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Abstract: The international collaboration designing and constructing the Deep Underground Neutrino

Experiment (DUNE) at the Long-Baseline Neutrino Facility (LBNF) has developed a two-phase

strategy toward the implementation of this leading-edge, large-scale science project. The 2023

report of the US Particle Physics Project Prioritization Panel (P5) reaffirmed this vision and strongly

endorsed DUNE Phase I and Phase II, as did the European Strategy for Particle Physics. While the

construction of the DUNE Phase I is well underway, this White Paper focuses on DUNE Phase II

planning. DUNE Phase-II consists of a third and fourth far detector (FD) module, an upgraded

near detector complex, and an enhanced 2.1 MW beam. The fourth FD module is conceived as a

łModule of Opportunityž, aimed at expanding the physics opportunities, in addition to supporting

the core DUNE science program, with more advanced technologies. This document highlights the

increased science opportunities offered by the DUNE Phase II near and far detectors, including

long-baseline neutrino oscillation physics, neutrino astrophysics, and physics beyond the standard

model. It describes the DUNE Phase II near and far detector technologies and detector design concepts

that are currently under consideration. A summary of key R&D goals and prototyping phases needed

to realize the Phase II detector technical designs is also provided. DUNE’s Phase II detectors, along

with the increased beam power, will complete the full scope of DUNE, enabling a multi-decadal

program of groundbreaking science with neutrinos.
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1 Executive summary

The preponderance of matter over antimatter in the early universe, the dynamics of the supernova

neutrino bursts (SNBs) that produced the heavy elements necessary for life, the nature of dark matter,

and whether protons eventually decay Ð these mysteries at the forefront of particle physics and

astrophysics are key to understanding the evolution of our universe.

The Deep Underground Neutrino Experiment (DUNE) will address these questions in a mul-

tidecadal science program with its world-leading liquid argon (LAr) detector technology. The

international DUNE experiment, hosted by the Fermi National Accelerator Laboratory (Fermilab), is

designing, developing, and constructing a near detector (ND) complex at Fermilab (the near site) and

a suite of four large detector modules 1300 km downstream at the Sanford Underground Research

Facility (SURF) in South Dakota (the far site). These detectors will record neutrinos over a wide energy

range, originating from a new high-intensity neutrino beamline at Fermilab. The modular far detector
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(FD) will also detect neutrinos produced by cosmic rays in the atmosphere and from astrophysical

sources. The ND and FD will also be sensitive to a broad range of phenomena beyond the standard

model (BSM). The beamline as well as the excavations, infrastructure, and facilities for housing and

supporting the DUNE detectors are provided by the Long-Baseline Neutrino Facility (LBNF).

The DUNE Collaboration was launched in 2015, following the recommendations of the 2013

update of the European Strategy for Particle Physics [1] and of the 2014 Report of the US Particle

Physics Project Prioritization Panel (P5) [2]. DUNE and LBNF will complete this project in two

phases, based on the availability of resources and the ability to reach science milestones. The latest

P5 report released in December 2023 reaffirmed this vision [3].

The construction of the őrst project phase (Phase I), funded through commitments by a coalition

of international funding agencies, is well underway. Its successful completion is currently the

Collaboration’s main priority. Excavation at the far site is complete, and fabrication of various

beamline and detector components for Phase I is progressing well. The facilities currently being

constructed by LBNF at both the near and far sites are designed to host the full scope (Phase I

and Phase II) of the DUNE experiment.

The Phase II of DUNE that encompasses an enhanced 2.1 MW beam, a third and fourth far

detector (FD) module, and an upgraded ND complex, is the subject of this paper. The primary

objective of DUNE Phase II is a set of precise measurements of the parameters of the neutrino mixing

matrix, 𝜃23, 𝜃13, Δ𝑚2
32

, and 𝛿CP, to establish Charge Conjugation-Parity Symmetry Violation (CPV)

over a broad range of possible values of 𝛿CP, and to search for new physics in neutrino oscillations.

DUNE also seeks to detect neutrinos from low-energy astrophysical sources. The additional mass

brought by the Phase II FD modules would increase the statistics of a supernova burst signal and

extend DUNE’s reach beyond the Milky Way. The Phase II FD module design concepts would also

perform sensitive searches for new physics with solar neutrinos by lowering the detection threshold

in the relevant MeV-scale energy range and by reducing the background rates in this energy regime.

Finally, Phase II will expand DUNE’s new physics discovery reach via more sensitive searches for rare

processes at the ND and FD sites, and for non-standard neutrino oscillation phenomena.

This world-class physics program requires an increase in the statistical power of the detectors,

which will be achieved by increasing the FD target mass with the additional modules and by exceeding

2 MW beam power, as recommended by the 2023 P5 committee in the US. In addition, an upgraded

ND will be required to control systematic uncertainties of neutrino interactions on argon (or other

selected FD target nuclei). The design of the Phase II FD modules will incorporate lessons learned

from the construction of the Phase I modules, with the goal of optimizing physics performance,

reliability, and cost.

The design of the third FD module will build on that of the second, the single-phase vertical

drift technology used for far detector module 2 (FD2), optimizing for performance and cost. This

design implements PCB-based horizontal anode planes at the top and bottom of the liquid-argon

time-projection chamber (LArTPC) drift volume with a cathode plane in the middle, and a őeld cage

that hangs from the cryostat roof on which photon detectors will be mounted.

The fourth FD module is conceived as a łModule of Opportunityž, which would allow to address

new physics questions, in addition to the primary science program, with more advanced technologies.

R&D for the design of the fourth module focuses primarily on optimization of readout techniques

for both charge and scintillation light. It also considers the possibility of LAr doping. A possible

ś 2 ś



2
0
2
4
 
J
I
N
S
T
 
1
9
 
P
1
2
0
0
5

improvement of the LAr charge-readout technology is the replacement of the PCB-readout by pixels or

by an optical-based charge readout. A hybrid approach to detect Cherenkov and scintillation light is also

under investigation, motivated by a complementary program of low-energy physics. All technologies

proposed for the Module of Opportunity are expected to provide additional and complementary CPV

sensitivity. In addition, background control is an essential ingredient of all FD module designs.

The Phase II ND will ensure that DUNE’s sensitivity to oscillation parameters is not limited

by systematic uncertainties. It is optimized for highly performing particle ID (PID), low tracking

thresholds for protons and pions, and acceptance over a wide range of momenta. A magnetized gaseous

argon time-projection chamber (GArTPC) at the near site, which will replace the Muon Spectrometer

(TMS), will provide these constraints by measuring the interaction of neutrinos on argon with

unprecedented precision due to its low thresholds. It offers superior discrimination between neutrinos

and antineutrinos, as well as momentum determination of particles exiting the ND-LAr detector.

