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DUNE - Deep Underground Neutrino Experiment

Far detector (FD): 
- LArTPC
- 1.5 km underground

- 4 × 17-kt modules 
(10 kt fiducial)
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Near detector (ND) 
- 3 components:

- LArTPC, GArTPC, non-TPC

P.Dunne, talk 271

Movable off-axis (PRISM)

DUNE FD Technical Design Report
Vol.I:Introduction arXiv:2002.02967



Physics Requirements
Performance drivers
• Oscillation physics: CP-violation and neutrino mass ordering
- Energies O(GeV)
- Uncertainty on energy scale < 2% (5%) for leptons (hadrons)

• Supernova neutrino burst
- Energies O(MeV)
- Energy resolution 20-30%

Other considerations under study
- Baryon number violation and other BSM
- Atmospheric neutrinos
- …
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DUNE experiment physics, S.Jones, talk 262

DUNE FD Technical Design Report
Vol.II:Physics arXiv:2002.03005



LArTPC - Liquid Argon Time Projection Chamber
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Major inputs on detector response for TPC calibration

Recombination Electron-ion recombine after ionisation

Drift velocity/E-field Essential for drift coordinate

Electron lifetime Attachment on impurities

Electron diffusion Affects signal shape and distribution 
across wires

Electronics gain Important for absolute energy scale

(a) A 0.5 GeV/c positron candidate. (b) A 6 GeV/c positron candidate.

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

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

(g) A 6 GeV/c kaon candidate.
(h) Large cosmic air shower candidate producing
many parallel muons.

Figure 43: Various candidate events from ProtoDUNE-SP data, with beam particles entering from
the left. The x axis shows the wire number. The y axis shows the time tick in the unit of 0.5 µs.
The color scale represents the charge deposition.
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Strategy
• Establish connection between physics measurement sensitivities and calibration 

requirements
• Develop procedures to:
- Determine detector parameters

• Drift velocity, electron lifetime, ... (previous slide)

- Measure detector response to “standard candles”
• Stopping power of through-going muons
• Stopping muons

• Michel electrons
• Delta-ray electrons
• 𝜋0 decay

• Neutron capture
• Natural radioactivity
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Sources for Calibration
Cosmogenic/-beam/intrinsic sources
• Cosmic muons
• Beam neutrino events
• Atmospheric neutrinos
• Intrinsic radioactive isotopes

Dedicated calibration devices
• Ionisation laser system
• Pulsed neutron source
• Cf/Ni source (9 MeV 𝛾) under consideration
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Cosmic Muons
From MC Simulations at FD:
• ∼4700 muons in single 17-kt module per day
• Only ∼90 a day stopping inside TPC
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Advantages Challenges
• Rich source

- e lifetime
- Recombination
- Alignment
- 𝛿-rays
- Michel electrons
- Stopping muons: 

- MIP + Bragg peak

• Low statistics

Anodes Cathodes



39Ar
• Naturally present ~1 Bq/kg
• β-decay with Q = 565 keV
• well defined spectrum = “standard candle”
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Figure 5: Reconstructed 39Ar candidate beta decay energy spectrum in MicroBooNE
data for two di↵erent choices of threshold. Only the collection plane is used for
the energy measurements, with infinite electron lifetime and R = 0.5 assumed.
The looser threshold (1500 e�) corresponds to roughly five times the collection
plane ENC (equivalent noise charge) at MicroBooNE, while the tighter thresh-
old (2200 e�) corresponds to roughly five times the collection plane ENC that
is expected in the DUNE far detector.

detector as the electron lifetime has been determined to be very high [6]. Estimated val-
ues for these last four quantities, which are constants in the energy reconstruction, are:
G = 182 electrons/ADC [8] (consistent with measurements using an external pulser [10]),
I = 0.0236 keV/electron, R = 0.5, and K = 5.52 ticks. Currently, space charge e↵ects
are ignored in the energy reconstruction, but they are expected to contribute modestly
to energy reconstruction (less than 5% bias in reconstructed energy is expected) [11,12].

The reconstructed energy spectra shown in Figure 5 closely resemble the 39Ar beta
decay spectra shown in Figure 2 with a few notable di↵erences. First of all, there is a
high-energy tail that is attributable to the presence of cosmogenic and radiological back-
grounds in the selected sample. These backgrounds are discussed further in Sections 5
and 6, respectively. Additionally, the low-energy side of the spectra are sculpted due to
e↵ects of thresholding; the comparison of the two di↵erent thresholds used in Figure 5
clearly demonstrates the impact of thresholding on the energy reconstruction. Finally,
the spectra are broadened due to the presence of noise in the integration window. The
energy resolution associated with smearing due to the impact of noise is illustrated in
Figure 6; for the chosen integration window of three wires by 40 time ticks, this corre-
sponds to an energy resolution of roughly 60 keV (flat as a function of energy) for both
data and Monte Carlo (MC) simulation.

9
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Advantages Challenges
• High statistics
• Uniform
• Sensitive to:

- e lifetime
- Recombination
- Electronics noise

• Low energy only
• Unknown position in drift 

direction
• Triggering/DAQ

• 42Ar/42K also under consideration



𝜋0 ➝ 2𝛾
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2020 JINST 15 P02007

Figure 7. Candidate ⌫µ CC ⇡0 event from MicroBooNE data. Charge is visualized by the color on the image,
with red and green denoting highly-ionizing and minimally-ionizing track-segments, respectively. Overlayed
in black on the 2D collection-plane image are reconstructed 2D hits with a shower-like score greater than 0.5
as determined by the SSNet network. The vast majority of EM activity in this image, associated both to the
two � showers from the ⇡0 as well as the �-rays from the muon, are labeled as EM-like.

