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Long-baseline Oscillation Physics of Tomorrow
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Goal: study the unknown PMNS parameters. 



3 July 25th, 2025 Alexander Booth | DUNE Status & Prospects

Goal: study the unknown PMNS parameters. 

Goal: determine if the three-flavour model is correct. 
• Measure neutrino and antineutrino neutrino oscillations as a 

function of propagation distance and energy. 

• Does the three-flavour model describe the data?. 
‣ Yes  measure precisely the mixing angles, mass splittings and CP phase. 

‣ No  characterise the new physics. 

• Need for a global program of complementary experiments.
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DEEP UNDERGROUND NEUTRINO EXPERIMENT
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DUNE - Neutrino24 - Chris Marshall6

LBNF beamline: world-leading intensity
● Very high flux between oscillation 

minimum and maximum, with 
coverage of second maximum

● ACE-MIRT upgrade enables >2MW 
beam by ~doubling frequency of 
spills, and can be achieved before 
operations begin

Flux at ND
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Design Basics

LBNF Neutrino Beam

Near detector (ND) 
complex

Far detector (FD) 
complex

• Neutrino-enriched and antineutrino-enriched 
mode running. 

• Very high flux peaked at ~ 2.5 GeV. 

• Wideband, covering first and second 
oscillation maxima  lifting of  /  
degeneracy in  channel.

→ δCP |Δm2
32 |

P(νμ → νe)
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LBNF Neutrino Beam

Near detector (ND) 
complex

Far detector (FD) 
complex

• Samples the neutrino flux before 
oscillations using same target & same 
technology as the FD  inform 
oscillated predictions at the FD. 
‣ Improved central value. 
‣ Reduced impact of systematic uncertainty.

→

DUNE - Neutrino24 - Chris Marshall9

Near detector: systematic constraints 
for precision physics 

● Main purpose: enable prediction of 
Far Detector reconstructed spectra

● Movable detector system: LArTPC 
with muon spectrometer

● Off-axis data in different neutrino 
fluxes constrains energy dependence 
of neutrino cross sections

● Same target, same technology → 
inform predictions of reconstructed Eν 

in Far Detector

TMS

ND-LAr

SAND

Beam

Design Basics
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LBNF Neutrino Beam

Near detector (ND) 
complex

Far detector (FD) 
complex

• ND-LAr+TMS: movable LArTPC with a magnetised muon 
spectrometer. 
‣ Muon sign selection. 
‣ Collection of data at different off-axis positions constrains 

energy dependence of neutrino cross-sections. 

• SAND: fixed on axis - low density tracker surrounded by 
calorimetry in a magnetic field. 
‣ Control and monitor of the neutrino beam. 
‣ Fine grained, particle-by-particle reconstruction with low 

rescattering  excellent for highly exclusive neutrino-nucleus 
measurements.

→

DUNE - Neutrino24 - Chris Marshall9
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LBNF Neutrino Beam

Near detector (ND) 
complex

Far detector (FD) 
complex

• 70 kt detector 1500 m underground. 

• Deployed as four modules. 
‣ #4 is the module of opportunity, 

several technologies under 
consideration. 
‣ #1, #2 and #3 are LArTPCs.

Design Basics

1st Module

2nd Module

3rd Module

4th Module

PHASE-I

PHASE-II

66 m 

18 m 

19 m 
13

The DUNE Far Detector (FD)
A massive 70 kt detector deployed in 4 modules

・Sanford Underground Research Facility (SURF) 

・1300 km apart from ND 

・1500 m underground (4300 m.w.e.) 

・4 modules in two different 2 caverns

- Modules 1, 2 and 3:

- Module 4:

LArTPCs

Module of Opportunity

Different technologies 
under consideration

1st Module

2nd Module

3rd Module

4th Module

PHASE-I

PHASE-II

66 m 

18 m 

19 m 

The phased approach will allow 
improvements in the 

technology of PHASE-II A single FD module
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LBNF Neutrino Beam

Near detector (ND) 
complex

LArTPCs

DUNE Design: Precision Reco

5

● The far detector must be able to identify flavor and reconstruct neutrino 
energy over the broad range over energies and interaction topologies 
provided by the beam. 

