 2024, Fermilab
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(1) High intensity neutrino source
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• Beam protons on target (POT)!

• Very high flux with wide energy spectrum
• Proton Improvement Plan-II (PIP-II) is ongoing - 1.2 MW
• The further improvement plan for beyond 2 MW is also recommended by 2023 P5 report!

Eur.Phys.J.C 80 (2020) 10, 978
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“PIP-II Overview & Update” 

Jul 11, 1:30 PM, Pantaleo Raimondi

• Beam protons on target (POT)!

• Very high flux with wide energy spectrum
• Proton Improvement Plan-II (PIP-II) is ongoing - 1.2 MW
• The further improvement plan for beyond 2 MW is also recommended by 2023 P5 report!

Eur.Phys.J.C 80 (2020) 10, 978
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• Liquid argon time projection chambers (LArTPCs)
• Excellent interaction imaging performance in position and energy resolution

(2) Far Detector (FD)

21
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• Position in electron-drifting direction is determined by reference time of each event ( )

• The neutrino beam timing
• Photon detection system (PDS) - using a light trap technology, X-ARAPUCA

• PDS
• Essential for nucleon decay searches and solar neutrino studies
• Provide complimentary calorimetric information

•  timing resolution  1 mm position resolution for 10 MeV supernova burst neutrinos

• Goal is better than 100 ns

t0

1 μs →

(2) Far Detector (FD)

22

JINST 15 (2020) 08, T08010 JINST 15 (2020) 12, P12004
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• Four 17-kt LArTPC detector modules
• Situated 1.5 km underground
• Design is fixed for DUNE Phase I FDs 

• Horizontal drift (HD)
• Vertical drift (VD) 

(2) Far Detector (FD)

23

JINST 15 T08010 (2020)
arXiv:2312.03130

A (anode)
C (cathode)

HD : 4 drift volumes, wire readout VD : 2 drift volumes, perforated readout strips

https://iopscience.iop.org/article/10.1088/1748-0221/15/08/T08010
https://arxiv.org/abs/2312.03130
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• Modular design

(2) Far Detector (FD) - Horizontal Drift (HD)
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(2) Far Detector (FD) - Vertical Drift (VD)

25

14 m

60 m

13 m

• Charge readout plane (CRT)
• Photon detectors (X-ARAPUCAs) on cathode plane  

and on vertical cryostat membrane
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• Sanford Underground Research Facility (SURF), SD
• It was the Homestake gold mine

• Hometown of neutrino oscillation - Solar neutrino problem by Davis, The Nobel prize in physics 2002
• Hosting underground experiments, i.e. LUX-ZEPLIN, MAJORANA demonstrator
• ~ 1300 km from Fermilab

(2) Far Detector (FD) - Site

26

1300 km

Ross

Yates
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• Construction for detector caverns and supporting  
areas
• 1.5 km underground

(2) Far Detector (FD) - Site

27

FD1

FD2

FD3

FD4

North

South
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• Underground excavation is completed in February 2024!

• Focus is moving to construction for buildings and infrastructure
• Cryostat installation begins in 2025

(2) Far Detector (FD) - Site

28



July 10 Sungbin Oh | 57th Fermilab Users Meeting, 2024

• First horizontal drift prototype at CERN Neutrino Platform was successful (0.77-kt LAr, 2018 - 2020)
• Meets or surpasses the specifications set for the FD-HD
• Good dE/dx reconstruction performance for both Bragg peak and MIP region

• Low energy electron study using Michele electrons :  ~ 25% at 50 MeV

• Hadron-argon cross section measurements
• Data with a tagged and momentum analyzed incident beam

σ(E)/E

(2) Far Detector (FD) - Prototyping

29

JINST 15 (2020) 12, P12004 Phys.Rev.D 107 (2023) 9, 092012



July 10 Sungbin Oh | 57th Fermilab Users Meeting, 2024

• Second run is ongoing this year
• ProtoDUNE-HD

• Argon filling completed in 30th April
• First week of beam : 19th-26th June, > 3M events

• ProtoDUNE-VD
• LAr will be transferred in October to start run in early 2025

(2) Far Detector (FD) - Prototyping

30

ProtoDUNE-HD

Beam

Two anode plane modules

Cathode plane 
at the center
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(3) Near Detector (ND)

31

• The ND hall will be located 574 m downstream from the target
• Movable LArTPC system

• ND-LAr :  array of  LArTPCs with pixel readout

• Muon spectrometer : magnetized steel range stack for muon charge and momentum  
measurements from CC interactions inside the ND-LAr

• Move up to 28.5 m off-axis 
• SAND : on-axis magnetized neutrino detector

7 × 5 1 × 1 × 3 m3

νμ

Instruments 5 (2021) 4, 31

NDLAr

Muon 
Spectrometer

SAND

https://www.mdpi.com/2410-390X/5/4/31
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(3) Near Detector (ND) - Prototyping