(a) (b)

Figure 8. MicroBooNE data event showing SSNet shower-like pixels for a cosmic-ray. Black hits denote
EM-like pixels as identified by SSNet. (a) Before cosmic-hit removal. (b) After cosmic-hit removal.

Hits identified as shower-like in the track-shower separation stage (section 3.2) are clustered
via a proximity algorithm into independent and contiguous charge segments (see figure 9 (a)).
The proximity-based algorithm, developed as part of this work and also used in references [5, 10],
collects in the same cluster hits that are found to be within some user-defined distance of each other.
Given two reconstructed hits, each defined by a wire-number, a drift-time coordinate, and a drift-
time width (the� of the fitted Gaussian to the deconvoluted wire-signal used to construct the hit), the
2D distance between them is measured to be

p
�wire + �tick. �wire is defined as the wire-separation
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JINST 15, P02007 (2020)

2020 JINST 15 P02007

(a) (b) (c)

Figure 23. Reconstructed M��. (a) After proper calorimetric energy calibration but before any shower energy
reconstruction bias corrections. (b) After bias corrections are applied identically in data and simulation. (c)
After applying a further 5.5% correction to simulation. The distribution in (b) has a �2/bin of 44.7/34, and
the one in (c) gives a value of 36.1/34.

(a) (b)

Figure 24. dE/dx for photon candidates from the ⇡0 selection. dE/dx is calibrated following the same
calorimetry reconstruction described in section 5, omitting the shower energy-bias corrections which are not
relevant here. (a) Reconstructed distribution after applying an identical calibration procedure to data and
simulation. (b) Reconstructed distribution after accounting for the additional 5.5% bias measured from the
reconstructed ⇡0 mass distribution. The distribution in (a) gives a �2/bin of 22.9/21, while for the one in (b)
the �2 is 15.8/21.
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Advantages Challenges
• Beam neutrino interactions
• Cosmic muon interactions
• 2𝛾 invariant mass = “standard candle”
• Electromagnetic energy scale

• Difficult selection
• Low statistics
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Ionisation Laser System

• Multiple periscopes ➝ coverage
• Aperture in field cage considered

• Test in ProtoDUNE Run 2 end of next year
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Figure 34. Relative E-field components (in percent) for the three coordinates (EX � E0)/E0[%] (left),
EY/E0[%] (middle) and EZ/E0[%] (right) at a central slice in Z . The maximal relative E-field distortion is
about 10%.

velocity map (Sec 7.2). An example of the distribution of E-field component in a bin can be seen in
figure 35. We take the standard deviation from a fit to the distribution in every bin as the statistical
uncertainty of the E-field measurement. In figure 26, around the nominal E-field in MicroBooNE
E0, and with E-field distortion up to 50 V cm�1, the drift speed varies almost linearly with respect to
the magnitude of the E-field. As the error propagation to the E-field shows Gaussian distributions
in figure 35 we use the values from the fit.

The statistical uncertainty shown as a percentage of E0 at central Z is shown in figure 36.
Typical statistical uncertainties of the E-field component in a bin are less than 2% of E0.
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Figure 35. Distribution of the vertical E-field components EZ for 500 initial correction maps used in the
error propagation. The red line shows the Gaussian fit.
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E-field distortions

MicroBooNE
arXiv:1910.01430

MicroBooNE
arXiv:1910.01430

Advantages Challenges
• High statistics
• Well defined tracks
- E-field
- Alignment
- e lifetime (being 

investigated)

• Limited coverage 
depending on design



Pulsed Neutron Source
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Candidate DD generator

Advantages Challenges
• Triggered
• High statistics
- Neutron capture
- 𝛾 energy scale + resolution
- e lifetime (to be investigated)

• Non-uniform coverage
• Difficulties in associating 

scintillation light with individual 
interactions

• Neutron anti-resonance at 57 keV ➝ LAr nearly transparent ➝
travel far

• Neutron capture: n + 40Ar ➝ 41Ar + 6.1-MeV 𝛾’s
• Dedicated measurements at Los Alamos
- ACED – n-capture gamma spectrum
- ARTIE – neutron elastic scattering anti-resonance



ProtoDUNE and SBN Programme
ProtoDUNE on test beam at CERN
• 2 prototype modules: Single-/Dual-phase
+ Development of techniques to be used in ND and FD
• DUNE FD calibrations already being informed by ProtoDUNE SP

+ Measure LAr properties at same E-field & drift distance
- Space charge build-up due to cosmics (no problem for ND 

and FD) see 

SBN at Fermilab
• LArTPCs: SBND, MicroBooNE, ICARUS
• Benefit of development of calibration techniques before 

DUNE starts
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Summary
• Requirements on performance driven by 𝛎 oscillation physics and low-energy 

astrophysical neutrino physics
• Outlined strategy to develop calibration techniques
• Combined use of intrinsic sources and dedicated devices
• DUNE will benefit from robust LArTPC calibration programme
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Measurement Tools
Alignment Cosmics, Laser
E-field Cosmics, Laser
e lifetime Cosmics, 39Ar, Laser, PNS
Recombination Cosmics, 39Ar, Beam
Energy scale Cosmics, Beam, PNS, 39Ar

* PNS – Pulsed Neutron Source