● LAr TPC technologies fulfill both and scales to very large detector mass.
● DUNE will use a combination of horizontal drift and vertical drift modules.

Neutrino 2022 – Virtual Seoul – M. Muether6/2/2022

DUNE Design: Precision Reco

8

● The far detector must be able to identify flavor and reconstruct neutrino 
energy over the broad range over energies and interaction topologies 
provided by the beam. 

● LAr TPC technologies fulfill both and scales to very large detector mass.
● DUNE will use a combination of horizontal drift and vertical drift modules.

DUNE FD1-HD simulation
2.5 GeV, νe+ Ar → e p π0

FD1-HD

FD2-VD

Neutrino 2022 – Virtual Seoul – M. Muether6/2/2022

• Technology that enables 
event “imaging”. 

• Over a broad range of 
topologies achieves: 
‣ precise energy reconstruction, 
‣ efficient determination of 

particle identity.

DUNE Simulation
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Two LArTPC Readout Technologies2020 JINST 15 T08010

Chapter 1. Executive summaryChapter 1. Executive summaryChapter 1. Executive summary

wires, therefore, results in better spatial resolution, but, in addition to increasing the cost of the
readout electronics due to the additional wire channels, a closer spacing worsens the signal-to-noise
(S/N) of the ionization measurement because the same amount of ionization charge is now divided
over more channels. S/N is an important consideration because the measurement of the ionization
collected is a direct measurement of the dE/dx of the charged particles, which is what allows us to
perform both calorimetry and particle identification.

1.3 The DUNE single-phase far detector module

Figure 1.2. A 10 kt DUNE FD SP module, showing the alternating 58.2 m long (into the page), 12.0 m high
anode (A) and cathode (C) planes, as well as the FC that surrounds the drift regions between the anode and
cathode planes. On the right-hand cathode plane, the foremost portion of the FC is shown in its undeployed
(folded) state.

The DUNE SP LArTPC consists of four modules of 10 kt fiducial mass (17.5 kt total mass),
contributing to the full 40 kt FD fiducial mass. Figure 1.2 shows a 10 kt module, and the key
parameters of a SP module are listed in table 1.1. Inside a cryostat of outer dimensions 65.8 m ⇥

17.8 m⇥ 18.9 m (shown in figure 1.3), four 3.5 m drift volumes are created between five alternating
anode and cathode walls, each wall having dimensions of 58 m ⇥ 12 m.

The FD is located underground, at the 4850 ft level of the Sanford Underground Research
Facility (SURF) in South Dakota. The detector is 1300 km from the source of the LBNF neutrino
beam at Fermi National Accelerator Laboratory (Fermilab); this baseline provides the matter e�ects
necessary for DUNE to determine the neutrino mass hierarchy. The SURF underground campus
is shown in figure 1.4. The four 10 kt FD modules will be located in the two main caverns, which
are each 144.5 m long, 19.8 m wide and 28.0 mhigh. Each cavern houses two 10 kt modules, one
either side of the central access drift. Between the two caverns is the central utility cavern (CUC),

– 4 –– 4 –– 4 –

15

Far Detector Vertical Drift (FD-VD)

DUNE. JINST 19 (2024) 08 T08004 

6.5 m

6.5 m

・2 volumes separated by a cathode plane 

・2 anode planes (top & bottom) 

・6.5 m drift distance (drift field 450 V/cm) 

・Simpler construction  

・PCB-based charge readout  

・Photon detectors on the cathode plane and membrane walls

Volume 1
Volume 2

HV

Horizontal Drift (HD)

HD VD

Drift Field 500 V / cm horizontally 480 V / cm vertically

Drift Regions 4, each 3.5 m long 2, each 6.5 m long

Charge Readout Wire-based (APA) Strip-based (CRP)

Light Readout (PDS) X-Arapucas on anode planes X-Arapucas on cathode plane 
+ cryostat membrane

Vertical Drift (VD)

JINST 15 T08010 (2020), JINST 19 T08004 (2024)
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Two LArTPC Readout Technologies

• Tested via the ProtoDUNEs at the CERN neutrino platform. 
‣ Each one 800 t LAr total (1/20 of an FD module). 
‣ Real-sized readout elements (APA, CRP, PDS). 