These plans fully align with the recommendations of the 2023 P5 report [3], which proposes a

łsecond phase of DUNE (Phase II) with an early implementation of an enhanced 2.1 MW beam, a

third far detector (module), and an upgraded near detector complex as the deőnitive long-baseline

neutrino oscillation experiment of its kind,ž as well as łresearch and development (R&D) towards

an advanced fourth detector.ž

The Phase II R&D program is a global effort with contributions from all DUNE partners. New

collaborators are also invited to participate in the development and design of the new detector

technologies. Part of the R&D described in this document is carried out within the framework of the

European Committee for Future Accelerators (ECFA) detector R&D collaborations hosted by the

European Laboratory for Particle Physics (CERN) and those being formed under the umbrella of the

Coordinating Panel for Advanced Detectors (CPAD) in the US. DUNE has been designed to become

the łbest-in-classž global neutrino observatory. The Phase II far and near detector components, and

the increased beam power, will enable a new era of precision and discovery in neutrino physics.

2 The elements of DUNE Phase II

The DUNE experiment at the LBNF was conceived in 2015, following the recommendations of the

2013 update of the European Strategy for Particle Physics [1] and of the 2014 Report of the US

Particle Physics Project Prioritization Panel (P5) [2]. The 2014 P5 Report recommended developing,

in collaboration with international partners, a coherent long-baseline neutrino program hosted by

Fermilab, with a mean sensitivity to leptonic CPV of better than three standard deviations (𝜎) over

more than 75% of the range of possible values of the CP-violating phase 𝛿CP. The 2014 P5 Report

also recommended a broad program of neutrino astrophysics and physics Beyond the Standard Model

(BSM) as part of DUNE, including demonstrated capability to search for SNBs and for proton decay.

Likewise, the 2013 Update of the European Strategy for Particle Physics and its 2020 update [4]

recommended that Europe and CERN (through its Neutrino Platform) continue to collaborate towards

the successful completion of the LBNF/DUNE Construction Project.

The DUNE Collaboration and the LBNF/DUNE-US Project have made substantial progress

toward the realization of this enterprise, with the aim to start the scientiőc exploitation in 2029.

Based on recent estimates, including a ŕux prediction using a fully-engineered neutrino beamline,

the ultimate CPV measurement goal put forward by the 2014 P5 Report can be reached with an

exposure of about 1000 kt·MW·yr. This can be achieved in about 15 years of physics data-taking (see
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section 3.1), assuming that Phase II elements as described in this document are pursued. DUNE’s

neutrino astrophysics and BSM physics programs also beneőt from multidecadal operations, to realize

DUNE’s full physics potential and achieve its scientiőc goals.

For the successful implementation of DUNE and LBNF, we need to consider the full extent of the

available resources and funding proőles, provide a realistic estimate of the project costs, and achieve a

clear understanding of the experimental conőgurations and exposures that are necessary to reach various

physics milestones. As a result of this exercise, the DUNE Collaboration and the LBNF/DUNE-US

Project have decided to pursue the experiment in two phases, as summarized in table 1.

Table 1. A high-level description of the two-phased approach to DUNE. The ND-LAr detector, including its
capability to move sideways (DUNE Precision Reaction-Independent Spectrum Measurement (DUNE-PRISM)),
and the System for on-Axis Neutrino Detection (SAND) are present in both phases of the ND. Note that the
non-argon options currently under consideration for Phase II near and far detectors are not shown.

Parameter Phase I Phase II Impact

FD mass 2 FD modules (20 kt

őducial)

4 FD modules (40 kt őducial

LAr equivalent)

FD statistics

Beam power 1.2 MW Up to 2.3 MW FD statistics

ND conőguration ND-LAr+TMS, SAND ND-LAr, ND-GAr, SAND Systematics

In developing this two-phase strategy, we are guided by the original recommendations for the

DUNE program, which remain valid and timely. The latest P5 report released in December 2023

reaffirmed this vision and strongly endorsed DUNE Phase I and II. In its report [3], the P5 panel

reaffirmed that the highest priority in the coming decade, independent of budget scenarios, is the

completion of construction of existing projects which includes LBNF and DUNE Phase I, and the

Proton Improvement Plan II (PIP-II).

The panel also strongly recommended constructing a portfolio of major projects, of which

the second-highest priority was a łre-envisioned second phase of DUNE (Phase II) with an early

implementation of an enhanced 2.1 MW beam (aka ACE-MIRT), a far detector module 3 (FD3),

and an upgraded ND complex as the deőnitive long-baseline neutrino oscillation experiment of its

kind.ž The panel also endorsed DUNE’s fourth FD module (far detector module 4 (FD4)) concept

as a łModule of Opportunityž and recommended exploring a range of alternative targets, including

low-radioactivity argon, xenon-doped argon, and novel organic or water-based liquid scintillators, to

maximize the science reach, particularly in the low-energy regime. An accelerated and expanded

R&D program in the next decade is recommended for FD4 and if budget scenarios are favorable,

initiation of construction is also recommended.

The overall project design for Phase I is complete, and this project phase is funded through

commitments by several international funding agencies and CERN. LBNF excavation at the far site is

complete, and fabrication of various beamline and detector components for Phase I are well underway.

An important component of the DUNE strategy is that the facilities constructed by LBNF at both the

near and far sites are designed to support the full scope of the DUNE experiment from the beginning.

During Phase I, the facilities at the near site are thus constructed to support a >2 MW primary beamline

and neutrino beamline, as well as a hybrid ND for all DUNE experimental phases. Likewise, the

far site design includes underground halls for four FD modules.

ś 4 ś
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The Phase I beamline will produce a wide-band neutrino beam with up to 1.2 MW beam power,

designed to be upgradable to 2.4 MW. The Phase I ND includes a moveable LArTPC with pixel

readout called ND-LAr, integrated with a downstream muon spectrometer called TMS [5], and an

on-axis magnetized neutrino detector called SAND further downstream. The ND-LAr+TMS detector

can be moved sideways over a range of off-axis angles and neutrino energies (DUNE-PRISM concept),

for an optimal characterization of the neutrino-argon interactions.

The Phase I FD includes two LArTPC modules, each containing 17 kt of liquid argon (LAr). The

far detector module 1 (FD1) is a horizontal drift time projection chamber (TPC), as developed and

operated in ProtoDUNE-SP at the CERN Neutrino Platform and similar in concept to the ICARUS,

SBND, and MicroBooNE detectors [6]. The FD2 is a vertical drift TPC. Its design capitalizes on

the experience with the ProtoDUNE-VD demonstrator at CERN. For the cryogenic infrastructure in

support of the two LArTPC modules, Phase I will include two large cryostats (one per FD module),

35 kt of LAr, and three nitrogen refrigeration units.

While several options are under consideration for the Phase II components of the far and near

site detectors, key elements have already been deőned:

• A core component of Phase II is a More Capable Near Detector (MCND). The main improvement

to the ND is the addition of a magnetized high-pressure gaseous argon TPC (HPgTPC),

surrounded by an electromagnetic calorimeter and by a muon detector called ND-GAr. ND-GAr

will serve both as a new muon spectrometer for ND-LAr, replacing the TMS in this capacity,

and as a new neutrino detector to study neutrino-argon interactions occurring in the HPgTPC.

In addition, upgrades to the ND-LAr and SAND systems are considered, as well as potential

ND options in the case of a non-argon technology for FD4.

