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Neutrinos and flavour oscillations
• Neutrinos second most abundant particles in the universe
• Carry three flavours e, 𝝁, 𝝉
• Flavour oscillations observed
• Must have non-zero mass
• Oscillations only sensitive to Δ𝑚!

25/11/2021 Viktor Pěč | DUNE Physics

September 28th, 2021 Mattia Fanì | The Deep Underground Neutrino Experiment

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?
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Oscillation parameters
• 𝐬𝐢𝐧𝟐 𝟐𝜽𝟏𝟑 = 0.0856 ± 0.0029 (𝜈$%&'()$ –Daya Bay)

• 𝐬𝐢𝐧𝟐 𝜽𝟏𝟐 = 𝟎. 𝟑𝟎𝟕*𝟎.𝟎𝟏𝟐-𝟎.𝟎𝟏𝟑 (𝜈.)/&$–SK, SNO, 𝜈$%&'()$–
KamLAND)

• 𝐬𝐢𝐧𝟐 𝜽𝟐𝟑 = 𝟎. 𝟓𝟒𝟔 ± 𝟎. 𝟎𝟐𝟏 (𝜈&''%/.–T2K,MINOS,NOvA, 
𝜈&(0).–IceCube, SK)

• 𝜟𝒎𝟐𝟏
𝟐 = 𝟕. 𝟓𝟑 ± 𝟎. 𝟏𝟖 ×𝟏𝟎*𝟓 𝐞𝐕𝟐 (𝜈$%&'()$ –KamLAND) 

• 𝜟𝒎𝟑𝟐
𝟐 = 𝟐. 𝟒𝟓𝟑 ± 𝟎. 𝟎𝟑𝟑 ×𝟏𝟎*𝟑 𝐞𝑽𝟐 (NO assumed) 

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

Unknown: 

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

- CP violation (𝛿 ≠ 0||𝜋)

25/11/2021 Viktor Pěč | DUNE Physics

DUNE will address both!
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DUNE Physics Programme
• Determination of CP violation in neutrino oscillation
• Determination of neutrino mass ordering
• Precise measurement of mixing parameters
• Detection of neutrinos from core-collapse supernovae
• Proton decay and other BSM studies
• Detection of solar neutrinos

25/11/2021 Viktor Pěč | DUNE Physics
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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
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Beam
• Proton Improvement Plan II

• Will produce 1.2 MW proton beam (60–120 GeV) 
(upgradeable to 2.4 MW)

• Protons on target à pions à muons + neutrinos
• Expected late 2020s

25/11/2021 Viktor Pěč | DUNE PhysicsSeptember 28th, 2021 Mattia Fanì | The Deep Underground Neutrino Experiment

Beamline

8

๏Proton beam line
• Produce neutrino beam by focusing charged pions and 

allowing them to decay
• Can operate in neutrino and antineutrino modes

๏Proton Improvement Plan-II (PIP-II)
• 1.2 MW (2.4 MW) proton beam, ready to operate late 2020s
• Accelerated to 60-120 GeV by FNAL accelerator complex
• Bent down at 5.8˚ to reach Sanford
• Horns/beam line designed to maximize CP violation 

sensitivity

๏ Expected neutrino fluxes available:
• Neutrino-enhanced, Forward Horn Current (FHC),
• Antineutrino-enhanced, Reverse Horn Current (RHC)

On-axis wide band beam covering main oscillation features

[FHC]

[Eur. Phys. J. C 80 (2020) 10, 978]

Chapter 5: Standard neutrino oscillation physics program 5–131
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Figure 5.4: Neutrino fluxes at the FD for neutrino mode (left) and antineutrino mode (right).

that dominate the lowest neutrino energy bins. The NA61 experiment at CERN has taken data
that will constrain many higher energy interactions, including pion reinteractions. It also plans
to measure hadrons produced o� of a replica LBNF target, which would provide tight constraints
on all interactions occurring in the target. A similar program at NA61 has reduced flux uncer-
tainties for T2K from 10% to 5% [149], and NOvA is currently analyzing NA61 replica target
data [150]. Another proposed experiment, the LBNF spectrometer, would measure hadrons after
both production and focusing in the horns, e�ectively constraining nearly all hadron production
uncertainties, and could also enable measurement of the impact on focused hadrons of shifted
alignment parameters (which is currently taken from simulations). The neutrino flux uncertain-
ties, as well as their bin-to-bin and flavor-to-flavor correlations, are very sensitive to correlations
in hadron production measurements. None of the currently available measurements have provided
correlations, so the uncertainty estimates make basic assumptions that statistical uncertainties are
not correlated between bins but systematic uncertainties are completely correlated. New hadron
production measurements that cover phase space similar to past measurements but that provide
bin-to-bin correlations would also improve the quality of the estimated neutrino flux uncertainties
at DUNE.