• Successful running with cosmic interactions and charged particle beam in 
2018 - 2020 (HD and VD) and again in 2024 (HD). 
‣ Application of pattern recognition / ML-based reconstruction software [1] and [2]. 
‣ Charged particle / Ar cross section measurement [3]. 

• VD beam running is happening right now!

Horizontal Drift (HD)

Vertical Drift (VD)

https://link.springer.com/article/10.1140/epjc/s10052-022-10791-2
https://link.springer.com/article/10.1140/epjc/s10052-023-11733-2
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.092011
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LArTPC Prototyping for the ND

• Four LArTPC modules using a pixelated 
charge readout. 

• Modules are same as those proposed for 
ND-LAr but smaller (0.7 m x 0.7 m x 1.4 
m). 

• Sits between sets of repurposed 
MINERvA scintillator modules in the 
NuMI neutrino beam. 

• Successful commissioning in July 2024, 
4.5 days of beam data before 
accelerator complex damage. 

• Invaluable experience: 
‣ Extension to Full Scale Demonstrator. 
‣ Informing simulations of full NDLAr.

2x2 Demonstrator for ND-LAr
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Installation Plans
DUNE’s construction will be staged  continuous progress toward physics 
goals beginning this decade.

→

Phase I 
• Beam: 1.2 MW beam intensity (2 MW with 

ACE-MIRT). 

•Movable ND:  

• ND configuration: ND-LAr, TMS, SAND. 

• FD configuration: Two 17 kt LArTPC 
modules - first VD second HD.

✓

Phase II 
• Beam: 2.4 MW beam intensity. (2 MW with 

ACE-MIRT). 

•Movable ND:  

• ND configuration: ND-LAr, ND-GAr, SAND. 

• FD configuration: Three 17 kt LArTPC 
modules and one module of opportunity.

✓

DUNE Plans and Installation 

3

● DUNE construction is phased to provide continuous 
progress toward physics goals beginning this decade.

Neutrino 2022 – Virtual Seoul – M. Muether

Phase I NDPhase I FD

6/2/2022

Phase I
●Ramp to 1.2 MW beam intensity
●Two 17kt (10kt fid.) LAr TPC FD 
modules. One HD on VD.
●Near detector: ND-LAr + TMS 
(steel/scint. range stack) + SAND
●Moveable to enable PRISM

Phase II Upgrades
●Proton beam increase to 2.4 MW
●Four 17kt LAr TPC FD modules
●TMS Upgraded to ND-Gar to  provide 
enhanced ND interaction physics 
capabilities.

DUNE Plans and Installation 

11
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Phase I NDPhase I FD

6/2/2022

Phase I
●Ramp to 1.2 MW beam intensity
●Two 17kt (10kt fid.) LAr TPC FD 
modules. One HD on VD.
●Near detector: ND-LAr + TMS 
(steel/scint. range stack) + SAND
●Moveable to enable PRISM

Phase II Upgrades
●Proton beam increase to 2.4 MW
●Four 17kt LAr TPC FD modules
●TMS Upgraded to ND-Gar to  provide 
enhanced ND interaction physics 
capabilities.

BeamBeam
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• DUNE probes  and the 
mass ordering (MO) by 
comparing  and 

. 

• MO,  and  all affect the 
asymmetry in the number of 
appearing s and s, and 
spectral shapes in different 
ways  handle on resolving 
degeneracies. 

• If there is new physics  may 
be no combination of MO, 

 and  that fits the data!

δCP

P(νμ → νe)
P(ν̄μ → ν̄e)

δCP θ23

νe ν̄e

→

→

δCP θ23

Oscillation Physics Reach

You Inst Logo17

Neutrino energy spectra at the Far Detector  
● Sensitivity to δCP

○ If δCP ~ -π/2, enhancement in electron 
neutrino appearance, and a reduction in 
electron antineutrino appearance

● Sensitivity to mass ordering (MO) 

○ If MO is normal, a much larger 
enhancement in electron neutrino 
appearance, and a reduction in electron 
antineutrino appearance 

●  MO, δCP, and θ23 all affect spectra with 
different shape → additional handle on 
resolving degeneracies

Meghna Bhattacharya | DUNE Status | NuFact 2024   

Eur. Phys. J. C 80, 978 (2020)
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• If nature is kind: 
‣  sensitivity to the MO in 1 

year. 