• Two additional FD modules, FD3 and FD4, will be added at the far site, for a total of four. The

DUNE FD2 vertical drift technology forms the basis for the envisioned designs for FD3 and

FD4. A non-argon option such as liquid scintillator (e.g., Theia) is also under consideration as

an alternative technology for FD4. The cryogenic infrastructure at the far site will be upgraded

for Phase II with a fourth nitrogen refrigeration unit to provide capacity for up to an additional

35 kt of LAr.

• A beam upgrade to increase the intensity to >2 MW. This is achieved by ACE-MIRT, which

increases the frequency of beam spills by nearly a factor of two. While this is part of Phase II,

it is possible to implement the upgrades that comprise ACE-MIRT before DUNE beam data

taking begins.

The R&D underpinning the Phase II concepts is performed as part of a global program. The

Detector R&D (DRD) collaborations hosted by CERN, which have been established as part of the

European Committee for Future Accelerators (ECFA) roadmap, cover many of the detector concepts

under study for DUNE Phase II. The DRD1 collaboration focuses on gaseous detectors and the DRD2

focuses on liquid detectors. Both collaborations have been formed recently. They are expected to

grow with collaborators from within and outside Europe. Both the DRD1 and DRD2 collaborations

were approved in December 2023 as official CERN experiments and held their őrst collaboration

meetings in February 2024 at CERN. The ECFA DRD collaborations are strongly aligned with the

Detector R&D collaborations (s) being formed under the Coordinating Panel for Advanced Detectors
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(CPAD) umbrella in the US. There is an active effort underway to coordinate activities across the

CERN-hosted and US-based collaborations on synergistic areas of R&D toward achieving common

scientiőc and technological goals.

This document is organized as follows. Section 3 covers the science that DUNE will pursue with

Phase II, covering long-baseline neutrino oscillation physics, neutrino astrophysics, and BSM physics.

A progress report on DUNE’s Phase II far and near neutrino detectors is given in sections 4 and 5,

respectively. These two sections cover our current understanding of the detector requirements to carry

out the Phase II physics goals, and a current snapshot of the main detector design options that are under

consideration. These sections also summarize the critical R&D elements that remain to be addressed

and the prototyping phases to be realized before Phase II detector technical designs can be őnalized.

3 DUNE Phase II physics

This section discusses selected DUNE science drivers in the areas of long-baseline physics, neutrino

astrophysics, and BSM physics that uniquely beneőt from an improved performance of Phase II beam

and detectors. The physics sensitivities are typically shown as functions of high-level őgures of

merit, such as exposure time, detector mass, background levels or detector acceptance, mostly without

entering into the detector technology details. Speciőc beneőts brought by certain technologies are

highlighted in sections 4 and 5, together with the descriptions of such technologies.

3.1 Long-baseline neutrino oscillation physics

The DUNE experiment is designed to measure the rate of appearance of electron (anti)neutrinos (𝜈𝑒
or 𝜈̄𝑒) and the rate of disappearance of muon (anti)neutrinos (𝜈𝜇 or 𝜈̄𝜇), as functions of neutrino

energy in a wide-band beam. DUNE is sensitive to all the parameters governing 𝜈1 − 𝜈3 and 𝜈2 − 𝜈3

mixing in the three-ŕavor model: 𝜃23, 𝜃13, Δ𝑚2
32

(including its sign, which is given by the neutrino

mass ordering), and the phase 𝛿CP.

During Phase I, DUNE can accumulate approximately 100 kt·MW·yr of data in őve years. This

corresponds to ≈ 400 𝜈𝑒 and 150 𝜈̄𝑒 candidates in the FD, depending on the value of the oscillation

parameters and assuming equal fractions of neutrino and antineutrino running. While these data sets

will still be statistically limited once Phase I ND systematic constraints are accounted for, they are

sufficient to conclusively determine the neutrino mass ordering at > 5𝜎 signiőcance, regardless of the

true parameter values. If CPV is nearly maximal (𝛿CP ≈ ±𝜋/2), DUNE can establish CPV at 3𝜎 in

Phase I. DUNE will also make measurements of the disappearance parameters Δ𝑚2
32

and sin2 2𝜃23

that improve upon current uncertainties. However, the statistics of Phase I are too low to determine

the octant of 𝜃23 or to establish CPV except in the most favorable scenarios.

3.1.1 Goals of the oscillation physics program of Phase II

The goals of the oscillation physics program of Phase II are high-precision measurements of all four

parameters: 𝜃23, 𝜃13, Δ𝑚2
32

and 𝛿CP, to establish CPV at high signiőcance over a broad range of

possible values of 𝛿CP, and to test the three-ŕavor paradigm as a way to search for new physics in

neutrino oscillations. Achieving these goals requires 600−1000 kt·MW·yr of data statistics, depending

on the measurement. This can be achieved by operating for 6 − 10 additional calendar years with a

greater than 2 MW beam and a FD of 40 kt LAr equivalent őducial mass. Without doubling the FD

mass and the beam intensity, the additional time required would be 24 − 40 years.
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Figure 1. DUNE integrated exposure, in kt·MW·yr units, as a function of time assumed for the long-baseline
(LBL) sensitivity results presented in this section. The integrated exposure is built from the beam power and FD
mass staging assumptions discussed in the text.

In particular, the long-baseline sensitivities presented below make the following assumptions

concerning the time evolution of the protons on target (POT) delivery, the őducial FD mass and the

ND systematic constraints. The beam power evolution is based on the assumptions of the Fermilab

Proton Intensity Upgrade Central Design Group [7]. The average beam power during the őrst year of

beam operations is 1.1 MW, increasing to 1.6 MW during year 2, thanks to ACE-MIRT upgrades [7].

Further beam optimizations are assumed in subsequent years, yielding a beam power of 2.3 MW after

approximately 15 years. The assumed POT delivery also includes a 57% average uptime [8]. As

regards the őducial FD mass, the experiment is assumed to take data with two FD modules (20 kt

őducial mass) during the őrst three years. The FD3 and FD4 modules are assumed to become fully

operational in years 4 and 6, respectively, to provide a nominal őducial FD mass of 40 kt. Figure 1

shows how the accumulated exposure, expressed in kt·MW·yr units, varies as a function of time with

this assumed staging scenario. The 600 and 1000 kt·MW·yr integrated exposure milestones of DUNE

Phase II appear within reach after approximately 10 and 15 years of beam plus detector operations,

respectively. Finally, it is assumed that the Phase I ND systematic constraints will be in effect up

to year 6, with the improvements from Phase II ND starting in year 7. The new constraints, as they

gradually improve over the course of two years to their őnal values, will be applied to all past FD data.

The precision of the high-statistics measurements is ultimately limited by the systematic uncer-

tainties. To achieve DUNE’s science goals will therefore require unprecedented control of systematic

uncertainties. The signiőcance for DUNE to establish CPV is shown as a function of time in őgure 2.

