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…. what we know so far

Flavour States Mass StatesMixing PMNS Matrix

・Neutrinos: one of the most abundant particles in the Universe 

・They carry threes flavours (𝜈e,  𝜈µ,  𝜈𝜏 )  

・Different sources and broad energy range (meV -EeV) 

・Flavour oscillations have been observed   

・Neutrinos have mass 

・Oscillations only sensitive to Δm2
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…. what we know so far

・PMNS Parameterisation: 3 mixing angles (𝜃12, 𝜃13, 𝜃23)  and 1 CP-violating phase (𝛿CP)
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Oscillation parameters
• !"#! $%"# = 0.0856 ± 0.0029 (($%&'()$ –Daya Bay)

• !"#! %"! = ). +),*+.+"!-+.+"# ((.)/&$–SK, SNO, ($%&'()$–
KamLAND)

• !"#! %!# = ). -./ ± ). )$0 ((&''%/.–T2K,MINOS,NOvA, 
(&(0).–IceCube, SK)

• 12!"
! = ,. -+ ± ). 03 ×0)*1 56! (($%&'()$ –KamLAND) 

• 12#!
! = $. .-+ ± ). )++ ×0)*# 57! (NO assumed) 

((&''%/.–T2K,MINOS,NOvA,(&(0).–IceCube, SK, ($%&'()$ –
Daya Bay, RENO) 

Unknown: 

- Mass ordering (!! > !" ‘normal’, !! < !"
‘inverted’)

- CP violation ($ ≠ 0||()

25/11/2021 Viktor Pěč | DUNE Physics

DUNE will address both!
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Open questions about neutrinos

๏ Theorized in the 1930s, discovered in the 1950s,  
studied for about a century

๏ Much is still unknown:
• What are the absolute masses of neutrinos? 
• Neutrino mass hierarchy - which neutrino is the lightest?
• Why neutrino mixing is very different from quark mixing? 
• Are there more than 3 neutrino flavors?
• CP violation in the neutrino sector - are neutrinos 

favored over antineutrinos in fundamental reactions?

4

[Image credit: MPKI]
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~ Amplitude of transition

Quark mixing (CKM)

~ Amplitude of transition
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Normal mass 
ordering

Inverted mass 
orderingREACTOR SECTOR SOLAR SECTOR

Interplay between neutrino energy and travel distance 

Different experiments, Different sensitivities 

ATMOSPHERIC + 
ACCELERATOR SECTOR

P(να → νβ) = sin2 2θ sin2 (1.27Δm2 L(km)
E(GeV) )

2-flavour appearance probability 
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…. what we know so far

M. Tortola,  Neutrino2024

Mass ordering (sign of Δm231) and 𝛿CPUnknown parameters: 

P. Denton, arXiv:2212.00809

sin2θ23

sin2θ12

sin2θ13

|Δm2
31 |

Δm2
21

δCP

・PMNS Parameterisation: 3 mixing angles (𝜃12, 𝜃13, 𝜃23)  and 1 CP-violating phase (𝛿CP)

Known parameters: θ12, θ23, θ13, Δm2
21, |Δm2

31 |
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…. what we certainly don’t know yet

・Neutrino nature (Dirac vs Majorana)  

・The absolute neutrino mass scale 

・Neutrino mass generation mechanism 

・Neutrino mass ordering (normal/inverted) 

・CP violation - 𝛿CP?
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- Some tension in the value of δCP for NO 
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…. what we certainly don’t know yet
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- Some tension in the value of δCP for NO 

・Neutrino nature (Dirac vs Majorana)  

・The absolute neutrino mass scale 

・Neutrino mass generation mechanism 

・Neutrino mass ordering (normal/inverted) 

・CP violation - 𝛿CP? DUNE MAIN GOALS
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Deep Underground Neutrino Experiment – DUNE

• 3 major components: beam, near detector, far 
detector

• Fermilab (Chicago, IL) to former Homestake 
gold mines (Lead, SD)

• International collaboration
• Czech member institutions:

- FZU
- Czech Technical University
- Charles University

25/11/2021 Viktor Pěč | DUNE Physics

Far 
Detector

Long-Baseline Neutrino Oscillation Experiment

Near 
Detector

Muon neutrino beam 1

- 1.2 MW beam power

- Upgradeable up to 2.4 MW

Near Detector (ND)2

- 574m from the beam

- Unoscillated flux monitoring

- 𝜈Ar cross-section measurements
(energy spectra & composition)

Massive Far Detector (FD)3

- 1300 km from the ND

- Measurement of oscillated neutrinos

- Technology: LArTPC

DUNE in a nutshell

7

neutrino beam
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Precision measurements of the 
parameters that govern:

P(νμ ⟶ νe) P(ν̄μ ⟶ ν̄e)

・Very high flux peaked at 2.5 GeV neutrino energy 

・Coverage of first and second oscillation maximum  

・Neutrino and Anti-neutrino mode

・With 1300 km baseline, the oscillation probability has 
a strong dependence on both 𝛿CP and mass ordering

・The access to several maxima is crucial to resolve 
the degeneracy

DUNE collaboration. Neutrino 2024

DUNE beam and oscillation probability
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Precision measurements of the 
parameters that govern:

P(νμ ⟶ νe) P(ν̄μ ⟶ ν̄e)

・Very high flux peaked at 2.5 GeV neutrino energy 

・Coverage of first and second oscillation maximum  

・Neutrino and Anti-neutrino mode

・With 1300 km baseline, the oscillation probability has 
a strong dependence on both 𝛿CP and mass ordering

・The access to several maxima is crucial to resolve 
the degeneracy

978 Page 8 of 34 Eur. Phys. J. C (2020) 80 :978

Fig. 1 The appearance probability at a baseline of 1285 km, as a func-
tion of neutrino energy, for δCP = −π/2 (blue), 0 (red), and π/2 (green),
for neutrinos (top) and antineutrinos (bottom), for normal ordering

sensitivity results are presented in Sect. 9. We present our
conclusions in Sect. 10.

2 Neutrino beam flux and uncertainties

The expected neutrino flux is generated using G4LBNF [5,
22], a Geant4-based [23] simulation of the LBNF neutrino
beam. The simulation uses a detailed description of the LBNF
optimized beam design [5], which includes a target and horns
designed to maximize sensitivity to CPV given the physical
constraints on the beamline design.

Neutrino fluxes for neutrino-enhanced, forward horn cur-
rent (FHC), and antineutrino-enhanced, reverse horn current
(RHC), configurations of LBNF are shown in Fig. 2. Uncer-
tainties on the neutrino fluxes arise primarily from uncertain-
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Fig. 2 Neutrino fluxes at the FD for neutrino-enhanced, FHC, beam
running (top) and antineutrino, RHC, beam running (bottom)

ties in hadrons produced off the target and uncertainties in
the design parameters of the beamline, such as horn currents
and horn and target positioning (commonly called “focusing
uncertainties”) [5]. Given current measurements of hadron
production and LBNF estimates of alignment tolerances, flux
uncertainties are approximately 8% at the first oscillation
maximum and 12% at the second. These uncertainties are
highly correlated across energy bins and neutrino flavors.
The unoscillated fluxes at the ND and FD are similar, but
not identical. The relationship is well understood, and flux
uncertainties mostly cancel for the ratio of fluxes between
the two detectors. Uncertainties on the ratio are dominated
by focusing uncertainties and are ∼ 1% or smaller except
at the falling edge of the focusing peak (∼4 GeV), where
they rise to 2%. The rise is due to the presence of many par-
ticles which are not strongly focused by the horns in this
energy region, which are particularly sensitive to focusing
and alignment uncertainties. The near-to-far flux ratio and
uncertainties on this ratio are shown in Fig. 3.

