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DUNE Physics
• Long-baseline neutrino beam
- Determine neutrino mass ordering

- Measure dCP

• Deep underground
- Measure nature’s neutrinos from

• Atmospheric interactions

• The Sun

• Supernova

• With a massive detector
- Search for proton decay
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Figure 5.1: The appearance probability at a baseline of 1300 km, as a function of neutrino energy, for
”CP = ≠fi/2 (blue), 0 (red), and fi/2 (green), for neutrinos (left) and antineutrinos (right), for normal
ordering. The black line indicates the oscillation probability if ◊13 were equal to zero. Note that DUNE
will be built at a baseline of 1300 km

sign of which depends on the neutrino mass ordering. At 1300 km this asymmetry is approximately
±40% in the region of the peak flux; this is larger than the maximal possible CP-violating asymme-
try associated with ”CP, meaning that both the mass hierarchy (MH) and ”CP can be determined
unambiguously with high confidence within the same experiment using the beam neutrinos. Con-
current analysis of the corresponding atmospheric-neutrino samples may provide an independent
measurement of the neutrino mass ordering.

The rich oscillation structure that can be observed by DUNE will enable precision measurement
in a single experiment of all the mixing parameters governing ‹1-‹3 and ‹2-‹3 mixing. Higher-
precision measurements of the known oscillation parameters improves sensitivity to physics beyond
the three-flavor oscillation model, particularly when compared to independent measurements by
other experiments, including reactor measurements of ◊13 and measurements with atmospheric
neutrinos. DUNE will seek not only to demonstrate explicit CPV by observing a di�erence in the
neutrino and antineutrino oscillation probabilities, but also to precisely measure the value of ”CP.

The mixing angle ◊13 has been measured accurately in reactor experiments. While the constraint on
◊13 from the reactor experiments will be important in the early stages of DUNE, DUNE itself will
eventually be able to measure ◊13 independently with a similar precision to reactor experiments.
Whereas the reactor experiments measure ◊13 using ‹̄e disappearance, DUNE will measure it
through ‹e and ‹̄e appearance, thus providing an independent constraint on the three-flavor mixing
matrix.

Current world measurements of sin2 ◊23 leave an ambiguity as to whether the value of ◊23 is in the
lower octant (less than 45¶), the upper octant (greater than 45¶), or exactly 45¶. The value of
sin2 ◊23 from NuFIT 4.0 [3, 4] is in the upper octant, but the distribution of the ‰2 has another
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DUNE Vision and Goal

Rameika - DUNE TGIR Kick-off

• The full DUNE experiment will consist of the following components
- Four far detector modules
- The Near Detector Reference Design described in CDR

• The full experiment (plus 2.4 MW upgrade of accelerator complex) is required to deliver P5 
science goals

May 25, 2021
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DUNE Collaboration
May  2021: 580 registered 

participants

1347 collaborators
204 institutions in 33 
countries + CERN

Faculty/Sr Staff : 661
Post Docs : 224
Grad Students : 295
Eng.+CP : 167
U.S. : 48%

DUNE 2020 FTE effort reported :
487 (36%)

No 2020  reported effort : 280 
(21%)
47% from US
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What can we measure?
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Figure 5.2: ‹e and ‹̄e appearance spectra: Reconstructed energy distribution of selected ‹e CC-like
events assuming 3.5 years (staged) running in the neutrino-beam mode (left) and antineutrino-beam
mode (right), for a total of seven years (staged) exposure. The plots assume normal mass ordering and
include curves for ”CP = ≠fi/2, 0, and fi/2.
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Figure 5.3: ‹µ and ‹̄µ disappearance spectra: Reconstructed energy distribution of selected ‹µ CC-like
events assuming 3.5 years (staged) running in the neutrino-beam mode (left) and antineutrino-beam
mode (right), for a total of seven years (staged) exposure. The plots assume normal mass ordering.
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Figure 5.2: ‹e and ‹̄e appearance spectra: Reconstructed energy distribution of selected ‹e CC-like
events assuming 3.5 years (staged) running in the neutrino-beam mode (left) and antineutrino-beam
mode (right), for a total of seven years (staged) exposure. The plots assume normal mass ordering and
include curves for ”CP = ≠fi/2, 0, and fi/2.
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Figure 5.3: ‹µ and ‹̄µ disappearance spectra: Reconstructed energy distribution of selected ‹µ CC-like
events assuming 3.5 years (staged) running in the neutrino-beam mode (left) and antineutrino-beam
mode (right), for a total of seven years (staged) exposure. The plots assume normal mass ordering.
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Table 5.2: ‹e and ‹̄e appearance rates: Integrated rate of selected ‹e CC-like events between 0.5 and
8.0 GeV assuming a 3.5-year (staged) exposure in the neutrino-beam mode and antineutrino-beam
mode. The signal rates are shown for both normal mass ordering (NO) and inverted mass ordering
(IO), and all the background rates assume normal mass ordering. All the rates assume ”CP = 0.

Expected Events (3.5 years staged)
‹ mode
‹e Signal NO (IO) 1092 (497)
‹̄e Signal NO (IO) 18 (31)
Total Signal NO (IO) 1110 (528)
Beam ‹e + ‹̄e CC background 190
NC background 81
‹· + ‹̄· CC background 32
‹µ + ‹̄µ CC background 14
Total background 317
‹̄ mode
‹e Signal NO (IO) 76 (36)
‹̄e Signal NO (IO) 224 (470)
Total Signal NO (IO) 300 (506)
Beam ‹e + ‹̄e CC background 117
NC background 38
‹· + ‹̄· CC background 20
‹µ + ‹̄µ CC background 5
Total background 180

Table 5.3: ‹µ and ‹̄µ disappearance rates: Integrated rate of selected ‹µ CC-like events between 0.5
and 8.0 GeV assuming a 3.5-year (staged) exposure in the neutrino-beam mode and antineutrino-beam
mode. The rates are shown for normal mass ordering and ”CP = 0.