Phase II, with its full 1000 kt·MW·yr exposure, will enable DUNE to establish CPV at > 3𝜎 over 75%

of possible 𝛿CP values, and measure it at a precision of 6◦ − 16◦, depending on the true value.

DUNE can also measure the angle 𝜃23 with world-leading precision and determine the octant

if it is sufficiently non-maximal. The measurements of 𝜃13 and Δ𝑚2
32

will approach the precision
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Figure 2. The signiőcance for DUNE to establish CPV for 50% (left panel) and 75% (right) of 𝛿CP values as a
function of running time. See text for details about the assumed staging scenario.

Figure 3. The resolutions to 𝛿CP (left), sin2 2𝜃13 (center), and sin2 𝜃23 (right), shown as a function of
exposure in kt-MW-yrs, assuming the full constraint from the ND, including MCND. The ultimate precision
of DUNE requires an exposure greater than 600 kt-MW-yrs, which requires FD3 and FD4 to be built in a
reasonable timescale. Reproduced from [8]. CC BY 4.0.

of the current measurement from Daya Bay [9] and the planned measurement from JUNO [10],

respectively, which are all performed with a different neutrino ŕavor, over a different baseline, and at

a different energy. Comparing the results obtained over this wide range of conditions will provide

a more complete and robust test of the three-ŕavor model. The resolutions to 𝛿CP, sin2 2𝜃13, and

sin2 𝜃23 are shown as a function of exposure in őgure 3.

DUNE is also sensitive to BSM physics that impacts neutrino oscillations, including non-unitary

mixing, non-standard interactions, violation of charge, parity, and time reversal symmetry (CPT),

and the possible existence of additional neutrino species (see section 3.3).

3.1.2 The role of Phase II detectors

The two additional modules, FD3 and FD4, will provide the additional exposure and improved

statistical precision that is critical to achieve the full 𝛿CP sensitivity (őgure 2). They also offer the

opportunity to improve the neutrino energy reconstruction and the neutrino interaction classiőcation

with enhanced detector technology, for example through optimized charge and photon readout systems
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(section 4.3). It is crucial that the data from these modules be combined with data from FD1 and

FD2, with the systematic constraints from the ND applied to all FD modules. For this reason, the

most straightforward approach is for FD3 and FD4 to be LArTPCs, so that DUNE would immediately

beneőt from the 𝜈-Ar measurement program of the ND. The oscillation sensitivities presented in

őgures 2 and 3 assume the performance of the Horizontal Drift module using an end-to-end simulation

and reconstruction. The alternative LArTPC concepts being considered for FD3 and FD4 are expected

to have similar, and perhaps slightly improved performance for GeV-scale beam neutrinos, so the

existing simulations serve as a conservative estimate of the eventual sensitivity.

If FD4 is not a LArTPC, the impact on the long-baseline oscillation program is less straightforward.

For the Theia concept discussed in section 4.5, the performance is estimated using a reconstruction

based on the őTQun package [11], and a boosted decision tree (BDT) [12]. The analysis is less

sophisticated than the DUNE TDR sensitivities [8], using the GLOBeS package to implement

systematics as normalization shifts, but suggests that the sensitivity is comparable to what can

be achieved in a single LArTPC module. It does not yet make use of the additional information

potentially offered by the scintillation component, which can provide tagging of neutrons and other sub-

Cherenkov threshold particles, for improved event identiőcation and enhanced calorimetry. Combining

a non-LArTPC module with LAr measurements could potentially provide a cross-check of extracted

oscillation parameter values with different detector systematics. A non-LAr FD4 would require a

dedicated ND to constrain neutrino cross section uncertainties and detector response on the FD4

nuclear target to a similar precision as the LArTPC constraints. Near detector options for non-LAr

FD modules are discussed in section 5.4.

The role of MCND (section 5.2) is to ensure that DUNE can achieve the required level of

systematic uncertainties for Phase II and to ensure that the results are not systematically limited. It

would replace the TMS with a detector that has its own standalone physics capabilities, including

constraining neutrino-argon cross section uncertainties and expanding the BSM reach of the ND,

while also measuring muons exiting the ND-LAr detector. Further study of the ultimate performance

of the Phase I ND is important for scoping the Phase II ND.

3.2 Neutrino astrophysics and other low-energy physics opportunities

DUNE’s broad physics program includes the detection of neutrinos from astrophysical sources in

the MeV energy range [13], primarily neutrinos from the sun and a SNB. With argon as active

material, DUNE will be primarily sensitive to the astroparticle 𝜈𝑒 ŕux for energies below 100 MeV

and above 5 MeV due to the relatively large 𝜈𝑒 charged current (CC) cross section for the process:

𝜈𝑒 +40 Ar → 𝑒− +40 K∗. DUNE will be unique in this regard, making the experiment highly

complementary to existing and proposed experiments for the next decades aiming for similar

astrophysical neutrino measurements in the 10s of MeV regime: JUNO [14], Hyper-Kamiokande [15],

and dark matter detectors [16, 17]. This section highlights the improvements a LArTPC FD module

from Phase II would bring. It also includes a summary of the advantages of a water-based liquid

scintillator, that would be sensitive primarily to the 𝜈̄𝑒 ŕux, within the Phase II program.

DUNE Phase I will be sensitive to solar and SNB neutrinos, achieving an energy resolution of

(10 − 20)%. The visible energy threshold will be > 5 MeV for SNB neutrinos and higher for solar

neutrinos, which do not arrive in a short pulse. Large LArTPC detectors have demonstrated much

lower charge thresholds, ∼ 100 keV [18], but Phase I sensitivity will be limited to > 5 MeV due to light
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collection performance and radiological backgrounds. Thus, innovation on these fronts can lower

visible energy thresholds for astrophysical neutrinos by as much as two orders of magnitude while

also improving energy resolution. Lower thresholds would also fundamentally expand the low-energy

physics opportunities with DUNE Phase II. Figure 4 shows a selection of potential signatures of

astrophysical or other beam-unrelated origin with DUNE Phase II, together with relevant backgrounds.

Figure 4. Detectable energy ranges in DUNE LArTPC FD modules for potential < 20 MeV signatures of
astrophysical or other non-beam-related origin (blue), and for relevant, overlapping backgrounds (orange). The
DM signature refers to weakly-interacting massive particle (WIMP) direct dark matter searches. Reproduced
from [19]. © IOP Publishing Ltd. All rights reserved.

3.2.1 SNB neutrinos

DUNE will be part of a collaborative, multi-messenger network of neutrino and optical telescopes

studying the next galactic core-collapse supernova (CCSN). With different ŕavor sensitivity from

other large experiments, DUNE will provide complementary information about the collapse. DUNE’s

𝜈𝑒 sensitivity is most striking at the earliest times of the SNB, which is dominated by 𝜈𝑒 emission

from neutronization in the stellar core, as shown in the top panel of őgure 5. During Phase I, DUNE

will already be able to detect neutrinos from a CCSN with energies > 5 MeV [20], albeit with lower

statistics. The larger mass of Phase II represents a signiőcant step in extending the detector’s sensitivity

to a SNB signal, since the burst trigger efficiency, reconstruction of the supernova direction (bottom

right panel of őgure 5), and precise measurement of the supernova spectral parameters (bottom left

panel of őgure 5))are dominated by the number of neutrino interactions in the detectors. While

the expected event rate varies signiőcantly among supernova models, the 40 kt (őducial) DUNE

detector would be expected to observe ≈ 3000 neutrinos from an SNB at a distance of 10 kpc, just

beyond the center of the Milky Way [20].