Beam-focusing and hadron-production uncertainties on
the flux prediction are evaluated by reproducing the full
beamline simulation many times with variations of the input
model according to those uncertainties. The resultant uncer-

123
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ties in hadrons produced off the target and uncertainties in
the design parameters of the beamline, such as horn currents
and horn and target positioning (commonly called “focusing
uncertainties”) [5]. Given current measurements of hadron
production and LBNF estimates of alignment tolerances, flux
uncertainties are approximately 8% at the first oscillation
maximum and 12% at the second. These uncertainties are
highly correlated across energy bins and neutrino flavors.
The unoscillated fluxes at the ND and FD are similar, but
not identical. The relationship is well understood, and flux
uncertainties mostly cancel for the ratio of fluxes between
the two detectors. Uncertainties on the ratio are dominated
by focusing uncertainties and are ∼ 1% or smaller except
at the falling edge of the focusing peak (∼4 GeV), where
they rise to 2%. The rise is due to the presence of many par-
ticles which are not strongly focused by the horns in this
energy region, which are particularly sensitive to focusing
and alignment uncertainties. The near-to-far flux ratio and
uncertainties on this ratio are shown in Fig. 3.

Beam-focusing and hadron-production uncertainties on
the flux prediction are evaluated by reproducing the full
beamline simulation many times with variations of the input
model according to those uncertainties. The resultant uncer-
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DUNE beam and oscillation probability
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・Full Near and Far site facilities 

・1.2 MW upgradable neutrino beamline 

・Far Detector (FD): Two LArTPCs modules (17 kt each) 

・

・Beamline upgrade to > 2MW 

・Two additional FD modules (four in total for 70 kt) 

・A more capable ND

1st Module

2nd Module

3rd Module

4th Module

PHASE-I

PHASE-II

66 m 

18 m 

19 m 

PHASE-II

・Near Detector (ND): three detectors including a 

LArTPC and a temporary muon spectrometer

PHASE-I

Overview of the Far Detector Site at SURF

PHASE-I

PHASE-II



Example of single phase & horizontal drift (wp.lancs.ac.uk)

Interactions in a LArTPC

ionisation electrons scintillation photons

two signals proportional to the energy

~27000 e-/ MeV

For 500V/cm drift field

Precise tracking 
and calorimetry

~24000 𝛾 / MeV

drifted and collected in 
charge readout planes

observed by the photon 
detection system

Working principle of LArTPC

11

t0 and complementary 
calorimetry

http://wp.lancs.ac.uk


LArTPC images

1210 of 24

Principles of LArTPC
• Liquid Argon Time Projection Chamber

• 3D image – time plays role of 1 coordinate

• Far Detector – multiple readout wire planes 
à multiple 2D views

25/11/2021 Viktor Pěč | DUNE Physics You Inst Logo

Liquid Argon Time Projection Chamber (LArTPC)

7 HQL 2021 Wanwei Wu | Status, Progress, Plans and the Expected Physics of DUNE

Primary detector technology for DUNE
• Detailed images of events
• Excellent spatial and calorimetric 

resolutions 6 GeV pion

X

The LArTPC technology 
provides excellent imaging 

capabilities over large 
detector volumes

High-quality particle ID and 
energy reconstruction 

・Spatial resolution ~mm 
・Time resolution 14 ns ProtoDUNE-SP (JINS 15 (2020) P12004)



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 
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Far Detector Horizontal Drift (FD-HD)

Chapter 1: Executive Summary 1–5

scintillation light, which crosses the detector on a timescale of nanoseconds, is shifted into the
visible and collected by photon detector (PD) devices. The PDs can provide a t0 determination for
events, telling us when the ionization electrons begin to drift. Relative to this t0, the time at which
the ionization electrons reach the anode allows reconstruction of the event topology along the drift
direction, which is crucial to fiducialize nucleon-decay events and to apply drift corrections to the
ionization charge.

The pattern of current observed on the grid of anode wires provides the information for recon-
struction in the two coordinates perpendicular to the drift direction. A closer spacing of the 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 far detector (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 field cage (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), con-
tributing to the full 40 kt FD fiducial mass. Figure 1.2 shows a 10 kt module, and the key param-
eters of a SP module are listed in Table 1.1. Inside a cryostat of outer dimensions 65.8 m ◊17.8 m

The DUNE Far Detector Single-Phase Technology The DUNE Technical Design Report

3.5 m

Photon 
detectors

3.5 m

・Long-stablished and validated technology 

・TPC size:  12m x 14m x 58.2 m 

・4 horizontal drift regions (3.5 m) 

・Drift Voltage 500 V/cm 

・Vertical cathode and anode planes 

・Photon detectors on the anode planes 

・Photon detection based on X-Arapucas

DUNE. JINST 15 (2020) T08010 

X-Arapuca: very high reflective 
photon trap with SiPMs
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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
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ProtoDUNEs at CERN (HD & VD)

ProtoDUNE-VD

ProtoDUNE-HD

The first run of the ProtoDUNEs (2018-2020) led to 
the single phase technology for the PHASE-I

- ProtoDUNE-HD run in summer 2024:

・Size: 800 t LAr total (1/20 of a total FD module) 

・Real-size readout elements (APA, PDS, CRP,…) 

・Successful run in 2018 - 2020:

NEW Runs: 

Goal: Test upgraded components in their  
final design and take more beam data

- ProtoDUNE-VD run in summer 2025:

✅

Goal: Test the VD concept for the first 
time at large scale

DUNE. JINST 15 (2020) P12004 

⏳



- Control and monitor of the neutrino beam

17

DUNE: Near Detector (ND) - Phase I

1) Liquid Argon Detector (50t FV)

2) Temporary muon spectrometer (TMS)

3) SAND (tracker surrounded by an electromagnetic calorimeter and magnet)

- Primary target, same technology as FD + pixelated readout

- Measure muons escaping the first detector

Neutrino beam

DUNE: Long-Baseline Experiment

3 TAUP 2021 Valencia        C. Palomares CIEMAT

Muon neutrino beam
LBNF Neutrino Beam
1.2 MW beam power
à Upgradeable to 2.4 MW

Near Detector
Monitoring 
unoscillated neutrino
energy spectra & 
composition

Far Detector
Measurement of 
Oscillated neutrino beam 

Neutrino Travel 
through the Earth
1300 km

Fermilab 1300 km

SURF
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DUNE: Long-Baseline Experiment

3 TAUP 2021 Valencia        C. Palomares CIEMAT

Muon neutrino beam
LBNF Neutrino Beam
1.2 MW beam power
à Upgradeable to 2.4 MW

Near Detector
Monitoring 
unoscillated neutrino
energy spectra & 
composition

Far Detector
Measurement of 
Oscillated neutrino beam 

Neutrino Travel 
through the Earth
1300 km

Fermilab 1300 km

SURF

574m from the beam & 60m underground

DUNE. Instruments 5 (2021) 4, 31

▸ Main Goal: constrain uncertainties for oscillation measurements

・Un-oscillated neutrino flux monitoring  

・ν-Ar cross section measurements 

・Enable the prediction on neutrino spectra at FD 

・Three different detection systems on and off axis:
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ProtoDUNEs at Fermilab (ND)

12 Scintillator 
MINERvA 
Modules

32 Scintillator 
MINERvA 
Modules

Cryostat

2x2 ND-LAr 
Modules

2x2 ND-LAr Demonstrator

・Mid-scale module size: 0.7x0.7x1.4 m3 

・Pixelated charge readout (LarPix) 

・2x2 modules integrated in a neutrino beam (NuMi) 

・Re-purposed MinervA scintillator modules to 

mimic the role of the TMS  

・Successful commissioning of July 2024 

・4.5 days of beam data before NuMi damaged  

・Calibrations runs until NuMi gets back (2027?) 