The unoscillated fluxes at the near detector (ND) and FD are similar, but not identical (since the
ND sees a line source, while the FD sees a point source. The relationship is well understood, and
flux uncertainties mostly cancel for the ratio of fluxes between the two detectors. Uncertainties on
the ratio are around 1% or smaller except at the falling edge of the focusing peak, where they rise
to 2%. The far to near flux ratio and uncertainties on this ratio are shown in Fig. 4.8.

The peak energy of neutrino flux falls o� and the width of the peak narrows as the distance from
the beams central axis increases. The flux at these “o�-axis” positions can be understood through
the relationship between the parent pion energy and neutrino energy, as shown in Figure 4.9. For
an o�-axis angle relative to the initial beam direction, the subsequent neutrino energy spectra is
narrower and peaked at a lower energy than the on-axis spectra. At 575 m, the location of the ND
hall, a lateral shift of 1 m corresponds to approximately a 0.1¶ change in o�-axis angle.

DUNE Physics The DUNE Technical Design Report

You Inst Logo

Proton 
beam

High-intensity Neutrino Beam from Fermilab

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

• Proton Improvement Plan - Phase II 
(PIP-II)

- 60-120 GeV proton beam

- 1.2 MW upgradable to multi-MW

- Delivered by late 2020’s

• Long Baseline Neutrino Facility (LBNF)

- Beam line design under way

- Wideband capacity
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8 of 24

Near Detector
• Cross section measurement
• Flux monitoring
• Constrains on systematics in relative 

Near – Far Detector measurement
• Three systems
- LArTPC – primary neutrino target

- GArTPC – high pressure gas; muon 
tracker

- On-axis monitor – inner tracker, ECAL, 
SC-magnet

25/11/2021 Viktor Pěč | DUNE Physics
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Far Detector
• Sanford Underground Research Facility (SURF)
• 1.5 km underground
• 4 detectors in 2 main caverns
• Instrumented in stages
• Modules 1, 2 and 3 – LArTPC
• Module 4 – module of opportunity

25/11/2021 Viktor Pěč | DUNE Physics

Cryostat module
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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
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Photon Detection System
• Will provide time information for events
- Need reference time to know drift distance
- Crucial for non-beam events

• Calorimetry
- Aid TPC energy reconstruction
- Important for low-energy physics (supernova 𝜈)

• Decided to use X-ARAPUCA
• FZU has been involved:
- Installation and commissioning of system in ProtoDUNE
- Initial tests of SiPM sensors à selection of candidates to be 

tested in ProtoDUNE
- Will prepare for mass testing for QA/QC for DUNE Far 

Detector Module 1 

25/11/2021 Viktor Pěč | DUNE Physics

Anode plane
assembly
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ProtoDUNE at CERN
• Design validation and demonstration at full scale –

same drift distance and E-field
• Two prototypes (~1 kt LAr)

- ‘Single Phase’, horizontal drift
• All liquid argon

• Operational 2018–2020
• In test beam – p, 𝜋, 𝜇, e, K

• Cosmics

• Components being upgraded à ‘Phase II’ (start 2022)

- ‘Dual Phase’, vertical drift
• Liquid argon with gaseous layer on top

• Drift charge multiplied in gas phase à amazing 
signal/noise

• Proved to be difficult at large scale

• Operational 2019-2020, cosmics

• Evolved into ‘Single-phase’, vertical drift

Viktor Pěč | DUNE Physics25/11/2021

Dual phase cryostat

Single phase cryostat
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ProtoDUNE Single Phase

• 2 drift volumes
• Cathode in the middle
• 3 anode assemblies on each side

25/11/2021 Viktor Pěč | DUNE Physics

2020 JINST 15 P12004

Figure 2. Top: a view of the TPC with its major components labeled; bottom: a photo of one of the two
drift volumes, where three APAs are on the left side and the cathode is on the right side.

film with a resistivity of ⇠3.5 M⌦/sq. The cathode plane is biased at -180 kV to provide a 500 V/cm
drift field. A field cage with 60 voltage steps on each side of the cathode ensures the uniformity
of the nominal drift field between the cathode plane and the sense planes. The electric field di�ers
from the nominal prediction due to space-charge e�ects, which are described in section 6.1.