The modular nature of DUNE’s FD makes the experiment ideal for SNB triggering and contributing

to SuperNova Early Warning System (SNEWS) [24]. Each FD module will independently forward a

CCSN alert to SNEWS which will be made available to optical astronomers. Deployment of additional

detectors in Phase II will effectively ensure that at least one FD module is operational whenever a

SNB arrives at the detector. With all modules taken together, the increased mass from Phase II will

allow DUNE to trigger on further supernovae, increasing coverage in the neighborhood beyond the

Milky Way (e.g., in the Large and Small Magellanic Clouds).
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Figure 5. The total luminosity of neutrinos released during CCSN (top, reproduced from [21]. CC BY 4.0.).
Sensitivity regions in mean neutrino energy (related to the temperature of supernovae) and neutrino luminosity
space for three different supernova distances (bottom left, reproduced from [22]. CC BY 4.0.). DUNE’s
reconstruction of the direction of a SNB in terms of the fraction of sky allowed at 68% conődence, as a function
of recorded number of neutrino-electron scattering events as well as the corresponding supernova distance
from [23] (bottom right).

As the neutrino signal escapes a core-collapse supernova hours before the őrst optical signal,

pin-pointing the source of the SNB is fundamentally important to facilitate optical observation of

the initial stages of the supernova. The electron tracks from neutrino-electron elastic scattering, a

sub-dominant interaction channel for SNB detection, are nearly parallel to the incoming neutrino ŕux

and can thus be used to reconstruct the neutrino direction. Supernova pointing leverages the excellent

tracking capabilities of a LArTPC to identify neutrino-electron scattering events yielding a pure

sample of this low-rate channel. The increased mass from Phase II is critical for realizing DUNE’s

full potential. Using a typical ŕux model, the full 40 kt detector would expect 326 neutrino-electron

scattering events compared to 163 in Phase I [23]. This reduces the őeld-of-view for optical follow-up

searches following a SNB signal from 0.26% to 0.14% of the total sky at 1𝜎 as shown in the bottom

right panel of őgure 5. A Phase II module with pixelated charge readout would also improve SNB

pointing resolution by improving the 3D reconstruction of low-energy electron tracks.

The neutrino mass ordering has a strong impact on the expected signal at early times (neutronization

burst) when electron-type neutrinos dominate the neutrino ŕux at production (see őgure 6 for expected

event rates in DUNE). Neutrino ŕavor transformations can be induced by neutrino-neutrino scattering

and collective modes of oscillation [25]. These effects will leave imprints on the neutrino signal

and can be used to study these phenomena experimentally. These effects will test fundamental

neutrino properties by measuring the neutrino self-interaction strength [26]. DUNE will also provide
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competitive constraints on the absolute neutrino mass via measurements of the time of ŕight from

the supernova to Earth [27].

With argon’s 𝜈𝑒 ŕavor sensitivity, DUNE will uniquely probe the neutrino component of the

diffuse supernova neutrino background (DSNB) [28] Ð Phase II will be critical for such a low-rate

search by increasing argon mass.

40 kton argon, 10 kpc
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Figure 6. Expected event rates as a function of time for the electron-capture supernova model in [29] and
for 40 kt of argon during early stages of the burst. Shown are the event rate for the unrealistic case of no
ŕavor transitions (blue) and the event rates including the effect of matter transitions for the normal (red) and
inverted (green) mass orderings. Error bars are the expected statistical uncertainty in each (varying) time bin.
Reproduced from [20]. CC BY 4.0.

With signiőcant increase of the photodetector area, e.g., 10% coverage with silicon photomultipliers

(SiPMs) [19], and use of 39Ar-depleted argon, a DUNE Phase II LArTPC module would be sensitive

to faint light ŕashes from Coherent Elastic Neutrino-Nucleus Scattering (CE𝜈NS) interactions on

argon during a SNB. The łCEvNS glowž from a supernova would be observed as an increase of

low-PE ŕashes observed through the duration of the burst. As a neutral current (NC) process, this

channel is sensitive to all neutrino ŕavors, thus giving orthogonal information to the MeV-scale 𝜈𝑒 CC

interactions. Importantly, CEvNS glow allows DUNE to determine the supernova neutrino ŕuence

independent of neutrino oscillation uncertainties.

A water-based liquid scintillator module (e.g., Theia) would sacriőce part of the SNB 𝜈𝑒 statistics

for a signiőcant increase in 𝜈̄𝑒 events through inverse 𝛽 decay, with a threshold of ∼2 MeV. Such

a module would detect approximately 5000 𝜈̄𝑒 interactions from a SNB at 10 kpc distance. The

scintillation light would provide a tag for neutrons to allow separation between inverse 𝛽 decay

events and directionally-sensitive elastic scattering reactions. Using the high light output from the

scintillation, such a module would also be sensitive to pre-supernova neutrinos [30], alerting neutrino

experiments to an upcoming SNB.

3.2.2 Solar neutrinos

After more than a half century of study, there remain important open questions in particle and

astrophysics that solar neutrino measurements can potentially resolve. This is due in large part

to the precision tracking capabilities of the DUNE LArTPC detectors. In addition, because of

argon’s dominant 𝜈𝑒 CC interaction channel, the detected energy will correlate strongly with the
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incoming neutrino energy. With these advantages, DUNE promises excellent potential for improved

measurements [31]. Initial studies suggest DUNE Phase I can select a sample of 8B solar neutrinos

that would improve upon current solar measurements of Δ𝑚2
21

[32] via the precise measurement of the

day-night ŕux asymmetry induced by Earth matter effects. DUNE Phase I can also make the őrst

observation at >5𝜎 of the łhepž ŕux produced via the 3He + p → 4He + e+ + 𝜈𝑒 nuclear fusion.

The energy resolution of DUNE Phase I, (10 − 20)%, could be improved down to ≈ 2%

through improvements to the Phase II photon detection system (PDS). This radically improves

determination of solar neutrino parameters. The measurement of the solar mass splitting Δ𝑚2
21

requires precisely measuring the energy dependence of the neutrino oscillation pattern. A single

module with 2% resolution would make this measurement better than four modules with Phase I

energy reconstruction performance.