DUNE Physics Programme
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Neutrino Beam Physics

・5𝜎 measurement of the neutrino mass ordering  

・Discovery potential for CP violation  

・Precision measurements of neutrino mixing parameters 

No Beam Physics

・Low energy neutrinos (supernova and solar) 

・Proton Decay search 

・Physics beyond SM

p → K+ν̄

symmetrymagazine.orgsymmetrymagazine.org
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DUNE sensitivity to mass ordering and 𝛿CP
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Best case scenario (𝛿CP = -𝜋/2)

 > 5𝜎 mass ordering sensitivity in 1 year

 > 3𝜎 CPV sensitivity in 3.5 year

DUNE Collaboration. Neutrino 2024DUNE Collaboration. EPJC 80, 978 (2020)
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Worst case scenario (𝛿CP ≠ -𝜋/2)

 > 5𝜎 mass ordering sensitivity in 3 year

 > 3𝜎 CPV sensitivity in ~13 year

Best case scenario (𝛿CP = -𝜋/2)

 > 5𝜎 mass ordering sensitivity in 1 year

 > 3𝜎 CPV sensitivity in 3.5 year

DUNE Collaboration. Neutrino 2024DUNE Collaboration. EPJC 80, 978 (2020)

DUNE sensitivity to mass ordering and 𝛿CP
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DUNE High Resolution Measurements 
DUNE Collaboration. Neutrino 2024

DUNE Collaboration. EPJC 80, 978 (2020)

Ultimate precision of 6º - 16º in 𝛿CP
For long-baseline experiments, 
word-leading precision in 𝜃13

NovA 
uncertainty

Reactors 
uncertainty
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Low Energy interactions in LAr

DUNE Collaboration. EPJC 81, 423 (2021)

・DUNE will observe natural neutrinos produced by a 
supernova burst and the Sun

・Liquid Argon target gives unique sensitivity to 
MeV-scale electron neutrinos

1. Charge-current interactions on Ar

2. Elastic scattering on electrons

3. Neutral current interactions on Ar

νe +40 Ar ⟶40 K* + e−

ν̄e +40 Ar ⟶40 Cl* + e+

νx + e− ⟶ νx + e−

νx +40 Ar ⟶ νx +40 Ar*

(E𝜈 > 1.5 MeV)

(E𝜈 > 7.5 MeV)

(pointing capabilities)

Complementary to Hyper-K & Juno that 
predominantly see      via inverse beta decayν̄e

(potential)
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Neutrinos from a Supernova Burst in DUNE

・Supernova Burst (SNB) are a huge source of 
neutrinos of all flavours in ~10 sec

・1-3 SNB per century in our Galaxy (10 kpc)

・Time and energy spectra of these neutrinos will 
provide information about: 

Supernova physics: Core collapse mechanism, 
SN time evolution or black hole formation

Neutrino physics: flavour transformation, 
absolute mass and other properties as the 
magnetic moments

DUNE will participate in SN early warning systems for multi-
messenger astronomy since neutrinos arrive at Earth first

Bonus: 

DUNE Collaboration. EPJC 81, 423 (2021)
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Solar neutrinos in DUNE
・DUNE will record plenty of solar neutrinos 

・Despite a large neutron background at low 
energies, DUNE will have sensitivity to 8B 
solar neutrinos above 10 MeV

・Discovery potential for hep neutrinos as well

・DUNE can improve upon existing solar 
oscillation measurements via day-night 
asymmetry induced by matter effects 

・On-going full DUNE study: including a 
dedicated trigger & flash matching for 
fiducialization

~ several events/day/kt 
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Proton decay searches in DUNE 

・Underground location 

・Very large fiducial mass 

・Imagine capabilities 

DUNE will be an excellent detector to perform 
nucleon decay searches:

Main signature channel in DUNE:

p ⟶ K+ν̄

Main background for this channel in DUNE are 
atmospheric neutrinos

・SUSY GUT models —> dominant channel 

・Non-SUSY GUT —> dominant channel p → e+π0

p → K+ν̄

(Super-K stringent limits ~1034 years)

LArTPC allow for the observation of 
the entire decay channel

DUNE Collaboration. arXiv: 2002.03005
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Proton decay searches in DUNE 

・Underground location 

・Very large fiducial mass 

・Imagine capabilities 

DUNE will be an excellent detector to perform 
nucleon decay searches:

Main signature channel in DUNE:

p ⟶ K+ν̄

Main background for this channel in DUNE are 
atmospheric neutrinos

LArTPC allow for the observation of 
the entire decay channel

16 of 24

! → #! %̅
• )*; = ,-./01 (~28 cm in LAr; if p at-rest)

• )8 → 283< (64%)

- "## = %&'()* (~52 cm in LAr)

• DUNE will see kaons (unlike in water 
Cherenkov detector) and mono-energetic 4

• Major background from atmospheric 3<CC

- Similar topology (if + energy is right)

- Possible misidentification of proton as K

• Can discriminate on direction

• Difficult to distinguish when short tracks

• Caveat: in DUNE p decays inside Ar nucleus

25/11/2021 Viktor Pěč | DUNE Physics
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Fig. 32 Event display for an easily recognizable p → K+ν signal
event. The vertical axis is TDC value, and the horizontal axis is wire
number. The bottom view is induction plane one, the middle is induction
plane two, and the top is the collection plane. Hits associated with the
reconstructed muon track are shown in red, and hits associated with
the reconstructed kaon track are shown in green. Hits from the decay
electron can be seen at the end of the muon track

are shown in red, and hits associated with the reconstructed
proton track are shown in green. Hits from the decay electron
can be seen at the end of the muon track.

The proton decay signal and atmospheric neutrino back-
ground events are processed using the same reconstruction
chain and subject to the same selection criteria. There are
two preselection cuts to remove obvious background. One
cut requires at least two tracks, which aims to select events
with a kaon plus a kaon decay product (usually a muon). The
other cut requires that the longest track be less than 100 cm;
this removes backgrounds from high energy neutrino inter-
actions. After these cuts, 50% of the signal and 17.5% of the
background remain in the sample. The signal inefficiency
at this stage of selection is due mainly to the kaon tracking
efficiency. Optimal lifetime sensitivity is achieved by com-
bining the preselection cuts with a BDT cut that gives a signal
efficiency of 0.15 and a background rejection of 0.999997,
which corresponds to approximately one background event
per Mt · year.

The limiting factor in the sensitivity is the kaon tracking
efficiency. The reconstruction is not yet optimized, and the

Fig. 33 Event display for an atmospheric neutrino interaction, νµn →
µ− p, which might be selected in the p → K+ν sample if the proton
is misidentified as a kaon. The vertical axis is TDC value, and the
horizontal axis is wire number. The bottom view is induction plane one,
the middle is induction plane two, and the top is the collection plane.
Hits associated with the reconstructed muon track are shown in red, and
hits associated with the reconstructed proton track are shown in green.
Hits from the decay electron can be seen at the end of the muon track

kaon tracking efficiency should increase with improvements
in the reconstruction algorithms. To understand the poten-
tial improvement, a visual scan of simulated decays of kaons
into muons was performed. For this sample of events, with
kaon momentum in the 150 MeV/c to 450 MeV/c range,
scanners achieved greater than 90% efficiency at recogniz-
ing the K+ → µ+ → e+ decay chain. The inefficiency
came mostly from short kaon tracks (momentum below
180 MeV/c) and kaons that decay in flight. Note that the
lowest momentum kaons (< 150 MeV/c) were not included
in the study; the path length for kaons in this range would also
be too short to track. Based on this study, the kaon tracking
efficiency could be improved to a maximum value of approxi-
mately 80% with optimized reconstruction algorithms, where
the remaining inefficiency comes from low-energy kaons and
kaons that charge exchange, scatter, or decay in flight. Com-
bining this tracking performance improvement with some
improvement in the K/p separation performance for short
tracks, the overall signal selection efficiency improves from
15% to approximately 30%.
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The proton decay signal and atmospheric neutrino back-
ground events are processed using the same reconstruction
chain and subject to the same selection criteria. There are
two preselection cuts to remove obvious background. One
cut requires at least two tracks, which aims to select events
with a kaon plus a kaon decay product (usually a muon). The
other cut requires that the longest track be less than 100 cm;
this removes backgrounds from high energy neutrino inter-
actions. After these cuts, 50% of the signal and 17.5% of the
background remain in the sample. The signal inefficiency
at this stage of selection is due mainly to the kaon tracking
efficiency. Optimal lifetime sensitivity is achieved by com-
bining the preselection cuts with a BDT cut that gives a signal
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which corresponds to approximately one background event
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µ− p, which might be selected in the p → K+ν sample if the proton
is misidentified as a kaon. The vertical axis is TDC value, and the
horizontal axis is wire number. The bottom view is induction plane one,
the middle is induction plane two, and the top is the collection plane.
Hits associated with the reconstructed muon track are shown in red, and
hits associated with the reconstructed proton track are shown in green.
Hits from the decay electron can be seen at the end of the muon track