‣  sensitivity to CPV in 3.5 
years. 

• If nature is unkind: 
‣  sensitivity to the MO in 3 

years. 

• In the long term, can establish 
CPV over 75% of  values at 

. 

> 5σ

> 3σ

> 5σ

δCP
> 3σ

Oscillation Physics Reach

DUNE - Neutrino24 - Chris Marshall14

MO & CPV significance
if nature is kind 

● For best-case oscillation scenarios, DUNE has 

● >5σ mass ordering sensitivity in 1 year

● >3σ CPV sensitivity in 3.5 years

Eur. Phys. J. C 80, 978 (2020)

Eur. Phys. J. C 80, 978 (2020)
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MO & CPV significance
if nature is unkind 

● For best-case oscillation scenarios, DUNE has 

● >5σ mass ordering sensitivity in 1 year

● >3σ CPV sensitivity in 3.5 years

● For worst-case oscillation scenarios, DUNE has 
>5σ mass ordering sensitivity in 3 years

● In long term, DUNE can establish CPV over 75% 
of δCP values at >3σ

● Arrows indicate assumed staging scenario

Eur. Phys. J. C 80, 978 (2020)

Eur. Phys. J. C 80, 978 (2020)
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• Ultimate precision of  in . 

• World-leading precision among long baseline experiments on  and 
.  

‣ Interesting comparison with reactor experiments  new physics!

6 − 16∘ δCP

θ13
Δm2

32
→

Oscillation Physics Reach

2222

DUNE High Resolution Measurements 
DUNE Collaboration. Neutrino 2024

DUNE Collaboration. EPJC 80, 978 (2020)

Ultimate precision of 6º - 16º in 𝜈CP
For long-baseline experiments, 
word-leading precision in 𝜏13

NovA 
uncertainty

Reactors 
uncertainty
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DUNE High Resolution Measurements 
DUNE Collaboration. Neutrino 2024

DUNE Collaboration. EPJC 80, 978 (2020)

Ultimate precision of 6º - 16º in 𝜈CP
For long-baseline experiments, 
word-leading precision in 𝜏13

NovA 
uncertainty

Reactors 
uncertainty

NOvA’s Uncertainty

Reactor uncertainty

Eur. Phys. J. C 80, 978 (2020)
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DUNE is a Neutrino Observatory

Deep Underground Neutrino Experiment
Mathew Muether for the DUNE International Collaboration
Neutrino 2022 – Virtual Seoul – June 2 
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•Large, sensitive underground detectors are well-suited for studying 
natural sources of neutrinos. 

•Argon target gives a unique sensitivity to MeV-scale electron neutrinos. 
‣  

‣  

‣

νe +40 Ar → e− +40 K*
ν̄e +40 Ar → e+ +40 Cl*
νX + e− → νX + e−
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DUNE is a Neutrino Observatory

Deep Underground Neutrino Experiment
Mathew Muether for the DUNE International Collaboration
Neutrino 2022 – Virtual Seoul – June 2 
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• Intense beams with capable near 
detectors are well-suited for searching 
for new physics: 
‣ produced in the beamline, 
‣ produced in rare interactions (neutrino 

tridents).

Image credit: Sandbox Studio Chicago

•Large, sensitive underground detectors are well-suited for studying 
natural sources of neutrinos. 

•Argon target gives a unique sensitivity to MeV-scale electron neutrinos. 
‣  

‣  

‣

νe +40 Ar → e− +40 K*
ν̄e +40 Ar → e+ +40 Cl*
νX + e− → νX + e−

Supernova neutrinos

Solar & atmospheric 
neutrinos
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DUNE is a Neutrino Observatory

Deep Underground Neutrino Experiment
Mathew Muether for the DUNE International Collaboration
Neutrino 2022 – Virtual Seoul – June 2 
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•Large, sensitive underground detectors are well-suited for studying 
natural sources of neutrinos. 