32

• The 2x2 demonstrator: demonstration of ND-LAr design with 4 modules at ~ 60% scale

• Together with reconfigured Miner a modules

• Detector installation, LAr fill, and commissioning complete
• Currently operating with high LAr purity and 500 V/cm nominal electric field

ν
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• Introduced only DUNE Phase-I status/plan so far

DUNE Phase-I in 2023 P5 Report

33

Recommendation 1: As the highest priority independent of the budget scenarios, complete construction 
projects and support operations of ongoing experiments and research to enable maximum science.
a. HL-LHC;

b. The first phase of DUNE and PIP-II to open an era of precision neutrino measurements that include the 
determination of the mass ordering among neutrinos. Knowledge of this fundamental property is a crucial input to 
cosmology and nuclear science (elucidate the mysteries of neutrinos, section 3.1). 

c. …
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• (1) High intensity neutrino source
• Beam intensity upgrade to beyond 2 MW from PIP-II’s 1.2 MW
• ACE-MIRT : 2 MW without new accelerator construction
• ACE-BR : 2.4 MW with booster replacement 

• (2) Far detector
• Two more 17kt LArTPCs - baseline design is VD

• (3) Near detector
• More capable near detector (MCND) : high pressure gas argon TPC (ND-GAr) with ECAL under B-field
• Low energy threshold with better energy resolution and PID performance

• Most of these plans were re-envisioned in 2023 P5 report
• FD4 : “yes” in more favorable budget scenario, and “R&D only” in other cases
• ACE-MIRT : “R&D only” for less favorable budget scenario
• ACE-BR : “Conditionally yes after review” in more favorable budget scenario, and “R&D only” in other cases

DUNE Phase-II Upgrade

34
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• Beam exposure scenario is based on the P5 baseline

DUNE Physics Sensitivity

35
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• Energy spectrum of electron neutrino appearance ( ) events constrains the mass orderingνμ → νe

DUNE Physics Sensitivity - Mass Ordering

36

Beam  mode ν Beam  mode ν̄

~ 4 years ~ 4 years
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• Energy spectrum of electron neutrino appearance ( ) events constrains the mass orderingνμ → νe

DUNE Physics Sensitivity - δCP

37

Beam  mode ν Beam  mode ν̄

~ 12 years ~ 12 years
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DUNE Physics Sensitivity - Mass Ordering & δCP

38

• 336-kt-MW-years ~ 6.5 years
• 624 kt-MW-years ~ 10.5 years
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• DUNE will observe ~ thousands of neutrino interactions from next Galactic core-collapse supernova
• Unique chance to understand

• Neutrino properties such as the mass ordering
• Supernova neutrino burst spectrum modeling

DUNE Physics Sensitivity - Core-collapse Supernova

39

Eur. Phys. J. C (2021) 81: 423

Supernova @ 10 kpc
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• DUNE will observe ~ thousands of neutrino interactions from next Galactic core-collapse supernova
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• Supernova neutrino burst spectrum modeling

DUNE Physics Sensitivity - Core-collapse Supernova
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Phys. Rev. D 97, 023019

Astrophys.J. 590 (2003) 971-991

Supernova neutrino burst flux parameterization
with  and α < Eν >
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• DUNE can detect  from supernova neutrino bursts

• Dominant channels

• CC ( ) : ~ 3k events for supernova at 10 kpc 

• eES ( ) : ~ 0.3k events for supernova at 10 kpc

• ~  pointing resolution with  = 4% at 10 kpc

• Paper is imminent
•

νe

νe νe + Ar → e− + 40K *
νe + e− → νe + e−

5∘ P(νeCC → eES)

DUNE Physics Sensitivity - Core-collapse Supernova Pointing

41

Angle between  and νe e− Example pointing
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• DUNE has excellent sensitivity for solar neutrinos with energy above 10 MeV
• Understanding better the pp chain of the Sun

• Discovering sensitivity for  (hep)

• Improvement upon existing solar oscillation measurements
• Using day-night asymmetry from the Earth matter effect
• Current analysis assumes dedicated trigger and flash matching

3He + p → 4He + e+ + νe

DUNE Physics Sensitivity - Solar Neutrinos

42

Eur.Phys.J.A 52 (2016) 4, 78
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• Search for baryon number violation is important
• Matter dominance of the universe - baryogenesis
• Many Grand Unified Theories (GUTs) predict proton decays
• Baryon number conservation is an accidental symmetry in the SM

• DUNE can record all particles from  decay

• Many pions signature of  transition also can be detected
p → K+ν̄

n → n̄

DUNE Physics Sensitivity - Baryon Number Violations

43

p → K+ν̄

For 40ArTDC nn̄ → π+π−π0π0

π+

π−π0 → γγ

π0 → γγ

TDC Eur.Phys.J.C 81 (2021) 4, 322
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• Wide neutrino energy spectrum, ND, and FD