Expected Events (3.5 years staged)
‹ mode
‹µ Signal 6200
‹̄µ CC background 389
NC background 200
‹· + ‹̄· CC background 46
‹e + ‹̄e CC background 8
‹̄ mode
‹̄µ Signal 2303
‹µ CC background 1129
NC background 101
‹· + ‹̄· CC background 27
‹e + ‹̄e CC background 2
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Figure 5.17: Significance of the DUNE determination of CP-violation (i.e.: ”CP ”= 0 or fi) as a function
of the true value of ”CP, for seven (blue) and ten (orange) years of exposure. True normal ordering
is assumed. The width of the transparent bands cover 68% of fits in which random throws are used
to simulate statistical variations and select true values of the oscillation and systematic uncertainty
parameters, constrained by pre-fit uncertainties. The solid lines show the median sensitivity.

the change at 6 years is due to the upgrade from 1.2- to 2.4-MW beam power. The width of the
bands show the impact of applying an external constraint on sin2 2◊13. As seen in Table 5.11, CP
violation can be observed with 5‡ significance after about 7 years if ”CP = ≠fi/2 and after about
10 years for 50% of ”CP values. CP violation can be observed with 3‡ significance for 75% of ”CP

values after about 13 years of running. Figure 5.19 shows the same CP violation sensitivity as a
function of exposure in kt-MW-years. In the left plot, the width of the bands shows the impact of
applying an external constraint on sin2 2◊13, while in the right plot, the width of the bands is the
result of varying the true value of sin2 ◊23 within the NuFIT 4.0 90% C.L. allowed region.
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Figure 5.18: Significance of the DUNE determination of CP-violation (i.e.: ”CP ”= 0 or fi) for the case
when ”CP =≠fi/2, and for 50% and 75% of possible true ”CP values, as a function of time in calendar
years. True normal ordering is assumed. The width of the band shows the impact of applying an
external constraint on sin2 2◊13.

5.9.2 Mass Hierarchy

Figure 5.20 shows the significance with which the neutrino mass ordering can be determined as
a function of the true value of ”CP, using the same exposures and staging assumptions described
in the previous section. The characteristic shape results from near degeneracy between matter
and CP-violating e�ects that occurs near ”CP = fi/2 for true normal ordering. As in the CP
violation sensitivity, the solid curve represents the median sensitivity, the width of the transparent
band represents 68% of fits when random throws are used to simulate statistical variations and

DUNE Physics The DUNE Technical Design Report

These plots were made with an optimistic staging scenario



A slightly better way to think about this
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Figure 5.19: Significance of the DUNE determination of CP-violation (i.e.: ”CP ”= 0 or fi) for the case
when ”CP =≠fi/2, and for 50% and 75% of possible true ”CP values, as a function of exposure in
kt-MW-years. True normal ordering is assumed. Left: The width of the band shows the impact of
applying an external constraint on sin2 2◊13. Right: The width of the band shows the impact of varying
the true value of sin2 ◊23 within the NuFIT 4.0 90% C.L. region.

select true values of the oscillation and systematic uncertainty parameters, constrained by pre-fit
uncertainties, and variation in the true value of sin2 ◊23 is responsible for a significant portion of
this variation.

Figure 5.21 shows the significance with which the neutrino mass ordering can be determined for
100% of ”CP values, and when ”CP = ≠fi/2, as a function of exposure in years. The width of
the bands show the impact of applying an external constraint on sin2 2◊13. Figure 5.22 shows the
same sensitivity as a function of exposure in kt-MW-years. As DUNE will be able to establish the
neutrino mass ordering at the 5-‡ level for 100% of ”CP values after between two and three years,
these plots extend only to seven years and 500 kt-MW-years, respectively.

Studies have indicated that special attention must be paid to the statistical interpretation of
neutrino mass ordering sensitivities [195, 196] because the �‰2 metric does not follow the expected
chi-squared function for one degree of freedom, so the interpretation of the sensitivity given by the
Asimov data set is less straightforward. The error band on the mass ordering sensitivity shown in
Figure 5.20 includes this e�ect using the technique of statistical throws described in Section 5.8.2.
The e�ect of statistical fluctuation and systematic uncertainties in the neutrino mass ordering
sensitivity for values of sin2 ◊23 in the range 0.56 to 0.60 is explored using random throws to
determine the 1- and 2-‡ ranges of possible sensitivity. The resulting range of sensitivities is
shown in Figure 5.23, for 10 years of exposure.

DUNE Physics The DUNE Technical Design Report
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Figure 5.22: Significance of the DUNE determination of the neutrino mass ordering for the case when
”CP =≠fi/2, and for 100% of possible true ”CP values, as a function of exposure in kt-MW-years. True
normal ordering is assumed. Left: The width of the band shows the impact of applying an external
constraint on sin2 2◊13. Right: The width of the band shows the impact of varying the true value of
sin2 ◊23 within the NuFIT 4.0 90% C.L. region.

near five degrees are possible for large exposure. The DUNE measurement of sin2 2◊13 approaches
the precision of reactor experiments for high exposure, allowing a comparison between the two
results, which is of interest as a test of the unitarity of the PMNS matrix.

One of the primary physics goals for DUNE is the simultaneous measurement of all oscillation
parameters governing long-baseline neutrino oscillation, without a need for external constraints.
Figure 5.27 shows the 90% C.L. allowed regions for sin2 2◊13 and ”CP for 7, 10, and 15 years of
running, when no external constraints are applied, compared to the current measurements from
world data. Note that a degenerate lobe at higher values of sin2 2◊13 is present in the 7-year
exposure, but is resolved for higher exposures. Figure 5.28 shows the two-dimensional allowed
regions for sin2 ◊23 and ”CP. Figure 5.29 explores the resolution sensitivity that is expected for
values of sin2 ◊23 di�erent from the NuFIT 4.0 central value. It is interesting to note that the
lower exposure, opposite octant solutions for sin2 ◊23 are allowed at 90% C.L. in the absence of an
external constraint on sin2 2◊13; however, at the 10 year exposure, this degeneracy is resolved by
DUNE data without external constraint.