For beam-unrelated FD events, reconstructed photon ŕashes are used to select events within

the detector őducial volume and to correct ionization charge loss along drift, greatly suppressing

backgrounds and improving energy reconstruction, respectively. In Phase I, DUNE’s solar neutrino

reach will be limited by non-perfect light ŕash reconstruction and by radiological backgrounds,

primarily neutron capture on argon, which can also confuse light-charge matching. As described in

section 4, upgrades to the photon detection can increase DUNE light yield in Phase II by a factor of

őve or more. This will make light ŕashes from solar neutrino signals more apparent and improve

vertex reconstruction from the ŕash to simplify the light-charge matching algorithm. Neutron capture

on 40Ar could be vetoed by rejecting optical ŕashes that reconstruct near the 6.1 MeV 𝑄-value and

further mitigated by installation of passive shielding. Together, these would reduce the solar neutrino

detection threshold for a Phase II FD module. DUNE’s 𝜈𝑒 CC signal makes it ideal for measuring

the energy dependence of the solar electron-neutrino survival probability, 𝑃𝑒𝑒. With a visible energy

threshold at or below 5 MeV for solar neutrinos, possible with some technology choices outlined in

section 4, DUNE will probe the upturn in 𝑃𝑒𝑒. This is the transition region between the low-energy

regime where vacuum solar oscillations dominate and the high-energy regime where the oscillation

probability is determined by Mikheyev-Smirnov-Wolfenstein effect (MSW) matter effects [33] inside

the sun. The same MSW matter effects, but in the earth, are central to DUNE’s measurements of

neutrino mixing parameters with long-baseline oscillation measurements. A signiőcant increase in

photodetector coverage would allow measurements of carbon nitrogen oxygen (CNO) solar neutrinos

that could distinguish between solar metallicity models [19].

A FD module based on Theia would also be sensitive to solar neutrinos, through the neutrino-electron

scattering channel. The Theia technology is sensitive to both scintillation and Cherenkov light from

low-energy neutrinos Ð thus simultaneously providing low thresholds and event directionality. Such

a module could possibly probe the solar neutrino transition region to even lower energies, near 2 MeV.

3.2.3 Other low-energy physics opportunities

Through heavy őducialization and improved energy resolution from increased photodetector coverage,

DUNE’s low-energy physics can reach beyond astrophysical neutrinos in Phase II.

Planning is underway for future WIMP dark matter experiments. These liquid noble detectors will

scale up the current technologies active target masses with the goal to reach the so-called łneutrino fogž,

that is the cross-section below which the potential discovery of a dark matter signal is slowed due to the

uncertainty in the irreducible background from the coherent elastic scattering of astrophysical neutrinos
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with nuclei [34]. Leading upcoming projects include the xenon-based XLZD experiment [35], and

the argon-based DarkSide-20k [36] and ARGO experiments. A DUNE FD module could perform a

competitive WIMP dark matter search complementary to future argon dark matter experiments [37].

Particularly interesting would be the sensitivity to the annual modulation of the WIMP signal, which

due to DUNE’s large target mass would allow a rapid conőrmation of any observed signal in the

current so-called generation-2 experiments [19]. A 10% photodetector coverage with SiPMs could

give the necessary threshold of ∼100 keV. Such low thresholds would also require operating the

detector module with underground argon depleted in the 39Ar isotope, for background mitigation.

By introducing a large mass fraction of 136Xe or 130Te to a Phase II FD module based on LArTPC

or Theia technology, respectively, DUNE could also perform neutrinoless double-𝛽 decay (0𝜈𝛽𝛽)

searches. The neutrinoless double 𝛽 decay community has laid out a strategic plan [38] that calls

for a diverse R&D program with sensitivity beyond next-generation ton-scale experiments. DUNE

Phase II can contribute toward this long-term 0𝜈𝛽𝛽 effort, in connection with, and as a possible

evolution of, the existing 0𝜈𝛽𝛽 program. A DUNE Theia module loaded with 130Te could be a

natural evolution of the loaded liquid scintillator technique currently pursued by SNO+ [39] and

KamLAND-Zen [40]. Similarly, a 136Xe-doped DUNE LArTPC module with sufficiently good energy

resolution (𝜎) of order 2% [41] could expand on liquid xenon TPC strategies currently employed

by nEXO [42]. Such a LArTPC 0𝜈𝛽𝛽 module would also require sourcing very large amounts of

underground argon, in order to mitigate 42Ar-induced backgrounds.

Finally, thanks to its 𝜈̄𝑒 sensitivity, a Theia module would also observe geo-neutrinos and

reactor neutrinos [12].

3.3 Physics beyond the Standard Model

DUNE has discovery sensitivity to a diverse range of physics Beyond the Standard Model (BSM), which

is complementary to those at collider experiments and other precision experiments. BSM physics acces-

sible at DUNE may be divided into three major areas of research: rare processes in the beam observed

at the ND (for example heavy neutrinos, light dark matter, or new physics that could enhance neutrino

trident production), rare event BSM particle searches at the FD (for example inelastic boosted dark

matter, nucleon decays), and non-standard neutrino oscillation phenomena (for example sterile neutrino

mixing, non-standard interactions). In the following, we give examples where DUNE Phase II will bring

additional unique sensitivity with respect to Phase I and to the performance of current experiments [43].

3.3.1 Rare event searches at the near detector

The high intensity and high energy of the LBNF proton beam enables DUNE to search for a wide

variety of long-lived, exotic particles that are produced in the target and decay in the ND. Heavy

neutral leptons (HNLs) and Axion-like particles (ALPs) are examples of well-motivated searches

that can be carried out in DUNE. Low density detectors are best suited for such a search, because

the signal scales with the detector volume while the background (predominantly due to Standard

Model neutrino interactions) scales with detector mass. In Phase I, SAND can perform such searches

with a density of ∼ 0.2 g/cm2. In Phase II, the ND-GAr substantially improves the reach for these

searches with even lower density and a larger volume. Signal efficiencies and background rates after

selection cuts are found to improve signiőcantly in Phase II, thanks to ND-GAr [46]. Background rates
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Figure 7. Expected DUNE ND sensitivity at 90% CL to the mixing |𝑈𝛼𝑁 |2 as a function of the HNL mass𝑀𝑁 , for
a total of 7.7·1021 POT, and combining all the possible HNL decay channels leading to visible states in the detector.
Backgrounds are assumed to be negligible. Results are shown for a HNL coupled exclusively to: 𝑒 (left panel), 𝜇
(middle panel), and 𝜏 (right panel). The dotted gray lines enclose the region of parameter space where a Type I
seesaw model could generate light neutrino masses in agreement with oscillation experiments and upper bounds
coming from the latest KATRIN results on 𝛽-decay searches. A negligible background level after cuts and a signal
selection efficiency of 20% was assumed for this analysis. Figure adapted from [44] to include the latest excluded
areas from existing results; obtained with the HNLimits [45] package. All sensitivity curves and currently
excluded areas assume Dirac neutrinos, and that the HNL only couples to one of the charged leptons as indicated
by the ŕavor index of the panel, while the other two mixings are set to zero. Reproduced from [44]. CC BY 4.0.

generally depend on the decay őnal state. In some cases background-free searches appear possible,

for example for channels involving pairs of muons in the őnal state.