kaon tracking efficiency should increase with improvements
in the reconstruction algorithms. To understand the poten-
tial improvement, a visual scan of simulated decays of kaons
into muons was performed. For this sample of events, with
kaon momentum in the 150 MeV/c to 450 MeV/c range,
scanners achieved greater than 90% efficiency at recogniz-
ing the K+ → µ+ → e+ decay chain. The inefficiency
came mostly from short kaon tracks (momentum below
180 MeV/c) and kaons that decay in flight. Note that the
lowest momentum kaons (< 150 MeV/c) were not included
in the study; the path length for kaons in this range would also
be too short to track. Based on this study, the kaon tracking
efficiency could be improved to a maximum value of approxi-
mately 80% with optimized reconstruction algorithms, where
the remaining inefficiency comes from low-energy kaons and
kaons that charge exchange, scatter, or decay in flight. Com-
bining this tracking performance improvement with some
improvement in the K/p separation performance for short
tracks, the overall signal selection efficiency improves from
15% to approximately 30%.
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Cherenkov detector) and mono-energetic 4

• Major background from atmospheric 3<CC

- Similar topology (if + energy is right)

- Possible misidentification of proton as K

• Can discriminate on direction

• Difficult to distinguish when short tracks

• Caveat: in DUNE p decays inside Ar nucleus
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The proton decay signal and atmospheric neutrino back-
ground events are processed using the same reconstruction
chain and subject to the same selection criteria. There are
two preselection cuts to remove obvious background. One
cut requires at least two tracks, which aims to select events
with a kaon plus a kaon decay product (usually a muon). The
other cut requires that the longest track be less than 100 cm;
this removes backgrounds from high energy neutrino inter-
actions. After these cuts, 50% of the signal and 17.5% of the
background remain in the sample. The signal inefficiency
at this stage of selection is due mainly to the kaon tracking
efficiency. Optimal lifetime sensitivity is achieved by com-
bining the preselection cuts with a BDT cut that gives a signal
efficiency of 0.15 and a background rejection of 0.999997,
which corresponds to approximately one background event
per Mt · year.

The limiting factor in the sensitivity is the kaon tracking
efficiency. The reconstruction is not yet optimized, and the

Fig. 33 Event display for an atmospheric neutrino interaction, νµn →
µ− p, which might be selected in the p → K+ν sample if the proton
is misidentified as a kaon. The vertical axis is TDC value, and the
horizontal axis is wire number. The bottom view is induction plane one,
the middle is induction plane two, and the top is the collection plane.
Hits associated with the reconstructed muon track are shown in red, and
hits associated with the reconstructed proton track are shown in green.
Hits from the decay electron can be seen at the end of the muon track

kaon tracking efficiency should increase with improvements
in the reconstruction algorithms. To understand the poten-
tial improvement, a visual scan of simulated decays of kaons
into muons was performed. For this sample of events, with
kaon momentum in the 150 MeV/c to 450 MeV/c range,
scanners achieved greater than 90% efficiency at recogniz-
ing the K+ → µ+ → e+ decay chain. The inefficiency
came mostly from short kaon tracks (momentum below
180 MeV/c) and kaons that decay in flight. Note that the
lowest momentum kaons (< 150 MeV/c) were not included
in the study; the path length for kaons in this range would also
be too short to track. Based on this study, the kaon tracking
efficiency could be improved to a maximum value of approxi-
mately 80% with optimized reconstruction algorithms, where
the remaining inefficiency comes from low-energy kaons and
kaons that charge exchange, scatter, or decay in flight. Com-
bining this tracking performance improvement with some
improvement in the K/p separation performance for short
tracks, the overall signal selection efficiency improves from
15% to approximately 30%.
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The proton decay signal and atmospheric neutrino back-
ground events are processed using the same reconstruction
chain and subject to the same selection criteria. There are
two preselection cuts to remove obvious background. One
cut requires at least two tracks, which aims to select events
with a kaon plus a kaon decay product (usually a muon). The
other cut requires that the longest track be less than 100 cm;
this removes backgrounds from high energy neutrino inter-
actions. After these cuts, 50% of the signal and 17.5% of the
background remain in the sample. The signal inefficiency
at this stage of selection is due mainly to the kaon tracking
efficiency. Optimal lifetime sensitivity is achieved by com-
bining the preselection cuts with a BDT cut that gives a signal
efficiency of 0.15 and a background rejection of 0.999997,
which corresponds to approximately one background event
per Mt · year.

The limiting factor in the sensitivity is the kaon tracking
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Fig. 33 Event display for an atmospheric neutrino interaction, νµn →
µ− p, which might be selected in the p → K+ν sample if the proton
is misidentified as a kaon. The vertical axis is TDC value, and the
horizontal axis is wire number. The bottom view is induction plane one,
the middle is induction plane two, and the top is the collection plane.
Hits associated with the reconstructed muon track are shown in red, and
hits associated with the reconstructed proton track are shown in green.
Hits from the decay electron can be seen at the end of the muon track

kaon tracking efficiency should increase with improvements
in the reconstruction algorithms. To understand the poten-
tial improvement, a visual scan of simulated decays of kaons
into muons was performed. For this sample of events, with
kaon momentum in the 150 MeV/c to 450 MeV/c range,
scanners achieved greater than 90% efficiency at recogniz-
ing the K+ → µ+ → e+ decay chain. The inefficiency
came mostly from short kaon tracks (momentum below
180 MeV/c) and kaons that decay in flight. Note that the
lowest momentum kaons (< 150 MeV/c) were not included
in the study; the path length for kaons in this range would also
be too short to track. Based on this study, the kaon tracking
efficiency could be improved to a maximum value of approxi-
mately 80% with optimized reconstruction algorithms, where
the remaining inefficiency comes from low-energy kaons and
kaons that charge exchange, scatter, or decay in flight. Com-
bining this tracking performance improvement with some
improvement in the K/p separation performance for short
tracks, the overall signal selection efficiency improves from
15% to approximately 30%.
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・DUNE can image the three particles 

・K+ typically below Cherenkov threshold 

・Hyper-K can identify this channel by timing (µ & e) 
and the observation of the muon

for 400 kt・year at 90% CL

・DUNE sensitivity comparable to Cherenkov detectors:

DUNE Collaboration. arXiv: 2002.03005



28

Status and timeline

・Far site excavation complete 

・Building & Site Infrastructure ongoing 

・Cryostat installation by January 2026 

・Far Detector Installation by Mid 2027 

・Physics by the end of 2029 

✅

-  solar, atmospheric and astrophysics neutrinos

-  full physics scope

・Beam physics with near detector by 2031

Time line



The DUNE Collaboration

DUNE CM May 2025

・More than 1400 collaborators 

・More than 200 institutions  

・Moran than 35 countries (plus CERN) 



Summary

DUNE CM May 2025

・DUNE is a long-baseline oscillation experiment + neutrino observatory

・Prototyping program very active and successful  

・Construction work ongoing  

・Start of Science by the end of this decade

Mass ordering & 𝛿CP,  MeV-scale natural neutrinos and proton decay & BSM  
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FD energy spectra are sensitive to CP violation

If 𝛿CP ~ -𝜋/2, DUNE will measure an enhancement in electron neutrino 
appearance, and a reduction in electron antineutrino appearance

P(νμ ⟶ νe) P(ν̄μ ⟶ ν̄e)

DUNE Collaboration. Neutrino 2024
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FD energy spectra are sensitive to CP violation

If the mass ordering is normal, DUNE will measure a much larger enhancement in electron 
neutrino appearance, and a reduction in electron antineutrino appearance

P(νμ ⟶ νe) P(ν̄μ ⟶ ν̄e)

DUNE Collaboration. Neutrino 2024



3535

Low Energy interactions in LAr

arXiv: 2203.00740
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Low Energy interactions in LAr
𝜈 - e- ES event (10.25 MeV e-) 𝜈e  CC event (20.25 MeV 𝜈e)

Topology: isolated electron track Topology: electron track + blips from the gammas

DUNE Collaboration. EPJC 81, 423 (2021)
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Proton Decay Background in DUNEPhysics Beyond the Standard Model
• Baryon number violation, dark matter searches, sterile neutrinos, etc.