– 6 –

Anode with wires Central cathode

Field cage

• Inside view of one drift volume
• Not filled with LAr

Anode 
with wires

Central cathode

6.1 m

7.2 m7 m

Photon detection 
system bars
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ProtoDUNE Single Phase 
• Successful beam particle identification and 

reconstruction
- Cross section measurements under way (𝜋, p, K 

with Ar)
• Measured distortion of electric field

- Due to accumulated space charge
• Stable operation

- > 99.5% HV uptime
- > 99% channels active

• Photon detectors tested à final-design 
considerations

25/11/2021 Viktor Pěč | DUNE Physics

2020 JINST 15 P12004

(a) A 0.5 GeV/2 electron candidate. (b) A 6 GeV/2 electron candidate.

(c) A 1 GeV/2 pion candidate. (d) A 6 GeV/2 pion candidate.

(e) A 1 GeV/2 stopping proton candidate. (f) A 2 GeV/2 pion charge exchange candidate.

(g) A 6 GeV/2 kaon candidate. (h) Large cosmic air shower candidate produc-
ing many parallel muons.

Figure 47. Various candidate events from ProtoDUNE-SP data, with beam particles entering from the
left. The G axis shows the wire number. The y axis shows the time tick in the unit of 0.5 �s. The color
scale represents the charge deposition. The beam particle starts approximately at wire number 90 and tick
number 4800.

– 59 –

Beam electron, 6 GeV

2020 JINST 15 P12004
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Figure 51. Two-dimensional slices of the three-dimensional electric field magnitude distortion map in both
ProtoDUNE-SP data (top row) and the original ProtoDUNE-SP Monte Carlo simulation (bottom row); the
local electric field distortion magnitude is shown as a percentage of the nominal drift electric field magnitude.
Shown are slices in the I direction (left column) and H direction (right column), looking at the center of the
detector in both slices.

time the drifting charge arrived the APA, and g is the drift electron lifetime. A larger value of g
corresponds to higher liquid argon purity, as fewer drifting electrons will attach to impurities as
they drift to the APA.

Purity monitors located inside the cryostat, but outside the field cage, measure the drift electron
lifetimes for the argon inside their drift volumes, and thus are not expected to measure exactly the
drift electron lifetime in the TPC. Furtheremore, the electric field strength in the purity monitors is
lower than the electric field strength inside the TPC. Since the rate of drift electron attachment to
impurities depends on the electric field strength, the measured lifetimes in the purity monitors are
expected to further di�er from that in the TPC. In situ measurements of the drift electron lifetime
from signals in the TPC therefore are needed in order to calibrate the results of charge-based analyses.

The drift electron lifetime inside the TPC is measured by fitting the 3&/3G of collection plane
hits from cosmic-ray tracks as a function of drift times. A sample of cosmic-ray tracks that pass

– 64 –

Top view

Cathode

Electric field distortion

Energy loss vs residual range 
for stopping particles
à Particle identification
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Proton decay
• Potential of DUNE for baryon-number violating decays:

- 𝑝 → 𝐾8 𝜈̅ , 𝑛 → 𝐾8𝑒9, 𝑝 → 𝑒8𝜋:

- More to be investigated

• Super-Kamiokande biggest player in the game
- Large water Cherenkov detector

• LArTPC has better particle identification and topology reconstruction à potentially 
better efficiency in selecting decay signals and background discrimination

• Most promising: 𝑝 → 𝐾, 𝜈̅

25/11/2021 Viktor Pěč | DUNE Physics
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𝑝 → 𝐾! 𝜈̅
• 𝑲𝑬𝑲 = 𝟏𝟎𝟓𝐌𝐞𝐕 (~28 cm in LAr; if p at-rest)

• 𝑲8 → 𝝁8𝝂𝝁 (64%)