For HNLs, the decay rates are proportional to |𝑈𝛼𝑁 |2 in the case of single dominant mixing,

where 𝛼 = 𝑒, 𝜇, 𝜏 and the matrix𝑈𝛼𝑁 speciőes the mixing between the active SM neutrinos 𝛼 and the

new heavy states 𝑁 . Figure 7 shows the combined sensitivity for HNL decay channels probing each

individual mixing matrix element |𝑈𝛼𝑁 |2, as a function of the HNL mass and under the assumption of

no background (result adapted from [44]). As can be seen from the őgure, DUNE is world-leading at

masses below 𝑚𝜏 , complementary to the LHC heavier mass searches. In addition, DUNE may have the

potential to explore further the portion of parameter space predicted by Type I seesaw models. Other

phenomenological studies [47ś50] conőrm the potential of the DUNE Phase II ND for HNL searches.

ND-GAr is also sensitive to ALPs with masses between 20 MeV and 2 GeV [46, 51]. DUNE is

expected to improve over present constraints on ALP particles particularly for ALP masses below

the kaon mass. For a wide range of ALP lifetimes, the sensitivity improvement would span many

orders of magnitude.

Another rare event search at the ND is neutrino trident production, that is, the production of a

pair of oppositely-charged leptons through the scattering of a neutrino on a heavy nucleus. Neutrino

trident production is a powerful probe of BSM physics in the leptonic sector [52, 53]. The Standard

Model (SM) expectation is that the ND will collect approximately a dozen of these rare events per

ton of argon per year [54, 55]. To date, only the dimuon őnal-state has been observed, although

with considerable uncertainties. The main challenge in obtaining a precise measurement of the

dimuon trident cross-sections (𝜈𝜇 → 𝜈𝜇𝜇
+𝜇− and 𝜈̄𝜇 → 𝜈̄𝜇𝜇

+𝜇−) at DUNE will be the copious
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backgrounds, mainly consisting of CC single-pion production events (𝜈𝜇𝑁 → 𝜇𝜋𝑁 ′), as muon

and pion tracks can be easily confused. ND-GAr will tackle this search by improving muon-pion

separation through 𝑑𝐸/𝑑𝑥 measurements in the HPgTPC and the calorimeter system, and ND-GAr’s

magnetic őeld will signiőcantly improve signal-background separation by tagging the opposite charges

of the two muons in the őnal state.

3.3.2 Rare event searches at the far detector

Phase II will also enhance BSM searches at the FD, and in particular searches that are expected

to be nearly background-free at the scale of the experiment’s full exposure. In such cases, the

decay or scattering rate sensitivity will be inversely proportional to the FD exposure (in kt·yr), and

added exposure in Phase II FD modules will be signiőcant. Background-free (or quasi-background-

free) searches at the FD may include baryon-number-violating processes. For example, current

estimates [43] for the 𝑝 → 𝐾+𝜈̄ search yield a mean background rate expectation of 0.4 events

for a 400 kt·yr exposure at the FD.

3.3.3 Non-standard neutrino oscillation phenomena

DUNE is sensitive to neutrino oscillation scenarios beyond the standard three-ŕavor picture, including

sterile neutrinos, non-standard interactions, and PMNS non-unitarity. These searches rely on both

the ND and FD, and require high precision and very large exposures, such that both the Phase II

ND and FD are important.

In addition to searching for BSM modiőcations to the muon and electron neutrino signals, DUNE

also has a unique capability to search for tau neutrino appearance because the broadband LBNF beam

has signiőcant ŕux above the ∼ 3.5 GeV tau charged-current threshold. Searches for tau appearance

would enable DUNE to directly constrain the tau elements of the PMNS matrix, and also to search for

anomalous 𝜈𝜏 appearance, which may point to mixing with HNLs or non-standard interactions [56, 57].

This would become particularly interesting if hints of non-unitarity are observed in the muon and

electron channels. The 𝜏 lepton from beam 𝜈𝜏 CC interactions is not directly observable in the DUNE

detectors due to its short 2.9 × 10−13 s lifetime. However, the őnal states of 𝜏 decays (∼ 65% into

hadrons, ∼ 18% into 𝜈𝜏 + 𝑒− + 𝜈̄𝑒, and ∼ 17% into 𝜈𝜏 + 𝜇− + 𝜈̄𝜇) can be detected.

The LBNF beamline is designed such that the target and the horn focusing system can be

replaced. The LBNF/DUNE Construction Project will provide targets and horns designed for 1.2 MW

operation, in the standard low-energy beam tune conőguration optimized for CPV measurements. New

ACE-MIRT upgrades designed for >1.2 MW operation will be needed, and could provide the capability

to run with a higher-energy beam tune optimized for detection above the 𝜏 production threshold.

Studies indicate that the 𝜈𝜏 charged-current interaction rate will more than double at the FD in this

case, compared to the standard LBNF beam optimized for CPV [58]. Running with the high-energy

tune is not currently planned, but could provide further physics reach for DUNE in Phase II.

At the ND, the baseline is far too short for 𝜈𝜇 → 𝜈𝜏 oscillations to occur within a three-ŕavor

scenario. However, 𝜈𝜏 originating in rapid oscillations driven by sterile neutrinos could be detected.

A challenge is that for the tau decay to muon channel, a large fraction of the signal is at very high

energy. In Phase I, the TMS cannot reconstruct momentum by curvature, and is limited to measuring

𝑇𝜇 <∼ 6 GeV by range. It may be possible to search for anomalous tau appearance in SAND, which is

sensitive to higher energy muons by curvature but has much smaller target mass. In Phase II, ND-GAr
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provides a magnetized spectrometer for ND-LAr which can reconstruct very high-energy muons by

curvature. With one year of data with the Phase II ND, preliminary studies show that DUNE’s reach

in this channel extends beyond the present strongest limits from NOMAD [59].

4 The DUNE phase II far detector

4.1 Introduction

The primary objective of the DUNE Phase II FD is to increase the őducial mass of DUNE to at least

the originally planned 40 kt LAr-equivalent mass. For long-baseline neutrino oscillations, it is critical

that all four FD modules be compatible with the systematic constraints of the ND. Non-LAr options

for the Phase II FD would require corresponding additions or changes to the ND complex in order to

achieve a comparable level of systematic uncertainty. These options are described in section 5.4. For

MeV-scale physics, the additional mass would double the number of expected neutrino interactions

in a SNB and extend the reach to supernovae beyond the Milky Way. An exposure of hundreds of

kt-yrs is required to improve upon oscillation parameter measurements with solar neutrinos. Most

BSM searches also require very long exposures to be competitive.

Enhancements to the detector design have the potential to improve the DUNE program by

lowering the threshold for MeV-scale neutrinos or by reducing the background rates in this energy

regime. Phase II also presents opportunities to expand the DUNE science program to new areas

while preserving the essential core measurement capabilities. The design of the Phase II FD modules

will also incorporate lessons learned from the construction of Phase I, in particular the vertical drift

FD2, optimizing performance and cost.

4.2 The vertical drift detector design

The single-phase vertical drift technology as implemented in ProtoDUNE-VD and planned for

FD2 [60] (őgures 8 and 9) draws from the strengths of the DUNE prototypes ProtoDUNE-DP [61]

and ProtoDUNE-SP [62] as well as the previous horizontal drift detectors ICARUS and MicroBooNE.