Example: proton decay

p → K*EF
(dominant SUSY GUT mode)

Ø Underground locaAon
Ø Large fiducial mass
Ø Imaging capabiliAes

• IdenFfy kaon by dE/dx and decay products
• Main background: atmospheric neutrinos
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The main background for the p —>K+𝜈 channel are the atmospheric neutrinos (very similar signature)



Precise measurement of oscillation parameters with

Proton decay (through Kaon identification)

Detection of solar neutrinos (~10 MeV)

Eur. Phys. J. C (2020) 80 :978 Page 29 of 34 978

Fig. 24 Two-dimensional 90% constant ∆χ2 confidence regions in
the sin2 2θ13–δCP (top) and sin2 θ23–∆m2

32 (botton) planes, for seven,
ten, and fifteen years of exposure, with equal running in neutrino and
antineutrino mode. 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

after long exposures. The time to resolve the degeneracy with
DUNE data alone depends on the true oscillation parame-
ter values. For shorter exposures, the degeneracy observed
in Fig. 24 can be resolved by introducing an external con-
straint on the value of θ13. Figure 25 shows two-dimensional
90% constant ∆χ2 allowed regions in the sin2 θ23–δCP plane
with an external constraint on θ13 applied. In this case, the
degenerate octant solution has disappeared for all exposures
shown.

Fig. 25 Two-dimensional 90% constant ∆χ2 confidence regions in
sin2 θ23–δCP plane, for seven, ten, and fifteen years of exposure, with
equal running in neutrino and antineutrino mode. 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 θ13 is constrained by NuFIT

Figure 26 explores the resolution sensitivity that is
expected in the sin2 θ23–δCP and sin2 θ23–∆m2

32 planes for
various true oscillation parameter values, with an external
constraint on θ13. The true oscillation parameter values used
are denoted by stars, and the NuFIT best fit values are used
as the true value of all those not explicitly shown. Values
of sin2 θ23 = 0.42, 0.5, 0.58 were used in both planes, and
additionally, values of δCP = -π/2, 0, π/2 were used in
the sin2 θ23–δCP plane. It can be observed that the resolu-
tion in the value of sin2 θ23 is worse at sin2 θ23 = 0.5, and
improves for values away from maximal in either octant. As
was seen in Fig. 21, the resolution of δCP is smaller near the
CP-conserving value of δCP = 0, and increases towards the
maximally CP-violating values δCP = ±π/2.

The exposures required to reach selected sensitivity mile-
stones for the nominal analysis are summarized in Table 11.
Note that the sensitivity to CPV and for determining the
neutrino mass ordering was shown to be dependent on the
value of θ23 in Figs. 15 and 18, so these milestones should
be treated as approximate. δCP = −π/2 is taken as a ref-
erence value of maximal CPV close to the current global
best fit. Similarly, a resolution of 0.004 on sin2 2θ13 is used
as a reference as the current resolution obtained by reactor
experiments.
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• )*; = ,-./01 (~28 cm in LAr; if p at-rest)

• )8 → 283< (64%)

- "## = %&'()* (~52 cm in LAr)

• DUNE will see kaons (unlike in water 
Cherenkov detector) and mono-energetic 4

• Major background from atmospheric 3<CC

- Similar topology (if + energy is right)

- Possible misidentification of proton as K

• Can discriminate on direction

• Difficult to distinguish when short tracks

• Caveat: in DUNE p decays inside Ar nucleus

25/11/2021 Viktor Pěč | DUNE Physics
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Fig. 32 Event display for an easily recognizable p → K+ν signal
event. The vertical axis is TDC value, and the horizontal axis is wire
number. The bottom view is induction plane one, the middle is induction
plane two, and the top is the collection plane. Hits associated with the
reconstructed muon track are shown in red, and hits associated with
the reconstructed kaon track are shown in green. Hits from the decay
electron can be seen at the end of the muon track

are shown in red, and hits associated with the reconstructed
proton track are shown in green. Hits from the decay electron
can be seen at the end of the muon track.

The proton decay signal and atmospheric neutrino back-
ground events are processed using the same reconstruction
chain and subject to the same selection criteria. There are
two preselection cuts to remove obvious background. One
cut requires at least two tracks, which aims to select events
with a kaon plus a kaon decay product (usually a muon). The
other cut requires that the longest track be less than 100 cm;
this removes backgrounds from high energy neutrino inter-
actions. After these cuts, 50% of the signal and 17.5% of the
background remain in the sample. The signal inefficiency
at this stage of selection is due mainly to the kaon tracking
efficiency. Optimal lifetime sensitivity is achieved by com-
bining the preselection cuts with a BDT cut that gives a signal
efficiency of 0.15 and a background rejection of 0.999997,
which corresponds to approximately one background event
per Mt · year.

The limiting factor in the sensitivity is the kaon tracking
efficiency. The reconstruction is not yet optimized, and the

Fig. 33 Event display for an atmospheric neutrino interaction, νµn →
µ− p, which might be selected in the p → K+ν sample if the proton
is misidentified as a kaon. The vertical axis is TDC value, and the
horizontal axis is wire number. The bottom view is induction plane one,
the middle is induction plane two, and the top is the collection plane.
Hits associated with the reconstructed muon track are shown in red, and
hits associated with the reconstructed proton track are shown in green.
Hits from the decay electron can be seen at the end of the muon track

kaon tracking efficiency should increase with improvements
in the reconstruction algorithms. To understand the poten-
tial improvement, a visual scan of simulated decays of kaons
into muons was performed. For this sample of events, with
kaon momentum in the 150 MeV/c to 450 MeV/c range,
scanners achieved greater than 90% efficiency at recogniz-
ing the K+ → µ+ → e+ decay chain. The inefficiency
came mostly from short kaon tracks (momentum below
180 MeV/c) and kaons that decay in flight. Note that the
lowest momentum kaons (< 150 MeV/c) were not included
in the study; the path length for kaons in this range would also
be too short to track. Based on this study, the kaon tracking
efficiency could be improved to a maximum value of approxi-
mately 80% with optimized reconstruction algorithms, where
the remaining inefficiency comes from low-energy kaons and
kaons that charge exchange, scatter, or decay in flight. Com-
bining this tracking performance improvement with some
improvement in the K/p separation performance for short
tracks, the overall signal selection efficiency improves from
15% to approximately 30%.

123

Ti
m

e

Signal

K+

. +

e+

322 Page 36 of 51 Eur. Phys. J. C (2021) 81 :322

Fig. 32 Event display for an easily recognizable p → K+ν signal
event. The vertical axis is TDC value, and the horizontal axis is wire
number. The bottom view is induction plane one, the middle is induction
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electron can be seen at the end of the muon track
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The proton decay signal and atmospheric neutrino back-
ground events are processed using the same reconstruction
chain and subject to the same selection criteria. There are
two preselection cuts to remove obvious background. One
cut requires at least two tracks, which aims to select events
with a kaon plus a kaon decay product (usually a muon). The
other cut requires that the longest track be less than 100 cm;
this removes backgrounds from high energy neutrino inter-
actions. After these cuts, 50% of the signal and 17.5% of the
background remain in the sample. The signal inefficiency
at this stage of selection is due mainly to the kaon tracking
efficiency. Optimal lifetime sensitivity is achieved by com-
bining the preselection cuts with a BDT cut that gives a signal
efficiency of 0.15 and a background rejection of 0.999997,
which corresponds to approximately one background event
per Mt · year.