The measurement of ‹µ æ ‹µ oscillations is sensitive to sin2 2◊23, whereas the measurement of ‹µ æ

‹e oscillations is sensitive to sin2 ◊23. A combination of both ‹e appearance and ‹µ disappearance
measurements can probe both maximal mixing and the ◊23 octant. Figure 5.30 shows the sensitivity
to determining the octant as a function of the true value of sin2 ◊23.

DUNE Physics The DUNE Technical Design Report
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Sensitivity to supernova detection
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Figure 7.7: Estimated numbers of supernova neutrino interactions in DUNE as a function of distance
to the supernova, for di�erent detector masses (‹e events dominate). The red dashed lines represent
expected events for a 40-kton detector and the green dotted lines represent expected events for a 10-kton
detector. The lines limit a fairly wide range of possibilities for “Garching-parameterized” supernova flux
spectra (Equation 7.1) with luminosity 0.5 ◊ 1052 ergs over ten seconds. The optimistic upper line of
a pair gives the number of events for average ‹e energy of ÈE‹e

Í = 12 MeV, and “pinching” parameter
– = 2; the pessimistic lower line of a pair gives the number of events for ÈE‹e

Í = 8 MeV and – = 6.
(Note that the luminosity, average energy and pinching parameters will vary over the time frame of
the burst, and these estimates assume a constant spectrum in time. Oscillations will also a�ect the
spectra and event rates.) The solid lines represent the integrated number of events for the specific time-
dependent neutrino flux model in [250] (see Figures 7.1 and 7.2; this model has relatively cool spectra
and low event rates). Core collapses are expected to occur a few times per century, at a most-likely
distance of around 10 to 15 kpc.
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We describe here a study of the ability of DUNE to point to a supernova using the TPC tracks.
This study makes use of full simulation and reconstruction tools. We have studied single electrons,
neutrino-electron elastic scattering events, and the full expected supernova signal, looking at both
elastic scattering events and ‹eCC events. Future studies will incorporate additional interaction
channels, as well as backgrounds.

Figure 7.8: Example event display for a single simulated 10.25 MeV electron, with track reconstruction,
in time vs wire, with color representing charge. The top panel shows the collection plane and the bottom
panels show induction planes. The boxes represent reconstructed hits.
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Figure 7.9: Example distribution of reconstructed directions of ES and CC supernova neutrino events
in a 12-14 MeV reconstructed energy bin (left) and a 24-26 MeV reconstructed energy bin (right).

The pointing resolution of the reconstructed electron direction with respect to the true neutrino
direction, defined as the angle at which 68% of angular di�erences are closer to truth, is plotted
in Figure 7.10 on the right. The absolute values of cosines of the angular di�erences are used,
which does not capture the head-tail directional ambiguity of the electron track. This pointing
resolution is a result of both the neutrino-electron angle spread, electron scattering and the error
in reconstruction. The left plot shows the pointing resolution for electrons only, and the e�ect
of a head-tail disambiguation using bremsstrahlung directionality (“daughter flipping”). Work is
continuing to improve the directional disambiguation algorithm, including use of increased multiple
scattering towards the end of a track.
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(simulation in APA detector)
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Figure 7.14: Expected event rates as a function of time for the electron-capture model in [250] for
40 kt of argon during early stages of the event – the neutronization burst and early accretion phases, for
which self-induced e�ects are unlikely to be important. Shown is the event rate for the unrealistic case
of no flavor transitions (blue), the event rate including the e�ect of matter transitions for the normal
(red) and inverted (green) orderings. Error bars are statistical, in unequal time bins.

the observed signal.

Figure 7.15 shows the results of a simple quantitative study based in counting observed events in
DUNE in the first 50 milliseconds of the burst. We expect this early neutronization-burst period
to be dominated by adiabatic MSW transitions driven by the “H-resonance” for �m2

3¸
, for which

the following neutrino-energy-independent relations apply:

F‹e
= F 0

‹x
(NO) , (7.3)

F‹e
= sin2 ◊12F

0

‹e
+ cos2 ◊12F

0

‹x
(IO) (7.4)

and

F‹̄e
= cos2 ◊12F

0

‹̄e
+ sin2 ◊12F

0

‹̄x
(NO) , (7.5)

F‹̄e
= F 0

‹̄x
(IO) (7.6)

where F ’s are the fluxes corresponding to the respective flavors, and the o subscript represents flux
before transition.

Figure 7.15 shows that for this model, the event count will be well separated under the two
di�erent assumptions, out to the edge of the Galaxy. The right hand plot shows also the e�ect of
uncertainty on the distance to the supernova, in the scenario of evaluating the mass ordering based
on absolute neutronization-burst counts. Note that while the neutronization burst is thought to be
a “standard candle” [42], there will likely be some model dependence, and early-time-window event
count by itself is not likely a su�ciently robust discriminant. There will, however, be additional
information from other time eras of the burst signal. Further studies for a range of additional
models and making use of the full burst time information are underway.
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Why Liquid Argon
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Liquid argon density

• LAr density of 1400kg/m3

• Less dense than Lxe

• More dense than water

• WAY more dense than gaseous argon

• High enough for a large target mass

• Low enough to give good event topology

• Low energy tracks and showers are 

distinguishable

• Powerful ability to measure the charge 

deposition per unit length (dE/dx) of particles, 

which enables particle identification

Neutrino physics sensitivities

• What are the advantages of a LAr TPC for neutrino physics?

proton

pion

muon

7GeV Pion interaction

Cosmic ray muon

ProtoDUNE Preliminary

ProtoDUNE Preliminary

Excellent particle ID and energy reconstruction

The DUNE detector

• 4x 10kton 
modules in 
mine at SURF

Home About Publications Collaboration Images At Work Contact Talks Links

Links

FNAL Intensity Frontier
Dept.