- 𝑲𝑬𝝁 = 𝟏𝟓𝟑𝐌𝐞𝐕 (~52 cm in LAr)

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

• Major background from atmospheric 𝝂𝝁CC
- Similar topology (if 𝜇 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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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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Effects of Nucleus
• Energy of outgoing K affected by
- p Fermi motion

- interactions within nucleus (Final State 
Interactions/FSI)

- Significant fraction of K leave Ar with 
< 50 MeV

• Current reconstructions have troubles
finding short tracks (~4 cm or ~40 MeV)

• Improvements in reconstruction 
foreseen (visual scanning suggest 
improvement in tracking efficiency 
58% → 80% possible)

25/11/2021 Viktor Pěč | DUNE Physics

Eur. Phys. J. C (2021) 81 :322 Page 33 of 51 322

the background is neutrino interactions that mimic a sin-
gle K+ and its decay products. Because the kaon is not
detected in a water Cherenkov detector, neutrino inter-
actions that produce a single K+ and no other particles
above Cherenkov threshold are an irreducible background.
This includes charged-current reactions like the Cabibbo-
suppressed νµn → µ−K+n, where the final-state muon and
kaon are below threshold, as well as neutral-current pro-
cesses like νp → νK+Λ followed by Λ → pπ− where
the Λ decay products are below threshold. Strangeness is
always conserved in neutral-currents, so kaons produced in
NC interactions are always accompanied by a hyperon or
another kaon. Water Cherenkov detectors and liquid scintil-
lator detectors like JUNO can also detect neutron captures,
which provide an additional handle on backgrounds, many
of which have final-state neutrons. However, neutrons can
also be present in p → K+ν signal due to FSI, and the
rate of nucleon ejection in kaon-nucleus interactions is not
well understood. Nuclear de-excitation photons are also typ-
ically produced, but these are similar in both proton decay
and atmospheric neutrino events. In the Super-Kamiokande
analysis of p → K+ν the time difference between the de-
excitation photons from the oxygen nucleus and the muon
from kaon decay was found to be an effective way to reduce
backgrounds [241]. In JUNO, the three-fold time coincidence
between the kaon, the muon from the kaon decay, and the
electron from the muon decay is expected to be an important
discriminant between signal and background [245].

The possibility of using the time difference between the
kaon scintillation signal and the scintillation signal from the
muon from the kaon decay has been investigated in DUNE.
Studies indicate that measuring time differences on the scale
of the kaon lifetime (12 ns) is difficult in DUNE, independent
of photon detector acceptance and timing resolution, due to
both the scintillation process in argon - consisting of fast
(ns-scale) and slow (µs-scale) components - and Rayleigh
scattering over long distances.

In a LArTPC, a charged particle traveling just a few cm can
be detected, and the other particles produced in association
with a kaon by atmospheric neutrinos are generally observed.
However, with FSI the signal process can also include final-
state protons, so requiring no other final-state particles will
reject some signal events. Furthermore, νµ charged-current
quasi-elastic scattering (CCQE), νµn → µ− p, can mimic
the K+ → µ+νµ decay when the proton is mis-reconstructed
as a kaon.

The kaon reconstruction is especially challenging for very
short tracks, which may traverse only a few wires. The
dE/dx signature in signal events can be obscured by addi-
tional final-state protons that overlap with the start of the
kaon track. Without timing resolution sufficient to resolve
the 12 ns kaon lifetime, the dE/dx profile is the only dis-
tinguishing feature. The background from atmospheric neu-

Fig. 28 Kinetic energy of kaons in simulated proton decay events,
p → K+ν, in DUNE. The kinetic energy distribution is shown before
and after final state interactions in the argon nucleus

trino events without true final-state kaons, which is impor-
tant given the presence of FSI, was neglected in previous
estimates of p → K+ν sensitivity in LArTPC [257].

Other backgrounds, such as those initiated by cosmic-ray
muons, can be controlled by requiring no activity close to
the edges of the time projection chambers (TPCs) and by
stringent single kaon identification within the energy range
of interest [77,258].