The limiting factor in the sensitivity is the kaon tracking
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Fig. 33 Event display for an atmospheric neutrino interaction, νµn →
µ− p, which might be selected in the p → K+ν sample if the proton
is misidentified as a kaon. The vertical axis is TDC value, and the
horizontal axis is wire number. The bottom view is induction plane one,
the middle is induction plane two, and the top is the collection plane.
Hits associated with the reconstructed muon track are shown in red, and
hits associated with the reconstructed proton track are shown in green.
Hits from the decay electron can be seen at the end of the muon track

kaon tracking efficiency should increase with improvements
in the reconstruction algorithms. To understand the poten-
tial improvement, a visual scan of simulated decays of kaons
into muons was performed. For this sample of events, with
kaon momentum in the 150 MeV/c to 450 MeV/c range,
scanners achieved greater than 90% efficiency at recogniz-
ing the K+ → µ+ → e+ decay chain. The inefficiency
came mostly from short kaon tracks (momentum below
180 MeV/c) and kaons that decay in flight. Note that the
lowest momentum kaons (< 150 MeV/c) were not included
in the study; the path length for kaons in this range would also
be too short to track. Based on this study, the kaon tracking
efficiency could be improved to a maximum value of approxi-
mately 80% with optimized reconstruction algorithms, where
the remaining inefficiency comes from low-energy kaons and
kaons that charge exchange, scatter, or decay in flight. Com-
bining this tracking performance improvement with some
improvement in the K/p separation performance for short
tracks, the overall signal selection efficiency improves from
15% to approximately 30%.
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Fig. 32 Event display for an easily recognizable p → K+ν signal
event. The vertical axis is TDC value, and the horizontal axis is wire
number. The bottom view is induction plane one, the middle is induction
plane two, and the top is the collection plane. Hits associated with the
reconstructed muon track are shown in red, and hits associated with
the reconstructed kaon track are shown in green. Hits from the decay
electron can be seen at the end of the muon track

are shown in red, and hits associated with the reconstructed
proton track are shown in green. Hits from the decay electron
can be seen at the end of the muon track.

The proton decay signal and atmospheric neutrino back-
ground events are processed using the same reconstruction
chain and subject to the same selection criteria. There are
two preselection cuts to remove obvious background. One
cut requires at least two tracks, which aims to select events
with a kaon plus a kaon decay product (usually a muon). The
other cut requires that the longest track be less than 100 cm;
this removes backgrounds from high energy neutrino inter-
actions. After these cuts, 50% of the signal and 17.5% of the
background remain in the sample. The signal inefficiency
at this stage of selection is due mainly to the kaon tracking
efficiency. Optimal lifetime sensitivity is achieved by com-
bining the preselection cuts with a BDT cut that gives a signal
efficiency of 0.15 and a background rejection of 0.999997,
which corresponds to approximately one background event
per Mt · year.

The limiting factor in the sensitivity is the kaon tracking
efficiency. The reconstruction is not yet optimized, and the

Fig. 33 Event display for an atmospheric neutrino interaction, νµn →
µ− p, which might be selected in the p → K+ν sample if the proton
is misidentified as a kaon. The vertical axis is TDC value, and the
horizontal axis is wire number. The bottom view is induction plane one,
the middle is induction plane two, and the top is the collection plane.
Hits associated with the reconstructed muon track are shown in red, and
hits associated with the reconstructed proton track are shown in green.
Hits from the decay electron can be seen at the end of the muon track

kaon tracking efficiency should increase with improvements
in the reconstruction algorithms. To understand the poten-
tial improvement, a visual scan of simulated decays of kaons
into muons was performed. For this sample of events, with
kaon momentum in the 150 MeV/c to 450 MeV/c range,
scanners achieved greater than 90% efficiency at recogniz-
ing the K+ → µ+ → e+ decay chain. The inefficiency
came mostly from short kaon tracks (momentum below
180 MeV/c) and kaons that decay in flight. Note that the
lowest momentum kaons (< 150 MeV/c) were not included
in the study; the path length for kaons in this range would also
be too short to track. Based on this study, the kaon tracking
efficiency could be improved to a maximum value of approxi-
mately 80% with optimized reconstruction algorithms, where
the remaining inefficiency comes from low-energy kaons and
kaons that charge exchange, scatter, or decay in flight. Com-
bining this tracking performance improvement with some
improvement in the K/p separation performance for short
tracks, the overall signal selection efficiency improves from
15% to approximately 30%.
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Fig. 32 Event display for an easily recognizable p → K+ν signal
event. The vertical axis is TDC value, and the horizontal axis is wire
number. The bottom view is induction plane one, the middle is induction
plane two, and the top is the collection plane. Hits associated with the
reconstructed muon track are shown in red, and hits associated with
the reconstructed kaon track are shown in green. Hits from the decay
electron can be seen at the end of the muon track

are shown in red, and hits associated with the reconstructed
proton track are shown in green. Hits from the decay electron
can be seen at the end of the muon track.

The proton decay signal and atmospheric neutrino back-
ground events are processed using the same reconstruction
chain and subject to the same selection criteria. There are
two preselection cuts to remove obvious background. One
cut requires at least two tracks, which aims to select events
with a kaon plus a kaon decay product (usually a muon). The
other cut requires that the longest track be less than 100 cm;
this removes backgrounds from high energy neutrino inter-
actions. After these cuts, 50% of the signal and 17.5% of the
background remain in the sample. The signal inefficiency
at this stage of selection is due mainly to the kaon tracking
efficiency. Optimal lifetime sensitivity is achieved by com-
bining the preselection cuts with a BDT cut that gives a signal
efficiency of 0.15 and a background rejection of 0.999997,
which corresponds to approximately one background event
per Mt · year.

The limiting factor in the sensitivity is the kaon tracking
efficiency. The reconstruction is not yet optimized, and the

Fig. 33 Event display for an atmospheric neutrino interaction, νµn →
µ− p, which might be selected in the p → K+ν sample if the proton
is misidentified as a kaon. The vertical axis is TDC value, and the
horizontal axis is wire number. The bottom view is induction plane one,
the middle is induction plane two, and the top is the collection plane.
Hits associated with the reconstructed muon track are shown in red, and
hits associated with the reconstructed proton track are shown in green.
Hits from the decay electron can be seen at the end of the muon track

kaon tracking efficiency should increase with improvements
in the reconstruction algorithms. To understand the poten-
tial improvement, a visual scan of simulated decays of kaons
into muons was performed. For this sample of events, with
kaon momentum in the 150 MeV/c to 450 MeV/c range,
scanners achieved greater than 90% efficiency at recogniz-
ing the K+ → µ+ → e+ decay chain. The inefficiency
came mostly from short kaon tracks (momentum below
180 MeV/c) and kaons that decay in flight. Note that the
lowest momentum kaons (< 150 MeV/c) were not included
in the study; the path length for kaons in this range would also
be too short to track. Based on this study, the kaon tracking
efficiency could be improved to a maximum value of approxi-
mately 80% with optimized reconstruction algorithms, where
the remaining inefficiency comes from low-energy kaons and
kaons that charge exchange, scatter, or decay in flight. Com-
bining this tracking performance improvement with some
improvement in the K/p separation performance for short
tracks, the overall signal selection efficiency improves from
15% to approximately 30%.
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Fig. 32 Event display for an easily recognizable p → K+ν signal
event. The vertical axis is TDC value, and the horizontal axis is wire
number. The bottom view is induction plane one, the middle is induction
plane two, and the top is the collection plane. Hits associated with the
reconstructed muon track are shown in red, and hits associated with
the reconstructed kaon track are shown in green. Hits from the decay
electron can be seen at the end of the muon track

are shown in red, and hits associated with the reconstructed
proton track are shown in green. Hits from the decay electron
can be seen at the end of the muon track.