ArgoNeuT in the News

CERN Courier 
   (October 27, 2014)

Fermilab Today 
   (August 29, 2014)

Fermilab Today 
   (May 2, 2014)

Fermilab Today 
   (June 8, 2013)

Fermilab Today 
   (Nov. 11, 2011)

Fermilab Today 
   (March 17, 2010)

Symmetry Breaking 
   (Dec. 18, 2009)

Fermilab Today 
   (July 1, 2009)

Symmetry Breaking 
   (July 3, 2009)

Symmetry Breaking 
   (January 12, 2009)

Scientific American:
"Fermilab Looks for Visitors
from Another Dimension" 
   (September 2008)

TecTrends: "A New
Neutrino Hunt" 
   (September 2008)

Symmetry: "Bonnie and
the ArgoNeuTs" 
   (August 2008)

ArgoNeuT: Mini LArTPC Exposure to Fermilab's NuMI Beam

Introduction

ArgoNeuT is a joint NSF/DOE R&D project at Fermilab to expose a small-scale liquid argon time projection
chamber (LArTPC) to the NuMI neutrino beam. Data-taking concluded in March 2010, and analysis is ongoing.
Event images are available in the Images section, or by request.

Liquid argon detectors are an exciting class of neutrino experiments because they can provide bubble chamber
quality images and excellent background rejection. In these detectors, neutrinos passing through a large volume of
argon interact with an argon atom, producing light and ionization particles. An electric field within the detector
causes these charged particles to drift through the volume of argon, leaving a path of ionization electrons. As they
drift, the ionization electrons induce current in two wire planes and are collected at a third plane. Measurement of
the signals created within the wires, the position of the wires within the planes, the drift velocity of the ionization
particles, and time of drift (from scintillation light or elsewhere) provides all the information needed for 3D
reconstruction of the event.

ArgoNeuT's neutrino source is the NuMI (Neutrinos at the Main Injector) beam. The beam passes through the
MINOS (Main Injector Neutrino Oscillation search) near and far detectors, positioned at 1 km and 735 km from the
target at Fermilab. ArgoNeuT is located at Fermilab upstream of the MINOS near detector, and is calibrated using
muons that traverse the chamber and penetrate several layers into MINOS.

ArgoNeuT supplies valuable information about both low energy neutrino interactions and underground detector
operations. By taking measurements in the .1 to 10 GeV range, the test provides the first ever data for low energy
neutrino interactions within a LArTPC, paving the way for construction of larger detectors. ArgoNeuT also serves as
a stepping stone to larger detectors by providing experience in operating underground argon recirculation, trigger,
and readout systems.

Please see the Contact link for information on where to direct questions.

© ArgoNeuT, 2014

Scalable to large mass

ArgoNeut ProtoDUNE



DUNE Far Detectors
• LBNF will provide caverns for 4 detector modules

- 1st detector to be installed in NE cavern

- 2nd detector needs to go into SE cavern (due 
to space requirements for installation and 
safety constraints during filling)

• 1st module will be a Single Phase APA detector

- Full scale (module) demonstration in 
ProtoDUNE NP04 (2018 – 2020) + 2022-2023

• 2nd module will be a Single Phase Vertical Drift 
module with PCB anodes

- Cold box demonstrations (2021) and NP02 
operation : 2022 - 2023

May 25, 2021 Rameika - DUNE TGIR Kick-off

DUNE Single-phase APA TPC Design

2 Dec 2020 LBNC Meeting 28

Cathode Cathode
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DUNE Near Detector Complex
(CDR Reference Design)

May 25, 2021 Rameika - DUNE TGIR Kick-off

SAND ND GAr ND LAr

• Measures the neutrino 
beam rate and spectrum 
to predict un-oscillated 
event rates in the far 
detector

• Constrains systematic 
uncertainties for 
oscillation 
measurements 
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DUNE Collaboration Organization

DRAFT : Rameika : DUNE Collaboration

Technical 
Coordinators

Co-Spokespersons

Int. Resource 
Coordinator

06 June 2021

Construction Consortia

Institutional Board

Executive Board

Physics, 
Simulations

and 
Analysis Groups

Finance Board

Authorship & 
Publication Board

Speakers 
Committee

Technical Boards

Physics
Coordinators

Project : Funding Agency
DUNE-US : DOE
DUNE-UK :UKRI/STFC
DUNE-Italy : INFN
DUNE-France: IN2P3, CEA
DUNE-Spain
DUNE-Brazil : FAPESP
DUNE-Swiss : Bern, SNF
DUNE-CERN
+  ….

Computing

Define requirements
Design
Fabricate
Integrate Components
Install (with Project)
Commission
Operate
Analyze
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Organization for Detector Construction

May 25, 2021 Rameika - DUNE TGIR Kick-off

DUNE Collaboration Organization for Detector Construction

DRAFT : Rameika : DUNE Collaboration

APA

Electronics

CALCI

HV 

Photon Detectors

DAQ/SC

FD1 Technical Coordinator

CRP/CRU

Electronics (T)

CALCI

HV 

Photon Detectors

DAQ/SC

FD2 Technical Coordinator

ND LAr

ND LAr Cryostat*

ND PRISM*

ND TMS/ND GAr

ND DAQ/SC

ND Technical Coordinator

Electronics (B)

ND SAND

Co-Spokespersons

Int. Resource Coordinator

06 June 2021

Joint Consortia

Construction Management Group

* not Consortia
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Collaboration/DOE Project Interfaces