•Argon target gives a unique sensitivity to MeV-scale electron neutrinos. 
‣  (  MeV) 

‣  (  MeV) 

‣

νe +40 Ar → e− +40 K* Eν > 1.5
ν̄e +40 Ar → e+ +40 Cl* Eν > 7.5
νX + e− → νX + e−

•Complementary in the global program 
(HyperK, JUNO), predominantly see  via 
IBD.

ν̄e

Supernova neutrinos

Solar & atmospheric 
neutrinos
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• Supernova Bursts (SNB) provide a huge number of neutrinos in all flavours over 
O(1-10) seconds. 

• Time and energy spectra from these neutrinos provide information about: 
‣ Neutrino physics: mass ordering s in neutronisation burst. 
‣ Supernova physics: core collapse mechanism, black hole formation. 

•  elastic scatter for pointing  participation in the SN early warning system for MMA.

→ νe

νe →

Capturing Neutrinos from a Supernova423 Page 8 of 26 Eur. Phys. J. C (2021) 81 :423

binding energy of the 1.4M! collapsed core – some 10% of
its rest mass – is emitted in neutrinos.

2.2 Stages of the explosion

The core-collapse neutrino signal starts with a short, sharp
“neutronization” (or “break-out”) burst primarily composed
of νe from e−+ p → νe+n. These neutrinos are messengers
of the shock front breaking through the neutrinosphere (the
surface of neutrino trapping): when this happens, iron is dis-
integrated, the neutrino scattering rate drops and the lepton
number trapped just below the original neutrinosphere is sud-
denly released. This quick and intense burst is followed by
an “accretion” phase lasting some hundreds of milliseconds,
depending on the progenitor star mass, as matter falls onto
the collapsed core and the shock is stalled at the distance of
∼ 200 km. The gravitational binding energy of the accret-
ing material is powering the neutrino luminosity during this
stage. The later “cooling” phase over ∼10 s represents the
main part of the signal, over which the proto-neutron star
sheds its trapped energy.

The flavor content and spectra of the neutrinos emitted
from the neutrinosphere change throughout these phases, and
the supernova’s evolution can be followed with the neutrino
signal.

The physics of neutrino decoupling and spectra formation
is far from trivial, owing to the energy dependence of the cross
sections and the roles played by both CC and neutral-current
(NC) reactions. Detailed transport calculations using meth-
ods such as MC or Boltzmann solvers have been employed. It
has been observed that flux spectra coming out of such sim-
ulations can typically be parameterized at a given moment in
time by the following ansatz (e.g., [10,11]):

φ(Eν) = N
(

Eν

〈Eν〉

)α

exp
[
− (α + 1)

Eν

〈Eν〉

]
, (0)

where Eν is the neutrino energy, 〈Eν〉 is the mean neutrino
energy, α is a “pinching parameter”, and N is a normaliza-
tion constant related to the total luminosity. Large α cor-
responds to a more “pinched” spectrum (suppressed tails
at high and low energy). This parameterization is referred
to as a “pinched-thermal” form. The different νe, νe and
νx (x = µ, τ, µ̄, τ̄ ) flavors are expected to have different
average energy and α parameters and to evolve differently in
time.

The initial spectra get further processed by flavor transi-
tions, and understanding these oscillations is very impor-
tant for extracting physics from the detected signal (see
Sect. 2.4.1).

In general, one can describe the neutrino flux as a function
of time by specifying the three pinching parameters in suc-
cessive time slices. Figure 1 gives an example of pinching
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Fig. 1 Expected time-dependent flux parameters for a specific model
for an electron-capture supernova [8]. No flavor transitions 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 vertical dashed line at 0.02 s 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 s, is the proto-neutron-star cooling period. The general features are
qualitatively similar for most core-collapse supernova models

parameters as a function of time for a specific model, and
Fig. 2 shows the spectra for the three flavors as a function
of time corresponding to this parameterized description. We
have verified that the time-integrated spectrum for each fla-
vor is expected to be reasonably well approximated by the
pinched-thermal form as well.

2.3 Astrophysical observables

A number of astrophysical phenomena associated with super-
novae are expected to be observable in the supernova neu-
trino signal, providing a remarkable window into the event. In
particular, the supernova explosion mechanism, which in the
current paradigm involves energy deposition into the stellar
envelope via neutrino interactions, is still not well under-
stood, and the neutrinos themselves will bring the insight
needed to confirm or refute the paradigm.