The proton decay signal and atmospheric neutrino back-
ground events are processed using the same reconstruction
chain and subject to the same selection criteria. There are
two preselection cuts to remove obvious background. One
cut requires at least two tracks, which aims to select events
with a kaon plus a kaon decay product (usually a muon). The
other cut requires that the longest track be less than 100 cm;
this removes backgrounds from high energy neutrino inter-
actions. After these cuts, 50% of the signal and 17.5% of the
background remain in the sample. The signal inefficiency
at this stage of selection is due mainly to the kaon tracking
efficiency. Optimal lifetime sensitivity is achieved by com-
bining the preselection cuts with a BDT cut that gives a signal
efficiency of 0.15 and a background rejection of 0.999997,
which corresponds to approximately one background event
per Mt · year.

The limiting factor in the sensitivity is the kaon tracking
efficiency. The reconstruction is not yet optimized, and the

Fig. 33 Event display for an atmospheric neutrino interaction, νµn →
µ− p, which might be selected in the p → K+ν sample if the proton
is misidentified as a kaon. The vertical axis is TDC value, and the
horizontal axis is wire number. The bottom view is induction plane one,
the middle is induction plane two, and the top is the collection plane.
Hits associated with the reconstructed muon track are shown in red, and
hits associated with the reconstructed proton track are shown in green.
Hits from the decay electron can be seen at the end of the muon track

kaon tracking efficiency should increase with improvements
in the reconstruction algorithms. To understand the poten-
tial improvement, a visual scan of simulated decays of kaons
into muons was performed. For this sample of events, with
kaon momentum in the 150 MeV/c to 450 MeV/c range,
scanners achieved greater than 90% efficiency at recogniz-
ing the K+ → µ+ → e+ decay chain. The inefficiency
came mostly from short kaon tracks (momentum below
180 MeV/c) and kaons that decay in flight. Note that the
lowest momentum kaons (< 150 MeV/c) were not included
in the study; the path length for kaons in this range would also
be too short to track. Based on this study, the kaon tracking
efficiency could be improved to a maximum value of approxi-
mately 80% with optimized reconstruction algorithms, where
the remaining inefficiency comes from low-energy kaons and
kaons that charge exchange, scatter, or decay in flight. Com-
bining this tracking performance improvement with some
improvement in the K/p separation performance for short
tracks, the overall signal selection efficiency improves from
15% to approximately 30%.
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Fig. 32 Event display for an easily recognizable p → K+ν signal
event. The vertical axis is TDC value, and the horizontal axis is wire
number. The bottom view is induction plane one, the middle is induction
plane two, and the top is the collection plane. Hits associated with the
reconstructed muon track are shown in red, and hits associated with
the reconstructed kaon track are shown in green. Hits from the decay
electron can be seen at the end of the muon track

are shown in red, and hits associated with the reconstructed
proton track are shown in green. Hits from the decay electron
can be seen at the end of the muon track.

The proton decay signal and atmospheric neutrino back-
ground events are processed using the same reconstruction
chain and subject to the same selection criteria. There are
two preselection cuts to remove obvious background. One
cut requires at least two tracks, which aims to select events
with a kaon plus a kaon decay product (usually a muon). The
other cut requires that the longest track be less than 100 cm;
this removes backgrounds from high energy neutrino inter-
actions. After these cuts, 50% of the signal and 17.5% of the
background remain in the sample. The signal inefficiency
at this stage of selection is due mainly to the kaon tracking
efficiency. Optimal lifetime sensitivity is achieved by com-
bining the preselection cuts with a BDT cut that gives a signal
efficiency of 0.15 and a background rejection of 0.999997,
which corresponds to approximately one background event
per Mt · year.

The limiting factor in the sensitivity is the kaon tracking
efficiency. The reconstruction is not yet optimized, and the

Fig. 33 Event display for an atmospheric neutrino interaction, νµn →
µ− p, which might be selected in the p → K+ν sample if the proton
is misidentified as a kaon. The vertical axis is TDC value, and the
horizontal axis is wire number. The bottom view is induction plane one,
the middle is induction plane two, and the top is the collection plane.
Hits associated with the reconstructed muon track are shown in red, and
hits associated with the reconstructed proton track are shown in green.
Hits from the decay electron can be seen at the end of the muon track

kaon tracking efficiency should increase with improvements
in the reconstruction algorithms. To understand the poten-
tial improvement, a visual scan of simulated decays of kaons
into muons was performed. For this sample of events, with
kaon momentum in the 150 MeV/c to 450 MeV/c range,
scanners achieved greater than 90% efficiency at recogniz-
ing the K+ → µ+ → e+ decay chain. The inefficiency
came mostly from short kaon tracks (momentum below
180 MeV/c) and kaons that decay in flight. Note that the
lowest momentum kaons (< 150 MeV/c) were not included
in the study; the path length for kaons in this range would also
be too short to track. Based on this study, the kaon tracking
efficiency could be improved to a maximum value of approxi-
mately 80% with optimized reconstruction algorithms, where
the remaining inefficiency comes from low-energy kaons and
kaons that charge exchange, scatter, or decay in flight. Com-
bining this tracking performance improvement with some
improvement in the K/p separation performance for short
tracks, the overall signal selection efficiency improves from
15% to approximately 30%.
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Fig. 32 Event display for an easily recognizable p → K+ν signal
event. The vertical axis is TDC value, and the horizontal axis is wire
number. The bottom view is induction plane one, the middle is induction
plane two, and the top is the collection plane. Hits associated with the
reconstructed muon track are shown in red, and hits associated with
the reconstructed kaon track are shown in green. Hits from the decay
electron can be seen at the end of the muon track

are shown in red, and hits associated with the reconstructed
proton track are shown in green. Hits from the decay electron
can be seen at the end of the muon track.

The proton decay signal and atmospheric neutrino back-
ground events are processed using the same reconstruction
chain and subject to the same selection criteria. There are
two preselection cuts to remove obvious background. One
cut requires at least two tracks, which aims to select events
with a kaon plus a kaon decay product (usually a muon). The
other cut requires that the longest track be less than 100 cm;
this removes backgrounds from high energy neutrino inter-
actions. After these cuts, 50% of the signal and 17.5% of the
background remain in the sample. The signal inefficiency
at this stage of selection is due mainly to the kaon tracking
efficiency. Optimal lifetime sensitivity is achieved by com-
bining the preselection cuts with a BDT cut that gives a signal
efficiency of 0.15 and a background rejection of 0.999997,
which corresponds to approximately one background event
per Mt · year.

The limiting factor in the sensitivity is the kaon tracking
efficiency. The reconstruction is not yet optimized, and the

Fig. 33 Event display for an atmospheric neutrino interaction, νµn →
µ− p, which might be selected in the p → K+ν sample if the proton
is misidentified as a kaon. The vertical axis is TDC value, and the
horizontal axis is wire number. The bottom view is induction plane one,
the middle is induction plane two, and the top is the collection plane.
Hits associated with the reconstructed muon track are shown in red, and
hits associated with the reconstructed proton track are shown in green.
Hits from the decay electron can be seen at the end of the muon track

kaon tracking efficiency should increase with improvements
in the reconstruction algorithms. To understand the poten-
tial improvement, a visual scan of simulated decays of kaons
into muons was performed. For this sample of events, with
kaon momentum in the 150 MeV/c to 450 MeV/c range,
scanners achieved greater than 90% efficiency at recogniz-
ing the K+ → µ+ → e+ decay chain. The inefficiency
came mostly from short kaon tracks (momentum below
180 MeV/c) and kaons that decay in flight. Note that the
lowest momentum kaons (< 150 MeV/c) were not included
in the study; the path length for kaons in this range would also
be too short to track. Based on this study, the kaon tracking
efficiency could be improved to a maximum value of approxi-
mately 80% with optimized reconstruction algorithms, where
the remaining inefficiency comes from low-energy kaons and
kaons that charge exchange, scatter, or decay in flight. Com-
bining this tracking performance improvement with some
improvement in the K/p separation performance for short
tracks, the overall signal selection efficiency improves from
15% to approximately 30%.
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Fig. 32 Event display for an easily recognizable p → K+ν signal
event. The vertical axis is TDC value, and the horizontal axis is wire
number. The bottom view is induction plane one, the middle is induction
plane two, and the top is the collection plane. Hits associated with the
reconstructed muon track are shown in red, and hits associated with
the reconstructed kaon track are shown in green. Hits from the decay
electron can be seen at the end of the muon track

are shown in red, and hits associated with the reconstructed
proton track are shown in green. Hits from the decay electron
can be seen at the end of the muon track.