FSI significantly modify the observable distributions in
the detector. For charged kaons, the hA2015 model includes
only elastic scattering and nucleon knock-out, tuned to
K+−C data [259,260]. Charge exchange is not included, nor
are strong processes that produce kaons inside the nucleus,
such as π+n → K+Λ. Figure 28 shows the kinetic energy of
a kaon from p → K+ν before and after FSI as simulated with
hA2015. Kaon interactions always reduce the kaon energy,
and the kaon spectrum becomes softer on average with FSI.
Of the kaons, 31.5% undergo elastic scattering resulting in
events with very low kinetic energy; 25% of kaons have a
kinetic energy of ≤ 50 MeV. When the kaon undergoes elas-
tic scattering, a nucleon can be knocked out of the nucleus.
Of decays via this channel, 26.7% have one neutron coming
from FSI, 15.3% have at least one proton, and 10.3% have
two protons coming from FSI. These secondary nucleons are
detrimental to reconstructing and selecting K+.

Other FSI models include the full cascade, and predict
slightly different final states, but existing data lack power to
favor one model over another. MINERvA has measured the
differential cross section for charged-current K+ production
by neutrinos on plastic scintillator (CH) as a function of kaon
energy, which is sensitive to FSI, and shows a weak prefer-
ence for the GENIE hA2015 FSI model over a prediction
with no FSI [261]. Compared to the kaon energy spectrum
measured by MINERVA, FSI have a much larger impact on
p → K+ν in argon, and the differences between models are
less significant than the overall effect.
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Fig. 29 Tracking efficiency for kaons in simulated proton decay
events, p → K+ν, as a function of kaon kinetic energy (top) and
true path length (bottom)

The kaon FSI in Super-Kamiokande’s simulation of p →
K+ν in oxygen seem to have a smaller effect on the outgoing
kaon momentum distribution [241] than is seen here with the
GENIE simulation on argon. Some differences are expected
due to the different nuclei, but differences in the FSI models
are under investigation.

Kaon FSI have implications on the ability to identify p →
K+ν events in DUNE. Track reconstruction efficiency for a
charged particle x± is defined as

εx± = x± particles with a reconstructed track
events with x± particle

. (26)

The denominator includes events in which an x± particle was
created and has deposited energy within any of the TPCs.
The numerator includes events in which an x± particle was
created and has deposited energy within any of the TPCs,
and a reconstructed track can be associated to the x± particle
based on the number of hits generated by that particle along
the track. This efficiency can be calculated as a function of
true kinetic energy and true track length.

Figure 29 shows the tracking efficiency for K+ from pro-
ton decay via p → K+ν as a function of true kinetic energy
and true path length. The overall tracking efficiency for kaons
from proton decay is 58.0%, meaning that 58.0% of all the
simulated kaons are associated with a reconstructed track in

Fig. 30 Particle identification using P I DA for muons and kaons in
simulated proton decay events, p → K+ν, and protons in simulated
atmospheric neutrino background events. The curves are normalized by
area

the detector. From Fig. 29, the tracking threshold is approx-
imately ∼ 40 MeV of kinetic energy, which translates to
∼ 4.0 cm in true path length. The biggest loss in tracking
efficiency is due to kaons with < 40 MeV of kinetic energy
due to scattering inside the nucleus. The efficiency levels off
to approximately 80% above 80 MeV of kinetic energy; this
inefficiency even at high kinetic energy is due mostly to kaons
that decay in flight. Both kaon scattering in the liquid argon
(LAr) and charge exchange are included in the detector sim-
ulation but are relatively small effects (4.6% of kaons scatter
in the LAr and 1.2% of kaons experience charge exchange).
The tracking efficiency for muons from the decay of the K+

in p → K+ν is 90%.
Hits associated with a reconstructed track are used to cal-

culate the energy loss of charged particles, which provides
valuable information on particle energy and species. If the
charged particle stops in the LArTPC active volume, a com-
bination of dE/dx and the reconstructed residual range (R,
the path length to the end point of the track) is used to define
a parameter for particle ID (PID). The parameter, P I DA, is
defined as [262]

P I DA =
〈(

dE
dx

)

i
R0.42
i

〉
, (27)

where the median is taken over all track points i for which
the residual range Ri is less than 30 cm.