May 25, 2021 Rameika - DUNE TGIR Kick-off

DUNE Collaboration Organization for Detector Construction

DRAFT : Rameika : DUNE Collaboration

FD1 Technical Board

Consortia Leads and 
Technical Leads

FD1 Technical Coordinator FD2 Technical Coordinator ND Technical Coordinator

Co-Spokespersons

Int. Resource Coordinator

06 June 2021

Construction Management Group

FD2 Technical Board

Consortia Leads and 
Technical Leads

ND Technical Board

Consortia Leads and 
Technical Leads

JOINT PROJECT OFFICE

Project Controls
ESH

Quality Assurance
Procurement

Systems Engineering

Financial Management
Risk Management
Internal Reviews

Compliance
Legal

DUNE Construction is 
supported by the JPO

Shared resources for I&I provided by LBNF/DUNE Project

Resources for I&I 
provided by 
LBNF/DUNE Project
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DUNE Detector Consortia :

May 25, 2021 Rameika - DUNE TGIR Kick-off

Far Detector

• APA: C. Touramanis (Liverpool), TLs: B.Rebel (UW,FNAL), J. Evans (Manchester)

• Photon Detection System: E. Segreto (Campinas), TLs: D. Warner (CSU), F. Terranova  (Milano Biccoca)

• TPC Electronics: D. Christian (FNAL), TL: M. Verzocchi (FNAL)

• CRP: D. Duchesneau (LAPP), TL: S. Tufanli (CERN)

• Top VD TPC Electronics: D. Autiero (IPNL), TL: T. Hasegawa (KEK)

• HV System: F. Pietropaolo (CERN), TL: Bo Yu (BNL)

• Calibration/Cryogenic Instrumentation: J. Maneira (LIP), TLs: S. Gollapinni (LANL),A. Cervera (IFC) 

Near Detector 

• Liquid-argon Detector (ND-LAr): M. Weber (Bern), TL: D. Dwyer (LBL)

• Beam Monitor – SAND: L. Stanco (INFN Padova), TL: C. Montanari (Pavia,FNAL)

• Argon Gas TPC (ND-GAr)* :  A. Weber (STFC/Oxford), A. Bross (FNAL), 
TL : T. LeCompte (ANL)

Joint Near/Far

• DAQ/Slow Controls: G. Lehmann Miotto (CERN), TLs: A. Thea (RAL), A. Kaboth (RHUL)

• Computing: H. Schellman (Oregon State), TLs: M. Kirby (FNAL), A. McNab (Manchester)
*proto-Consortium

Consortia Leads/Technical Leads
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Anode Plane Assemblies – FD1-HD 
• Deliverables – 150 (+2) Anode Plan Assemblies  for Far 

Detector #1

- 130 APAs produced in UK, Daresbury Lab

- 20 APAs produced in US, UW/PSL, U Chicago

• Funding

- UK APAs funded through UKRI/STFC – approved and 
received

- US APAs being incorporated into DUNE-US Project Scope

• PED funds being spent for design and prototyping

• Production funding with CD-3

• Status : Module 0 APA#1 being wound at Daresbury; 3 more 
needed for ProtoDUNE-II (2 more from UK; 1 from PSL)

• Full scale production to start at Daresbury in Fall

May 25, 2021 Rameika - DUNE TGIR Kick-off

DUNE Single-phase APA TPC Design

2 Dec 2020 LBNC Meeting 29

Size of 
ProtoDUNE

APA
Production Preparations for FD 1

LBNC Meeting 37

• Daresbury (UK): purpose-built 
APA factory inside repurposed 
accelerator hall

• 4 winding machines, 10 process 
carts; 5 new dedicated swing 
arm pillar cranes

• 1,085 m2 including pre- and 
post- processing areas, safety 
systems

• UK factory ready to go (some 
covid-related delays)

• Starting construction of 
ProtoDUNE Phase II APAs

DUNE-UK project (UKRI-STFC)

2 Dec 2020

Factory layout at Daresbury
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• Deliverables 
- Cold Front-ends and Warm readout for 150 
APAs in Far Detector #1

• 3000 front-end motherboards, 750 warm interface 
boards, all corresponding services

- Cold Front-ends and Warm readout for bottom 
Anode Plane of Far Detector #2

• 1600-2080 front-end motherboards, 400-520 warm 
interface boards, all corresponding services (2/3 views)

• Funding
- This scope is to be fully funded in the DUNE-
US Project
- Design, prototyping and pre-production funded 
with Project PED funds
- Production funding requires CD-3

• Status : preparing to produce asics and 
boards for testing in ProtoDUNE-II

TPC Electronics Consortium FD1-HD and 
FD2-VD

May 25, 2021 Rameika - DUNE TGIR Kick-off18

FEMB Development

COLDATA FEMB
CRYO FEMB Cold Motherboard Front End 

Warm interface (Front-ends -> DAQ)

Chapter 4: TPC Electronics 4–184

Figure 4.28: Exploded view of the CE signal flange for ProtoDUNE-SP. The design for the DUNE SP
module CE signal flange will be very similar (with two CE signal flanges per feedthrough).

The WIB receives the system clock and control signals from the timing system and provides
processing and further distribution of those signals to four FEMBs. It also receives high-speed
data signals from the same four FEMBs and transmits them to the DAQ system over optical fibers.
The data signals from the FEMBs are recovered on the WIB with commercial equalizers. The WIBs
are attached directly to the TPC CE feedthrough on the signal flange. The feedthrough board is a
PCB with connectors to the cold signal and LV power cables fitted between the compression plate
on the cold side and sockets for the WIB on the warm side. Cable strain relief for the cold cables
is provided from the back end of the feedthrough.

The PTC provides a bidirectional fiber interface to the timing system. The clock and data streams
are separately fanned out to the five WIBs as shown in Figure 4.29. A clock-data separator on
the WIB separates the signal received from the timing system into clock and data signals. Timing
endpoint firmware for receiving and transmitting the clock is integrated into the WIB FPGA. The
SP module timing system, described in Section 7.3.7, is a further development of the ProtoDUNE-
SP system and is expected to have nearly identical functionality at the WIB endpoint.