There are many other examples of astrophysical observ-
ables:

– The initial burst, primarily composed of νe and called
the “neutronization” or “breakout” burst, represents only
a small component of the total signal. However, flavor
transition effects can manifest themselves in an observ-
able manner in this burst, and flavor transformations can
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binding energy of the 1.4M! collapsed core – some 10% of
its rest mass – is emitted in neutrinos.

2.2 Stages of the explosion
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“neutronization” (or “break-out”) burst primarily composed
of νe from e−+ p → νe+n. These neutrinos are messengers
of the shock front breaking through the neutrinosphere (the
surface of neutrino trapping): when this happens, iron is dis-
integrated, the neutrino scattering rate drops and the lepton
number trapped just below the original neutrinosphere is sud-
denly released. This quick and intense burst is followed by
an “accretion” phase lasting some hundreds of milliseconds,
depending on the progenitor star mass, as matter falls onto
the collapsed core and the shock is stalled at the distance of
∼ 200 km. The gravitational binding energy of the accret-
ing material is powering the neutrino luminosity during this
stage. The later “cooling” phase over ∼10 s represents the
main part of the signal, over which the proto-neutron star
sheds its trapped energy.

The flavor content and spectra of the neutrinos emitted
from the neutrinosphere change throughout these phases, and
the supernova’s evolution can be followed with the neutrino
signal.

The physics of neutrino decoupling and spectra formation
is far from trivial, owing to the energy dependence of the cross
sections and the roles played by both CC and neutral-current
(NC) reactions. Detailed transport calculations using meth-
ods such as MC or Boltzmann solvers have been employed. It
has been observed that flux spectra coming out of such sim-
ulations can typically be parameterized at a given moment in
time by the following ansatz (e.g., [10,11]):

φ(Eν) = N
(

Eν

〈Eν〉

)α

exp
[
− (α + 1)

Eν

〈Eν〉

]
, (0)

where Eν is the neutrino energy, 〈Eν〉 is the mean neutrino
energy, α is a “pinching parameter”, and N is a normaliza-
tion constant related to the total luminosity. Large α cor-
responds to a more “pinched” spectrum (suppressed tails
at high and low energy). This parameterization is referred
to as a “pinched-thermal” form. The different νe, νe and
νx (x = µ, τ, µ̄, τ̄ ) flavors are expected to have different
average energy and α parameters and to evolve differently in
time.

The initial spectra get further processed by flavor transi-
tions, and understanding these oscillations is very impor-
tant for extracting physics from the detected signal (see
Sect. 2.4.1).

In general, one can describe the neutrino flux as a function
of time by specifying the three pinching parameters in suc-
cessive time slices. Figure 1 gives an example of pinching
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The top plot shows the luminosity as a function of time, the second plot
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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 s, is the proto-neutron-star cooling period. The general features are
qualitatively similar for most core-collapse supernova models

parameters as a function of time for a specific model, and
Fig. 2 shows the spectra for the three flavors as a function
of time corresponding to this parameterized description. We
have verified that the time-integrated spectrum for each fla-
vor is expected to be reasonably well approximated by the
pinched-thermal form as well.

2.3 Astrophysical observables

A number of astrophysical phenomena associated with super-
novae are expected to be observable in the supernova neu-
trino signal, providing a remarkable window into the event. In
particular, the supernova explosion mechanism, which in the
current paradigm involves energy deposition into the stellar
envelope via neutrino interactions, is still not well under-
stood, and the neutrinos themselves will bring the insight
needed to confirm or refute the paradigm.