Figure 30 shows the P I DA performance for kaons (from
proton decay), muons (from kaon decay), and protons pro-
duced by atmospheric neutrino interactions. The tail with
lower values in each distribution is due to cases where the
decay/stopping point was missed by the track reconstruction.
The tail with higher values is caused when a second particle
overlaps at the decay/stopping point causing higher values of
dE/dx and resulting in higher values of P I DA. In addition,
ionization fluctuations smear out these distributions.
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Sensitivity to 𝑝 → 𝐾! 𝜈̅
• Multi-variate analysis chosen (Boosted 

Decision Tree) for event classification
• Background suppression to 0.4 events per

400 kt-year (or 10 years with all 4 modules)
• Current reconstruction à 15% signal 

efficiency
• With improved reco. à 30%
• à proton lifetime limit 𝟏. 𝟑×𝟏𝟎𝟑𝟒 years 

(90% CL) if no signal observed
• FSI model not known well
- Some constraints from pion data
- Variations lead to about 2% uncertainty in 

signal efficiency

25/11/2021 Viktor Pěč | DUNE Physics

Chapter 6: GeV-Scale Non-accelerator Physics Program 6–192

argon time-projection chamber (LArTPC) technology implemented for the Deep Underground
Neutrino Experiment (DUNE) far detector (FD) will exploit a number of complementary signatures
for a broad range of nucleon decay channels. Should nucleon decay rates lie just beyond current
limits, observation of even one or two candidate events with negligible background could constitute
compelling evidence.

In the DUNE era, possibly two other large detectors, Hyper–Kamiokande [36] and JUNO [38]
will be conducting nucleon decay searches. Should a signal be observed in any single experi-
ment, confirmation from experiments using di�erent detector technologies, and therefore di�erent
backgrounds, would be very powerful.

As mentioned above, the GUT models present two benchmark decay modes, p æ e+fi0 and p æ

K+‹. The decay p æ e+fi0 arises from gauge boson mediation and is often predicted to have the
higher branching fraction of the two key modes. In this mode, the total mass of the proton is
converted into the electromagnetic shower energy of the positron and two photons from fi0 decay
with a net momentum vector near zero. The second key mode is p æ K+‹. This mode is dominant
in most supersymmetric GUT models, many of which also favor other modes involving kaons in the
final state [207]. Although significant attention will focus on these benchmark modes, the nucleon
decay program at DUNE will be a broad e�ort, covering many possible decay channels.

Figure 6.1: Summary of nucleon decay experimental lifetime limits from past or currently running
experiments for several modes and a set of model predictions for the lifetimes in the two benchmark
modes. The limits shown are 90% confidence level (CL) lower limits on the partial lifetimes, ·/B,
where · is the total mean life and B is the branching fraction. Updated from [34].

DUNE Physics The DUNE Technical Design Report
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Detector calibration
• Need to determine several detector parameters
- Drifting electron lifetime (attachment to impurities)
- Electron-ion recombination
- Electric field / electron drift velocity
- Electron diffusion
- Electronics gain
- Etc.

• Measure detector response to ‘standard candles’
• Cosmic ray muons useful source
• Beam neutrino events can be also used
• Some dedicated hardware – laser, neutron source, purity monitors

25/11/2021 Viktor Pěč | DUNE Physics
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Cosmic ray muons underground
• Not too many at Far Detector (1.5 km underground)
- ~4700 muons in single module per day

- Only ~90 stop inside
• (stopping muons are great for energy calibration)

• Mostly vertical tracks

25/11/2021 Viktor Pěč | DUNE Physics

Cosmic Muons
From MC Simulations at FD:
• ∼4700 muons in single 17-kt module per day
• Only ∼90 a day stopping inside TPC

July 29, 2020 V.Pěč | Calibrating the DUNE LArTPC Detectors for Precision Physics7
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Electron lifetime measurement
• Electrons attenuated along drift due to impurities
• Collected charge dependent on drift distance
• Use cosmic ray muons to measure it
- Broad E spectrum à varying ionisation loss

- Reconstruction of charge sensitive to track orientation à
response will differ for individual muons

• Enough tacks à variations average out à uniform 
energy depositions along drift coordinate à can 
measure effects on drifted charge

25/11/2021 Viktor Pěč | DUNE Physics

Cosmic Muons
From MC Simulations at FD:
• ∼4700 muons in single 17-kt module per day
• Only ∼90 a day stopping inside TPC