• Broad L/E  sensitivity for oscillations beyond the 3-flavors

• Long baseline - 1300 km
• Neutral current non-standard neutrino interactions (NC-NSI)’s contribution on top of the matter effect

• High intensity proton beam on target - excellent sensitivity to exotic particles
• And more and more…

→

DUNE Physics Sensitivity - Various BSM Searches

44

Sterile Neutrino NC-NSI Heavy Neutral Lepton

Eur.Phys.J.C 81 (2021) 4, 322(2018)



July 10 Sungbin Oh | 57th Fermilab Users Meeting, 2024

• The DUNE science program can improve our understanding of the universe
• Early evolution : baryon number violation, leptonic CP phase, and core-collapse supernova
• Neutrino properties : more precise PMNS parameters, mass ordering, and leptonic CP phase

• DUNE is having great progress in all three central components
• Neutrino beam facility upgrade
• Far detector construction and prototyping
• Near detector design and prototyping

• In the light of the P5 report
• Completing DUNE phase-I is highest priority
• Phase-II is re-envisioned : ACE-MIRT, FD3, and MCND in next decade, and R&D for FD4 and ACE-BR

• DUNE’s physics sensitivity promises to deliver multiple discoveries!

Summary

45
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Thank you!

46

DUNE Collaboration Meeting, May, 2024, Fermilab
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…
DUNE will comprehensively explore the quantum realm of neutrinos, potentially un- earthing new physics beyond 
current theoretical frameworks. Early implementation of the accelerator upgrade ACE-MIRT advances the DUNE 
program significantly, hastening the definite discovery of the neutrino mass ordering. This upgrade in conjunction 
with the deployment of the third far detector and a more capable near detector are indispensable components of 
the re-envisioned next phase of DUNE. R&D for an advanced fourth detector enables the expansion of the physics 
program of LBNF. These substantial initiatives find synergy with smaller-scale experiments to elucidate the 
mysteries of neutrinos.
…

Chapter 2. The Recommended Particle Physics Program - Overview

50



July 10 Sungbin Oh | 57th Fermilab Users Meeting, 2024

Recommendation 1: As the highest priority independent of the budget scenarios, complete construction 
projects and support operations of ongoing experiments and research to enable maximum science.
a. HL-LHC;
b. The first phase of DUNE and PIP-II to open an era of precision neutrino measurements that include the 
determination of the mass ordering among neutrinos. Knowledge of this fundamental property is a crucial input to 
cosmology and nuclear science (elu- cidate the mysteries of neutrinos, section 3.1). 
c. …

2.2 Recommendations

51
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Recommendation 2: Construct a portfolio of major projects that collectively study nearly all fundamental 
constituents of our universe and their interactions, as well as how those interactions determine both the 
cosmic past and future.
a. CMB-S4;
b. A re-envisioned second phase of DUNE with an early implementation of an enhanced 2.1 MW beam—ACE-
MIRT—a third far detector, and an upgraded near-detector complex as the definitive long-baseline neutrino 
oscillation experiment of its kind (section 3.1).
c. …

2.2 Recommendations

52
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Recommendation 4: Invest in a comprehensive initiative to develop the resourc- es—theoretical, 
computational, and technological—essential to realizing our 20-year strategic vision. This includes an 
aggressive R&D program that, while technologically challenging, could yield revolutionary accelerator 
designs that chart a realistic path to a 10 TeV pCM collider.
a.
b.
c.
d.
e. Conduct R&D efforts to define and enable new projects in the next decade, including detectors for an e+e– Higgs 
factory and 10 TeV pCM collider, Spec-S5, DUNE FD4, Mu2e-II, Advanced Muon Facility, and line intensity 
mapping (sections 3.1, 3.2, 4.2, 5.1, 5.2, and 6.3). 

2.2 Recommendations

53
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2.6.1 – Less Favorable Budget Scenario
Recommendation 1 as our highest priority. The agencies should launch the same major initiatives as outlined 
in Recommendation 2, some of them with significantly reduced scope:
a. CMB-S4;
b. DUNE Third Far Detector (FD3), but defer ACE-MIRT and the More Capable Near Detector (MCND). Infrastructure 
required to accommodate international contributions remains a priority. 
…

2.6.2 – More Favorable Budget Scenario
c. Medium Projects 
    i. ;
    ii. Initiate construction of an advanced fourth far detector (FD4) for DUNE that will expand its neutrino oscillation 
physics and broaden its science program. 
    …

2.6 Adapting to Alternative Budget Scenarios

54
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 Chapter 2 Summary Plot
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3.1 Elucidate the Mysteries of Neutrinos