The proton decay signal and atmospheric neutrino back-
ground events are processed using the same reconstruction
chain and subject to the same selection criteria. There are
two preselection cuts to remove obvious background. One
cut requires at least two tracks, which aims to select events
with a kaon plus a kaon decay product (usually a muon). The
other cut requires that the longest track be less than 100 cm;
this removes backgrounds from high energy neutrino inter-
actions. After these cuts, 50% of the signal and 17.5% of the
background remain in the sample. The signal inefficiency
at this stage of selection is due mainly to the kaon tracking
efficiency. Optimal lifetime sensitivity is achieved by com-
bining the preselection cuts with a BDT cut that gives a signal
efficiency of 0.15 and a background rejection of 0.999997,
which corresponds to approximately one background event
per Mt · year.

The limiting factor in the sensitivity is the kaon tracking
efficiency. The reconstruction is not yet optimized, and the

Fig. 33 Event display for an atmospheric neutrino interaction, νµn →
µ− p, which might be selected in the p → K+ν sample if the proton
is misidentified as a kaon. The vertical axis is TDC value, and the
horizontal axis is wire number. The bottom view is induction plane one,
the middle is induction plane two, and the top is the collection plane.
Hits associated with the reconstructed muon track are shown in red, and
hits associated with the reconstructed proton track are shown in green.
Hits from the decay electron can be seen at the end of the muon track

kaon tracking efficiency should increase with improvements
in the reconstruction algorithms. To understand the poten-
tial improvement, a visual scan of simulated decays of kaons
into muons was performed. For this sample of events, with
kaon momentum in the 150 MeV/c to 450 MeV/c range,
scanners achieved greater than 90% efficiency at recogniz-
ing the K+ → µ+ → e+ decay chain. The inefficiency
came mostly from short kaon tracks (momentum below
180 MeV/c) and kaons that decay in flight. Note that the
lowest momentum kaons (< 150 MeV/c) were not included
in the study; the path length for kaons in this range would also
be too short to track. Based on this study, the kaon tracking
efficiency could be improved to a maximum value of approxi-
mately 80% with optimized reconstruction algorithms, where
the remaining inefficiency comes from low-energy kaons and
kaons that charge exchange, scatter, or decay in flight. Com-
bining this tracking performance improvement with some
improvement in the K/p separation performance for short
tracks, the overall signal selection efficiency improves from
15% to approximately 30%.
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Additional Physics Program in DUNE 



Un-oscillated neutrino flux monitoring 

ν-Ar cross section measurements

Three different detection systems on and off axis:

- Control and monitor of the neutrino beam

39

DUNE: Near Detector (ND) - Phase II

1) Liquid Argon Detector (50t FV)

2) Gas Argon High Pressure Detector

3) SAND (tracker surrounded by an electromagnetic calorimeter and magnet)

- Primary target, same technology as FD

- Detect escaping muons + wider physics programe

Neutrino beam

DUNE: Long-Baseline Experiment

3 TAUP 2021 Valencia        C. Palomares CIEMAT

Muon neutrino beam
LBNF Neutrino Beam
1.2 MW beam power
à Upgradeable to 2.4 MW

Near Detector
Monitoring 
unoscillated neutrino
energy spectra & 
composition

Far Detector
Measurement of 
Oscillated neutrino beam 

Neutrino Travel 
through the Earth
1300 km

Fermilab 1300 km

SURF
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DUNE: Long-Baseline Experiment

3 TAUP 2021 Valencia        C. Palomares CIEMAT

Muon neutrino beam
LBNF Neutrino Beam
1.2 MW beam power
à Upgradeable to 2.4 MW

Near Detector
Monitoring 
unoscillated neutrino
energy spectra & 
composition

Far Detector
Measurement of 
Oscillated neutrino beam 

Neutrino Travel 
through the Earth
1300 km

Fermilab 1300 km

SURF

574m from the beam & 60m underground

DUNE. Instruments 5 (2021) 4, 31

Enable the prediction on neutrino spectra at FD

▸ Main Goal: constrain uncertainties for oscillation measurements
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SAND: on-axis detector (KLOE magnet and calorimeter)

・Fixed component of ND repurposes existing solenoid magnet and ECAL 

from KLOE 

・Plan is to build a collider-like detector in a neutrino beam 

・Fine-grained, particle by particle reconstruction with very low re-

scattering, excellent for highly exclusive neutrino-nucleus measurements  

・Being taken apart at Frascati for the move to the US

low density tracker surrounded by calorimetry in magnetic field



On Axis Configuration

Off Axis 
Configuration

The movement system allows for 
different neutrino energy spectra

DUNE: Near Detector (ND)
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▸ Main Goal: constrain uncertainties for oscillation measurements

Off-axis measurements reduce cross-section and 
energy uncertainties 



Neutrinos in the Standard Model
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Particles of the Standard Model (SM)

・Standard Model leptons 

・Neutral charge  

・3 neutrino flavours  

・Spin 1/2 

・Weak interaction (and gravitational)

symmetrymagazine.org

In the SM the lepton number is conserved 
and neutrinos are massless 



Neutrino interaction cross-section
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▸ Interaction very very weakly

Cross-section: indication of likelihood of 
two interacting particles

1mb = 10−31cm2

The cross-section of a 10 MeV 
photon interacting with an 

atom is 1b

Example:



Current knowledge (NOvA & T2K)
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・NOvA + T2K combined results (Neutrino2024) 

▸ NOvA only: 

- Different trends NO and IO

- Preference for NO with π/2< δCP < π

▸ T2K only: 
- Preference for NO with δCP~-π/2

- Same trends NO and IO

Mild preference for IO▸ NOvA + T2K combined: 

Future LBL experiments needed to reach a conclusion
Some tension in the value of δCP for NO 
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Current knowledge (NOvA & T2K)
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NOvA Preliminary, 
Neutrino2024 

T2K Preliminary, Neutrino2024 

ππ
2

02π 3π
2 δCP

Preference for NO with δCP~3π/2, but 
CP conserving values are 

within the 2σ interval

- similar trend for NO and IO

- different trends NO/IO

There are hints for CP violation 

( δCP ≠ 0) from both NOvA and 

T2K, although with some tension 

for NO results

Preference for NO 
with π/2< δCP < π



Hyper-Kamiokande
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▸ Natural evolution of Super-Kamiokande (T2K —> T2HyperK)

▸ Upgrade:  neutrino beam > 1.3 MW, off-axis angles, larger FD

▸ Baseline: 295 km (same)

▸ Fiducial volume: 200 kton pure water (8 times SK)

▸ Possibility to add a second FD in Korea (baseline 1100 km)

▸ Aiming to start operations in 2027 68 m

71 m

new cavern at Kamioka mine under 
construction

GOAL: Minimise matter effects + maximise 
statistics to focus on 𝛿CP

 > 5𝜎 CPV sensitivity in 10 years for 60% of the 𝛿CP values 

Hyper-K collaboration  (Neutrino2024) 
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JUNO (Jiangmen Underground Neutrino Observatory)

▸ End of the construction + filling in 2024

▸ Fiducial volume: 20 kton

▸ It is a LBL reactor experiment in China. Baseline 50 km 

MAIN GOAL: Mass ordering sensitivity

 Design to reach 3𝜎 precision on mass 

ordering determination after 6 years

▸ Next-generation Large Liquid Scintillator detector (à la KamLAND) 

▸ Increased light yield for a better energy resolution (3% at 1 MeV )

JUNO collaboration  (Neutrino2024) 

35.4 m 

700 m underground