July 29, 2020 V.Pěč | Calibrating the DUNE LArTPC Detectors for Precision Physics7
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4 33. Passage of particles through matter

with mean M0. Ne is either measured in electrons/g (Ne = NAZ/A) or electrons/cm3

(Ne = NA ρZ/A). The former is used throughout this chapter, since quantities of interest
(dE/dx, X0, etc.) vary smoothly with composition when there is no density dependence.
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Fig. 33.1: Mass stopping power (= 〈−dE/dx〉) for positive muons in copper as a function
of βγ = p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in
kinetic energy). Solid curves indicate the total stopping power. Data below the break at
βγ ≈ 0.1 are taken from ICRU 49 [4], and data at higher energies are from Ref. 5. Vertical
bands indicate boundaries between different approximations discussed in the text. The
short dotted lines labeled “µ− ” illustrate the “Barkas effect,” the dependence of stopping
power on projectile charge at very low energies [6]. dE/dx in the radiative region is not
simply a function of β.

33.2.2. Maximum energy transfer in a single collision :

For a particle with mass M ,

Wmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (33.4)

In older references [2,8] the “low-energy” approximation Wmax = 2mec2 β2γ2, valid for
2γme % M , is often implicit. For a pion in copper, the error thus introduced into dE/dx
is greater than 6% at 100 GeV. For 2γme & M , Wmax = Mc2 β2γ.

At energies of order 100 GeV, the maximum 4-momentum transfer to the electron can
exceed 1 GeV/c, where hadronic structure effects significantly modify the cross sections.

June 5, 2018 19:57

Stopping muons

[PDG]
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Electron lifetime measurement
• Simulated about 35 days of cosmic ray muons

• Assumed average depositions and charge reco. uniform along drift direction

• 𝑑𝑄/𝑑𝑥 – collected charge on each wire / length of corresponding track segment

• Found ~1% uncertainty in corrected 𝑑𝑄/𝑑𝑥 achievable with 1-day data – purely statistical
• Systematic effects are being evaluated

25/11/2021 Viktor Pěč | DUNE Physics
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Simulated 3 ms electron lifetime

Method Recap

• Minimal selection: accept all hits from reconstructed tracks >2 m
• Assumed each track will have T0 from PDS
• Assumed uniform exposure and acceptance of detector

• Calorimetric dQ/dx vs reconstructed x
• Fit Landau⇤Gauss to dQ/dx in each x-bin
• Fit exponential to dQ/dxMPV(x)

50 100 150 200 250 300 350 400 450 500
dQ/dx [ADC/cm]

0
10
20
30
40
50
60
70
80
90

x in -680 cm to -676 cmx in -680 cm to -676 cm

800− 600− 400− 200− 0 200 400 600 800
x [cm]

140

160

180

200

220

240

260

280

300

dQ
/d

x 
[A

D
C

/c
m

]

dQ/dx vs x plane 0dQ/dx vs x plane 0
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Conclusion
DUNE programme
• Neutrino oscillations
• Supernova and solar neutrino
• BSM searches – proton decay discussed
Status & Schedule
• ProtoDUNE single phase successfully ran in test beam @ CERN
- Valuable input for DUNE design and demonstration of similar-scale LArTPC

• ProtoDUNE phase II test beam planned in 2022-2023
• Near and Far site construction/preparation is underway
• First DUNE far detector installation in mid-2020s
• Neutrino beam expected late 2020s

25/11/2021 Viktor Pěč | DUNE Physics



24 of 24

More details on DUNE physics
Deep Underground Neutrino Experiment (DUNE), Far Detector Technical Design Report, 
Volume II: DUNE Physics, arXiv:2002.03005 [hep-ex]

• Physics papers
- Long-baseline neutrino oscillation physics potential of the DUNE experiment, 

Eur.Phys.J.C 80 (2020) 10, 978

- Low exposure long-baseline neutrino oscillation sensitivity of the DUNE experiment, 
arXiv:2109.01304 [hep-ex]

- Prospects for beyond the Standard Model physics searches at the Deep Underground 
Neutrino Experiment, Eur.Phys.J.C 81 (2021) 4, 322

- Supernova neutrino burst detection with the Deep Underground Neutrino Experiment, 
Eur.Phys.J.C 81 (2021) 5, 423

25/11/2021 Viktor Pěč | DUNE Physics