Recommendation 1 as our highest priority. The agencies should launch the same major initiatives as outlined in 
Recommendation 2, some of them with significantly reduced scope:
a. CMB-S4;
b. DUNE Third Far Detector (FD3), but defer ACE-MIRT and the More Capable Near Detector (MCND). Infrastructure 
required to accommodate international contributions remains a priority. 
…

2.6.2 – More Favorable Budget Scenario
c. Medium Projects 
    i. ;
    ii. Initiate construction of an advanced fourth far detector (FD4) for DUNE that will expand its neutrino oscillation physics 
and broaden its science program. 
    …

Chapter 3 - Decipher the Quantum Realm

56
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Ultrarelativistic limit

Three neutrino oscillation and CP asymmetry

58



Neutrino Beam



July 10 Sungbin Oh | 57th Fermilab Users Meeting, 2024

Flux

60
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Accelerator Complex Evolution (ACE) plan

Main Injector Ramp and Targets (MIRT)
• Reach 2 MW without new accelerator construction
• Main driving factor of higher intensity : faster main injector ramp rate

• ~  2 frequency of spills

Booster Replacement (BR)

×

ACE , + MIRT, +BR

61



Far Detector
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FD Site Plan

63
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VD Production Plan

64

arXiv:2312.03130

(PRR : production readiness review)

https://arxiv.org/abs/2312.03130
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APA Production Chain

65
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VD Modules

66

80 CRPs / Anode
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HD Dimension

67



July 10 Sungbin Oh | 57th Fermilab Users Meeting, 2024

• Modular design

(2) Far Detector (FD) - Horizontal Drift (HD)

68

Side-by-side 
resistive plates (FR-4)

12 m

14 m

58 m
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Anode plane assembly (APA)

Multiple versions of 
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• Updated APA, CPA and cold electronics designs 
• 4 APAs to match the field cage-cryostat distance of the FD module (ProtoDUNE-SP had 6 APAs)
• PDS with X-ARAPUCA technology 
•

ProtoDUNE-HD Improvements

70
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• Study using Michel electrons from muon decays

Low Energy Electron ID and Reco.

71

Phys.Rev.D 107 (2023) 9, 092012



Aug 22 Sungbin Oh | NuFACT 2023

• ProtoDUNE-SP meets or surpasses the specifications set for the DUNE far detector
• Effectiveness of the single-phase DUNE far detector design
• Execution of the fabrication, assembly, installation, commissioning, and operations phases 

Performance - Summary

72

JINST 15 (2020) 12, P12004
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ND Plan

74
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Straw-tubes tracker (STT) as tracker
GRAIN : active LAr target

SAND

75
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2x2 Demonstrator

76

Jen Raaf’s slides
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• Introduced only DUNE Phase-I status/plan so far

• Complete the first FD module installation and start science in 2029
• Second FD module, ND and neutrino beam will be ready around 2031-32

DUNE Phase-I in 2023 P5 Report

78

Recommendation 1: As the highest priority independent of the budget scenarios, complete construction 
projects and support operations of ongoing experiments and research to enable maximum science.
a. HL-LHC;

b. The first phase of DUNE and PIP-II to open an era of precision neutrino measurements that include the 
determination of the mass ordering among neutrinos. Knowledge of this fundamental property is a crucial input to 
cosmology and nuclear science (elucidate the mysteries of neutrinos, section 3.1). 

c. …
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• Expected number of events

DUNE Physics Sensitivity -δCP

79
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• P5 Less Favorable : no FD4, no ACE-MIRT, and no MCND
• 624 kt-MW-years ~ 10.5 years

DUNE Physics Sensitivity -δCP

80
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•  resolution is dependent on its valueθ23

Current Uncertainties for PMNS Parameters

81

Phys.Rev.D 108 (2023) 7, 072011
Phys.Rev.D 106 (2022) 3, 032004

T2K
Nova
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• A combination of both  appearance and  disappearance measurements can probe both maximal mixing and 
the  octant.

• 10 years : 624 kt MW year
• 15 years : 1104 kt MW year

νe νμ
θ23

DUNE Physics Sensitivity -  Octantθ23
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• With 30% detection efficiency for , DUNE Phase-II expected limit is  years

• Super-K :  years

• Hyper-K expected limit :  years

p → K+ν̄ 1.3 × 1034

5.9 × 1033

3 × 1034

DUNE Physics Sensitivity - Proton Decay
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DUNE Physics Sensitivity - Supernova Event #
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DUNE Physics Sensitivity - MeV Neutrino Events
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Elastic Scattering of 
10.25 MeV

CC of 
20.25 MeV
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DUNE Physics Sensitivity - NC-NSI Propagation H
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General Neutrino Physics
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Neutrino Sources for PMNS Matrix Elements
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Solar, Reactor LBL

Acce. LBL

Atmo.Reactor MBL

CP-phase