The PTC receives 48 V LV power for all TPC electronics connected through the TPC signal flange:
one PTC, five WIBs, and 20 FEMBs. The LV power is then stepped down to 12 V via a DC-DC
converter on the PTC. The output of the PTC converters is filtered with a common-mode choke
and fanned out on the PTB to each WIB, which provides the necessary 12 V DC-DC conversions
and fans the LV power out to each of the FEMBs supplied by that WIB, as shown in Figure 4.30.
The output of the WIB converters is also filtered by a common-mode choke, and each voltage line
provided to the FEMBs is individually controlled, regulated, and monitored.

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



High Voltage Consortium

• High Voltage is a joint consortia, to 
provide the HV system components 
for  both FD1-HD and FD2-VD

• The scope includes: cathode 
planes, field cages and HV delivery 
(power supplies, cables, filters and 
feed-through)

• The field cage geometries in the 
two detectors are different, however 
many of the components are the 
same or similar 

• Funding is planned from DUNE-US, 
IN2P3 and CERN

May 25, 2021 Rameika - DUNE TGIR Kick-off19

DUNE Single-phase APA TPC Design
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Cathode Cathode

18

FIG. 15. Left: Conceptual design of the HVFT+externder assembly connected to the mid-height of the field cage and the
cathode plane. Middle: design of a HVFT by UCLA. Right: Details of the HVFT and extender interface. a small section of
the ceiling membrane is shown to indicate the relative position of the support structure.

flat conductive sheet. The internal cryogenic pipes on this end of the cryostat must stay clear of this HV extender.529

However, the cryogenic pipes might be useful as additional support of the ground plane covering the corragations.530

This concept is illustrated in Fig IVA2. A 6m long polished stainless steel tube with an OD of 20cm, 2mm wall531

thickness is mounted under the HVFT. This tube is welded to an 90 degree elbow at the bottom, and tapers down to532

a smaller diameter and makes a soft (spring loaded) connection to the FC profiles at the same height as the cathode533

plane. A gentle bending curvature on the elbow is necessary to minimize the local E field enhancement. At the top534

of this extender is a stainless sphere with a hole in the top center as the receptacle for the top of the HVFT. A G10535

plate is mounted under the sphere to hold the extender up under the HVFT. This G10 plate is connected through536

G10 rods to a support bracket attached to the rim of the crossing tube under the HVFT penetration. The HVFT can537

be lift up out of the penetration without disturbing the extender. This HVFT and extender interface is expected to538

be the most challenging part of the HV system. It will be carefully studied and tested to ensure reliable operation.539

B. HV Distribution System540

1. Cathode541

The cathode plane will be an all new design, di↵erent from any existing LArTPC due to its unique requirements.542

The cathode module dimensions are 3m ⇥ 3.4m ⇥ 5cm, matching that of a CRP module. The cathode is constructed543

from a fiber reinforced plastic (FRP) frame (50mm ⇥ 50mm cross section, 5mm wall thickness), forming 16 equal544

sized openings of 686mm ⇥ 780mm. Each opening is covered with stainless steel wire mesh on both sides. The top545

and bottom faces of the FRP frame are laminated with a resistive film (DuPont DR Kapton) such that the stainless546

steel wire mesh panels are interconnected with high resistivity from the coating. This resistive interconnect scheme547

reduces the peak current flow along the cathode in the event of a high voltage discharge, and also slow down the548

voltage swing in such an event to reduce the charge injection into the readout electronics. Photon detector modules549



Charge Readout Planes (CRP) – FD2-VD
• Deliverables 
- Charge Readout Planes for the Vertical Drift 

Far Detector

- 80 units each for the Top and Bottom Anodes
- Support structures for CRPs

• Funding model
- PCB Anodes and electronic interface cards 

incorporated in  DUNE-US Project Scope and 
CERN

- CRP mechanics and support structures to be 
funded by France/IN2P3

- Bottom CRP fabrication and assembly 
incorporated in DUNE-US Project scope

- Top CRP fabrication and assembly to be 
funded by France/IN2P3

May 25, 2021 Rameika - DUNE TGIR Kick-off20

Top anode

Bottom anode



FD2-VD Top TPC Electronics Consortium
• Deliverables

- Cold front-end analog boards inside chimneys for 
Top Anode Plane

• 4000 cards (64ch./card)

• 105 Chimneys

- Warm Digital Readout for the Top Anode plane 

• 4000 cards (64 ch./card) 

• 400 uTCA systems with timing distribution end-
nodes

• Funding

- These deliverables will be funded by France/IN2P3 
with possible contributions from Japan

- Involvement of Japanese and US groups on tests, 
installation and commissioning

May 25, 2021 Rameika - DUNE TGIR Kick-off21
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vacuum tightness standard) the inner volume of the detector from the chimney volume and interconnects the signals891

from the CRP to the analog FE cards. The feedthrough at the top, or the warm (signal) feedthrough, seals the892

chimney from the outside environment. It also passes the low voltage and control lines to the FE electronics inside893

and brings out the di↵erential analog signal lines from the FE amplifiers.894

In the implementation made for protoDUNE dual-phase each chimney hosted 10 analog cryogenic FE cards (reading895

640 channels in total). On the basis of the experience acquired with the optimization of the cryostat design, for the896

vertical drift it is foreseen to have larger size penetrations (480 mm diameter) on the cryostat roof. The chimneys are897

then based on the same design as for the dual-phase but they will be able to host up to 50 front-end (FE) cryogenic898

cards, for a total number of readout channels per chimney going up to 3200. This arrangement results in a maximum899

number of 105 chimneys (see Figure 5), including also the optional possibility of reading the additional channels900

needed for a third view implemented on the anodes (256000 readout channels in total).901

2. Digital front-end902

The front-end digitization system is also detailed in the the DUNE Far Detector TDR, dual phase volume (4.2.3,903