There are many other examples of astrophysical observ-
ables:

– The initial burst, primarily composed of νe and called
the “neutronization” or “breakout” burst, represents only
a small component of the total signal. However, flavor
transition effects can manifest themselves in an observ-
able manner in this burst, and flavor transformations can
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mis-identification of event types and using only the recon-
structed eES events, and a pointing resolution (as defined in
the previous section) of 3.4 degrees for a fiducial mass of
40 kton (four modules, full setup) and 6.6 degrees for one
module of 10 kton is achieved. The distribution of the truth-
to-reconstruction angular difference for the burst is shown in
Fig. 13 for two different assumptions on event classification
quality. It is worth noting that only ∼0.1% of the simulated
bursts’reconstructeddirectionsdifferedmore than90degrees

from the supernova position thanks to the brems flipping for
both classification cases. The reconstructed directions of
poorly reconstructed bursts are very close to being antipar-
allel to the supernova direction.
In reality, the capability to distinguish between eES and

νeCC events, with the latter carrying poor pointing infor-
mation, needs to be considered. The quality of a realistic
event classifier can be quantified in the form of a confusion
matrix

FIG. 11. An example directional map filled with the reconstructed electron directions for a simulated supernova burst, eES events
carrying the directional information are marked in blue. Event statistics are shown for a core collapse at a distance of 10 kpc, and 40 kton
of fiducial mass in the detector.

FIG. 12. An example directional map filled with the negative log-likelihood values and confidence contours. This map is computed
from the same burst shown as in Fig. 11. Reconstruction is done assuming the classification parameters of ceES→eES ¼ 0.86 and
cνeCC→eES ¼ 0.04 and a successful direction reconstruction is achieved with the actual supernova direction marked with a star in the
figure.
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Fig. 10 Top: Spectrum as a function of interacted neutrino energy com-
puted with SNOwGLoBES in 40 kton of liquid argon for the electron-
capture supernova [8] (“Garching” model) at 10 kpc, integrated over
time, and indicating the contributions from different interaction chan-
nels. No oscillations are assumed. Bottom: expected measured spectrum
as a function of observed energy, after detector response smearing

For this model at 10 kpc there are statistically-significant
differences in the time profile of the signal for the different
orderings.

For a given supernova, the number of signal events scales
with detector mass and inverse square of distance as shown
in Fig. 12. The standard supernova distance is 10 kpc, which
is just beyond the center of the Milky Way. At this distance,
DUNE will observe from several hundred to several thousand
events. For a collapse in the Andromeda galaxy, 780 kpc
away, a 40-kton detector would observe a few events at most.

5.4 Burst triggering

Given the rarity of a supernova neutrino burst in our galac-
tic neighbourhood and the importance of its detection, it is
essential to develop a redundant and highly efficient trig-
gering scheme in DUNE. In DUNE, the trigger on a super-
nova neutrino burst can be done using either TPC or pho-
ton detection system information. In both cases, the trig-
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Fig. 11 Expected event rates as a function of time for the electron-
capture model in [8] for 40 kton of argon during early stages of the
event – the neutronization burst and early accretion phases, for which
self-induced effects are unlikely to be important. Shown are: the event
rate for the unrealistic case of no flavor transitions (blue) and the event
rates including the effect of matter transitions for the normal (red) and
inverted (green) orderings. Error bars are statistical, in unequal time
bins

1 10 210 310
Distance to supernova (kpc)

2−10

1−10

1

10

210

310

410

510

N
um

be
r o

f i
nt

er
ac

tio
ns

AndromedaGalaxy Edge LMC

40 kton

10 kton

Fig. 12 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 pinched-thermal-parameterized supernova flux spec-
tra (Eq. 2.2) with luminosity 0.5 × 1052 ergs over 10 s. 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 con-
stant spectrum in time. Flavor transitions 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 [8] (see Figs. 1
and 2; 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 10–15 kpc

ger scheme exploits the time coincidence of multiple signals
over a timescale matching the supernova luminosity evolu-
tion. Development of such a data acquisition and triggering
scheme is a major activity within DUNE and will be the topic
of future dedicated publications. Both TPC and PD informa-
tion can be used for triggering, for both SP and DP. Here
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• Normalisation of sub-GeV up-going 
atmospheric neutrinos driven by ability 
to reconstruct through low hadronic kinetic 
energy thresholds. 

• Matter resonance effects occur in the 2 to 10 
GeV region: 
‣ Complementary measurement of mass ordering to 

beam. 

• Sensitivity to oscillations at higher energies but 
ability to fully contain these events is a 
challenge.