4.2.5). The warm digital electronics, located on the cryostat roof, digitizes the analog signals and possibly analyses904

and compresses the resulting digitized data, and transmits them to the DAQ system. Each uTCA crate can host up to905

twelve Digital Advanced Mezzanine Card Electronics for Charge Readout (CRO AMC). Each card (see Figure 38) has906

eight ADC chips (Analog Devices, AD92574), two dual-port memories (Integrated Device Technology IDT70T33395),907

and a field programmable gate array (FPGA) (Altera Cyclone V) on board. The FPGA provides a virtual processor908

(NIOS) that handles the readout and data transmission. The choices for all of components are optimized to meet909

design requirements and technical criteria such as costs, chip footprint (small enough to fit on the AMC), power910

consumption, and ease of use (available functionality).911

FIG. 38. A front-end uTCA digitization card (CRO-AMC)

The AMC generates a continuous stream of 2.5MSPS (or 2.0 MSPS) 12 bit (or 14 bit) compressed (or not-912

compressed) data per readout channel. The on-board ADCs in the NP02 implementation operate at 25MHz per913

channel. In the 2.5MHz digitization mode data are down-sampled in the FPGA to 2.5MHz. For the vertical drift it is914

foreseen to operate at slighly lower performance, at a final frequency of 2MHz. In the running configuration adopted915

for ProtoDUNE dual-phase (NP02) the data, consisting of only the twelve most significant bits from each digitized 14916

bit sample, could be then lossless compressed by using an optimized version of the Hu↵man algorithm and organized917

into frames for transmission.918

Each AMC has 64 channels and digitizes one analog FE card. Every uTCA crate contains a network switch,919

MicroTCA Carrier Hub (MCH), through which data are sent to the DAQ. The timing synchronization of the AMCs920

is achieved via a White-Rabbit MCH (WR-MCH) module (also housed in the crate) connected to the White-Rabbit921

network. The MCH and WR-MCH require one optical fiber link each. ProtoDUNE dual-phase (NP02) has been922

functioning with MCHs operating at 10 Gbit/s. The lossless compression allows using 10 Gbit/s data links to the923

DAQ back-end for continuous data streaming. The commercial MCH technology has been meanwhile evolving, by924

keeping similar or cheaper costs, to 40 Gbit/s, which is the new standard. In the DUNE TDR for the dual-phase far925

Cold front-end boards in feedthrough 
chimneys

Warm 
Digital 
Readout



Photon Detection Consortium
FD1-HD  Deliverables:

• PD/APA Interface (support rails, cables)

- 1,500 support rail/cable sets, 10 per module

• PD X-ARAPUCA module mechanics 

- 1,500 frames, dichroic filter plate sets, WLS plates  (10 per 
module)

• Cryogenic readout system including photosensors
(SiPMs), signal summing amplifiers

- 288,000 SiPMs, 6,000 summing amplifiers

• Warm readout electronics (DAPHNE), power supplies

- 150 DAPHNE modules, 6000 channels

• Monitoring system

- 204 optical diffusers, fiber optic harnesses, 19 control 
modules

May 25, 2021 Rameika - DUNE TGIR Kick-off22

Chapter 5: Photon Detection System 5–257

Figure 5.7: X-ARAPUCA module overview. A module, which spans the width of an APA, includes 24
X-ARAPUCA cells, grouped into a set of four supercells of six cells each. In the center, active ganging
PCBs collect the signals and mechanically connect the supercells.

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



FD-2 Deliverables:

• X-ARAPUCA module mechanics (PD tiles)
- Two options : cathode mount and cathode + field cage 

(4pi)

- PD module frames, dichroic filter plate sets, WLS plates

• Cryogenic readout system including 
photosensors (SiPMs), cold electronics 
(analog or digital) optical readout under 
consideration

• Power over Optical Fiber (Needed to mount 
tiles at HV) 

• Monitoring system
- 204 optical diffusers, fiber optic harnesses, 19 control 

modules

• Funding : currently incorporating into DUNE-US; 
non-DOE partner contributions would be very 
welcome

May 25, 2021 Rameika - DUNE TGIR Kick-off23
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FIG. 17. Conceptual design of a PD module to be integrated into a cathode module. This is a double sided construction and
the bottom dichroic filter is not shown.

actively ganged by a two-stage cold summing board into one read-out channel. In total there are 320 SiPMs per PD828

tile, with 3 read-out channels. One electronics box on a thin side of the PD tile contains the PoF transceivers and the829

electronics circuitry of the active SiPM ganging and amplification. A bundle of 3 non-conductive fiber optic cables830

(not shown in the figure) from the box are routed out of the HV surfaces to the outside of the cryostat.831

TABLE III. PD basic unit: X-ARAPUCA Tile
Quantity Dimensions

Area 1 630 ⇥630 mm2 = 0.4 m2

Thickness 1 22 mm
Weight 1 ⇠ 4.5kg

Optical Area 2 (two-sided) 600 ⇥ 600 mm2 = 0.36 m2

Sectors (”MegaCell”) 3 600 ⇥ 200 mm2 = 0.12 m2

Dichroic Filters 36 ⇥2 100 ⇥ 100 mm2

WLS plates 3 600 ⇥ 200 mm2 = 0.12 m2

PhotoSensors (SiPM) 360 6 ⇥ 6 mm2

Read-out Channels 3
SiPMs per channel 120

832

833



Data Acquisition/Slow Controls (DAQ/SC)

• The DAQ/SC Consortium is responsible for the DAQ/SC of the 
Far and Near Detectors

• It Interfaces with nearly every consortium
• Deliverables

- DAQ system configurable to read, trigger, filter, and pass data to permanent storage for DUNE far and near 
detectors as well as prototypes and test stands

- Timing systems for synchronization, global timing, and accelerator interface

- Slow control system configurable to control and monitor DUNE far and near detectors

• Funding Model 
- M&S contributions: UK*, US DOE project**, CERN, Canada

- Work: UK*, US DOE project**, US Universities/Labs***, CERN, Canada

*UK: funding contributions for FD through UKRI/STFC approved and received; additional scope to cover ND in application process
**US DOE DUNE project contributions currently being specified
*** Through base grants or ad-hoc funding

May 25, 2021 Rameika - DUNE TGIR Kick-off24



Near Detector - Liquid Argon Consortium (ND-LAr)

• Deliverables:

- Design, prototyping, production, and 
testing of the ND LAr detector
(7+1 rows of 5 LArTPC modules)

- External HV, cryogenic interfaces 
and detector electronics

- Support during installation and 
integration in the Near Hall

• Prototyping – on-going; good results

May 25, 2021 Rameika - DUNE TGIR Kick-off25

31 Institutions:
ANL, Bern, BNL, Caltech, Cambridge, CSU,
Fermilab, Houston, Iowa, JINR, Lancaster, LBNL,
Manchester, Minnesota Deluth, MSU, Oxford,
Pennsylvania, RAL, Rochester, Rutgers,
Sheffield, SLAC, Tufts, UC Berkeley, UCD, UCI,
UCSB, UTA, Warwick, Wichita State, William
andMary, Yale, York

Prototype module, March 2021



Near Detector - SAND Consortium
• Deliverables 

- Superconducting solenoid (0.6 T, consumption 55 W at 4 0K,
plus 1 Kton iron yoke)

- Electromagnetic calorimeter
(Lead/scintillator fibers - 15,000 km, 24 barrel modules plus 2x32 endcap)

- Liquid Argon target (1.5 ton, thickness ~ 1 X0, optical lecture)

- Inner tracker (not yet finalized, 3DST scintillator cubes plus TPC or
Straw Tubes, high granularity, from 5 to 10 tons)

• Funding

- Refurbishing and installation at FNAL of the in-kind elements 
are funded by INFN, as well as the Liquid Argon target.

- The Inner Tracker will be a joint international partnership. 

• Technology choice is under evaluation – will impact potential  
contributions

• Funding model TBD; not included in LBNF/DUNE-US

May 25, 2021 Rameika - DUNE TGIR Kick-off26

DUNE Near Detector Complex (CDR Reference Design)

DRAFT : Rameika : DUNE Collaboration06 June 2021

SAND ND GAr ND LAr

• Measures the neutrino beam rate 
and spectrum to predict un-
oscillated event rates in the far 
detector

• Constrains systematic 
uncertainties for oscillation 
measurements 

Supercond. Solenoid .6T

4p Pb-SciFi Calorimeter

43 m3 of space available
for a tracker

2



Near Detector –
Argon Gas TPC proto-Consortium (ND-GAr)

• Deliverables

- Superconducting magnet
to provide 0.5 T magnetic field with low mass 

- High pressure gas TPC
as essential argon target with low detection 
threshold

- Calorimeter
to detect photons and neutrons produce in 
neutrino argon interactions

- Day-1 muon tracker
(in case full detector is not available on day 1)

• Funding

- International contributions needed

• Magnet coils design and coils (Italy)

• ECAL (interest from Germany)

• TPC (interest from US, UK)

- NOT in LBNF/DUNE-US
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TMS
ND GAr- lite ??

Collaboration is preparing a document to describe 
strategy to go from “Day 1” or Phase 1 ND 
configuration to Phase 2 requirements



Status of Multi-institutional MOU
• DRAFT of document following format of SBN MI MOU has been 

prepared : Main Document plus supporting Annexes
• Document has been reviewed by internal FNAL MOU Working 

Group
• DUNE Consortia have prepared Annexes for FD1 Consortia 

deliverables
• Documents have been formally submitted to DOE Working 

Group for review
• Documents have not yet been shared with Partners
• Plan is to update document with Annexes for FD2 and ND as 

they approach CD-2
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Annexes to the MOU for Collaboration in DUNE 

 Version 1.0 ANNEX 6 : Guide to Annexes for Deliverables Page 14 of 42
  

ANNEX	6	:	Guide	to	Annexes	for	Deliverables	
 
This Table shows the Annexes which are expected to be prepard to document the 
deliverables for each of the major DUNE subsystems, delivered by the Consortia. The 
MOU Annex Document is expected to be amended annually to include the new Annexes.  
New Participant signatures are expected to be added at that time. 
 
Consortium Annex # Annex Content Annex to  be 

incorporated 
(Date) 

APA Consortium 7 APA’s for FD#1 2021 
TPC Electronics 8 TPC Electronics for 

FD#1 
2021 

Photon Detector 
Consortium 

9 Photon Detector 
System for FD#1 

2021 

High Voltage 
Consortium 

10 HV System for FD#1 2021 

DAQ & SC 
Consortium 

11 DAQ & SC for FD#1 2021 

CRP Consortium 12 CRPs’s for FD#2 2022 
TPC Electronics 13 TPC Electronics for 

FD#2 
2022 

Photon Detector 
Consortium 

14 Photon Detector 
System for FD#2 

2022 

High Voltage 
Consortium 

15 HV System for FD#2 2022 

DAQ & SC 
Consortium 

16 DAQ & SC for FD#2 2022 

ND LAr Consortium 17 LAr Near Detector 
System 

2022 

SAND Consortium 18 SAND Components 
for ND 

2022 

DAQ & SC 
Consortium 

19 DAQ and SC for 
Near Detector 
Systems 

2023 
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Completed and incorporated :
April 2021



Summary 
• The DUNE Collaboration is organized to deliver detectors for the 

experiment, which will come together at the SURF Far Site and at the 
Near Detector Complex at Fermilab

• Detector components are designed, fabricated, installed, 
commissioned and operated by the DUNE Consortia working together 
with the LBNF/DUNE Project Organization. 

• The DUNE Collaboration Organization has optimized itself to work 
efficiently with the LBNF/DUNE-US sub-project approach.

• DUNE Collaboration Management works closely with the Consortia, 
the National Projects and Collaborating Institutions to ensure that 
collaboration resources are managed and coordinated to meet the 
schedule that will produce DUNE Science as soon as possible.
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