δCP →

Atmospheric Neutrinos

0.1 GeV 1 GeV 15 GeV

δCP Δm2
32 BSM

Sensitivity from Atmospherics in DUNE

Daniel Barrow OWAN 2025 - DUNE Atmospherics 8

 𝛥m2
32- 𝜃23𝛿CP BSM Astrophysics

0.1 GeV 1 GeV 15 GeV 100 GeV

Normalisation of sub-GeV up-going atmospheric neutrinos driven by 𝛿CP:
● Can reconstruct these events due to low hadronic kinetic energy thresholds

Sensitivity from Atmospherics in DUNE

Daniel Barrow OWAN 2025 - DUNE Atmospherics 9

 𝛥m2
32- 𝜃23𝛿CP BSM Astrophysics

0.1 GeV 1 GeV 15 GeV 100 GeV

Matter resonance effects occur in the 
2 GeV to 10 GeV region:

● Well within DUNE’s range for reconstruction
● Require reasonable neutrino/antineutrino 

separation

Complimentary measurement of mass hierarchy 
to beam:
● For both 3 flavour oscillations and BSM

Slide credit: Daniel Barrow
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• See O(103) events per year  don’t 
have the mass of IceCube, KM3Net 
or HyperK. 

• Compensated by low detection 
thresholds and mm-level imaging, 
feeding through to: 
‣ energy resolution, 
‣ direction reconstruction.

→

Atmospheric Neutrinos

DUNE Schedule

Daniel Barrow OWAN 2025 - DUNE Atmospherics 7

Two Far Detector modules will operate for 2 years without any beam
● Main source of neutrinos in early DUNE will be from atmospherics
● O(106) atmospheric neutrinos expected in 20 years of DUNE operation
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Path to First Physics

DUNE Schedule

Daniel Barrow OWAN 2025 - DUNE Atmospherics 7

Two Far Detector modules will operate for 2 years without any beam
● Main source of neutrinos in early DUNE will be from atmospherics
● O(106) atmospheric neutrinos expected in 20 years of DUNE operation

Q4, '29

You are here!
⋆

Q3, ‘25

Since the Last CM Meeting
• Delays in finalizing the  

details of Excavation 
Project and in the  BSI 
Project moved the AUP of 
the caverns from October 
24 to March 31, to June 
31, 2025.

• Present date for  AUP isl
January 2026

• Difficult, if not impossible, 
to absorb this last delay 
keeping the start of physics 
date

7

BSI Construction Status

19 May 2025 J. Kerby | LBNF Status5

CUC Utility Building Steel Erection

4850-14 Anchor Pull Testing

Plumbing, Fire Suppression and Smoke Detection
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Path to First Physics

DUNE Schedule

Daniel Barrow OWAN 2025 - DUNE Atmospherics 7

Two Far Detector modules will operate for 2 years without any beam
● Main source of neutrinos in early DUNE will be from atmospherics
● O(106) atmospheric neutrinos expected in 20 years of DUNE operation

Q4, '29
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⋆ Start o
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Q3, ‘25 Q4, ‘25 Q2, ‘27

Start o
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Q1, ‘29
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Q4, ‘32

Start science!

Beam + ND 

science!
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• Top level bullet. 

• Top level bullet. 
‣ Second level bullet. 

- Third level bullet. 

• Top level bullet.
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Deep Underground Neutrino Experiment
Mathew Muether for the DUNE International Collaboration
Neutrino 2022 – Virtual Seoul – June 2 

Deep Underground Neutrino Experiment
Mathew Muether for the DUNE International Collaboration
Neutrino 2022 – Virtual Seoul – June 2 

28 Alexander Booth | DUNE Status & ProspectsJuly 25th, 2025

• DUNE is a long-baseline neutrino oscillation experiment and neutrino 
observatory. 

• Extensive, successful prototyping program which remains very active. 

• Construction work continues, with the start of science this decade.
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The DUNE Collaboration May 2025

Deep Underground Neutrino Experiment
Mathew Muether for the DUNE International Collaboration
Neutrino 2022 – Virtual Seoul – June 2 

Deep Underground Neutrino Experiment
Mathew Muether for the DUNE International Collaboration
Neutrino 2022 – Virtual Seoul – June 2 
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