Relative to the well-established single-phase (SP) horizontal drift design that is based on large wire

plane assemblies, the vertical drift design simpliőes detector construction and installation, reducing

overall detector costs. The vertical drift module uses most of the same structural elements as the

ProtoDUNE-DP design (e.g., charge-readout planes (CRPs) to form the anode planes, and the őeld

cage that hangs from the cryostat roof), and is constructed of modular elements that are much easier

to produce, transport, and install.

The cathode at the vertical mid-plane of the detector is suspended from the top CRP support

structure and subdivides the detector into two vertically stacked, 6.5 m high drift volumes, with CRP

readout for both the top and bottom drift volumes. The top CRPs are suspended from ports on the

cryostat roof whereas the bottom CRPs are supported by feet on the cryostat ŕoor.

The important features of the vertical drift design, particularly in comparison with the FD1

horizontal drift design, are:

• maximizing the active volume;1

1For reference, the FD2 detector model yields an active volume of 10,586 m3, a 5.6% increase over the estimated FD1

active volume of 10,021 m3.
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Figure 8. Schematic of the vertical drift FD2 concept with PCB-based charge readout. Corrugations on cryostat
wall shown in yellow; PCB-based CRPs (brown, at top and bottom with superstructure in gray for top CRPs);
cathode (violet, at mid-height with openings for photon detectors); őeld cage modules (white) hung vertically
around the perimeter (the portions near the anode planes are 70% optically transparent); photon detectors (light
green at right), placed in the openings on the cathode and on the cryostat walls, around the perimeter in the
vertical regions near the anode planes. Reproduced from [60]. The Author(s). CC BY 4.0.

Figure 9. Perspective view of the vertical drift FD2 detector. Reproduced from [60]. The Author(s). CC BY 4.0.

• high modularity of detector components;

• simpliőed anode structure based on standard industrial techniques;

• simpliőed cold testing of instrumented anode modules in modest size cryogenic vessels;

• őeld cage structure independent of the other detector components;
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• extended drift distance;

• reduction of dead material in the active volume;

• allowance for improved light detection coverage;

• simpliőed and faster installation and quality assurance (QA)/quality control (QC) procedures;

and

• cost-effectiveness.

4.2.1 Charge readout planes (anodes)

The baseline design FD2 anodes, illustrated in őgure 10, provide three-view charge readout via

two induction planes and one collection plane. The anodes are fabricated from two double-sided,

perforated, 3.2 mm thick printed circuit boards (PCBs), that are connected mechanically, with their

perforations aligned, to form charge-readout units (CRUs). A pair of CRUs is attached to a composite

frame to form a CRP; the frame provides mechanical support and planarity. The holes allow the

electrons to pass through to reach the collection strips. Each anode plane consists of 80 CRPs in

the same layout. The CRPs in the top drift volume, operating completely immersed in the LAr, are

suspended from the cryostat roof using a set of superstructures, and the bottom CRPs are supported by

posts positioned on the cryostat ŕoor. The superstructures hold either two or six CRPs, and allow

adjustment, via an externally accessible suspension system, to compensate for possible deformations

in the cryostat roof geometry.

Figure 10. A top superstructure (green structure on top) that holds a set of six CRPs, and below it an exploded
view of a CRP showing its components: the PCBs (brown), adapter boards (green) and edge connectors
that together form a CRU, and composite frame (black and orange). Reproduced from [60]. The Author(s).
CC BY 4.0.

The FD2 top and bottom drift volumes implement different charge readout (CRO) electronics. The

top anode is read out via the top drift electronics (TDE), based on the design used in ProtoDUNE-DP,

that comprises both cold and warm components housed in signal feedthrough chimneys (SFT chimneys).

These chimneys penetrate the cryostat roof, allowing the components to be fully accessible for repair

or upgrade. The bottom detector electronics (BDE), on the other hand, implements the same cold

electronics (CE) used in the horizontal drift FD1, which features local ampliőcation and digitization

on the CRP in the LAr, thereby maximizing the signal-to-noise.
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4.2.2 High-voltage system

The FD2 has a horizontal cathode plane placed at detector mid-height, held at a negative voltage,

and horizontal s (biased at near-ground potentials) at the top and bottom of the detector, which

together provide a nominal uniform 𝐸 őeld of 450 V/cm. The main high voltage system (HVS)

components are illustrated in őgure 11.

Figure 11. A bird’s-eye view of the őeld cage, with one full-height őeld cage column (highlighted in cyan)
that extends the entire height, the HV feedthrough and extender (in the foreground), and the cathode (with one
cathode module highlighted in cyan and X-ARAPUCA modules installed on cathode). Reproduced from [60].
The Author(s). CC BY 4.0.

The HVS is divided into two systems: (1) supply and delivery, and (2) distribution. The supply

and delivery system consists of a negative high voltage power supply (HVPS), high voltage (HV)

cables with integrated resistors to form a low-pass őlter network, a HV feedthrough (HVFT), and

a 6 m long extender inside the cryostat to deliver −294 kV to the cathode. The distribution system

consists of the cathode plane, the őeld cage, and the őeld cage termination supplies. The cathode

plane is an array of 80 cathode modules, each with the same footprint as a CRP, formed by highly

resistive top and bottom panels mounted on őber-reinforced plastic (FRP) frames. The modular őeld

cage consists of horizontal extruded aluminum electrode proőles stacked vertically at a 6 cm pitch.

A resistive chain for voltage division between the proőles provides the voltage gradient between the

cathode and the top-most and bottom-most őeld-shaping proőles.

In addition to the primary function of providing uniform 𝐸 őelds in the two drift volumes, both

the cathode and the őeld cage designs are tailored to accommodate PDS modules (section 4.2.3) since

it is not possible to place them behind the anode plane, as in the FD1-HD design. Each cathode

module is designed to hold four double-sided X-ARAPUCA PDS modules that are exposed to the top

and bottom drift volumes through highly transparent wire mesh windows. Along the walls, the őeld

cage is designed with narrow (15 mm width) proőles in the region within 4 m of the anode plane to

provide 70% optical transparency to single-sided PDS modules mounted on the cryostat membrane

walls behind them, and conventional (46 mm width) proőles within 2.5 m of the cathode plane.
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4.2.3 Photon detection system

The FD2 module will implement X-ARAPUCA [63, 64] PDS modules. Functionally, an X-ARAPUCA

module is a light trap that captures wavelength-shifted photons inside boxes with highly reŕective

internal surfaces until they are eventually detected by SiPMs. An X-ARAPUCA module has a light

collecting area of approximately 600 × 600 mm2 and a light collection window on either one face

(for wall-mount modules) or on two faces (for cathode-mount modules). The wavelength-shifted

photons are converted to electrical signals by 160 SiPMs distributed evenly around the perimeter

of the photon detector (PD) module. Groups of SiPMs are electrically connected to form just two

output signals, each corresponding to the sum of the response of 80 SiPMs.

Since their primary components are almost identical to those of FD1-HD, only modest R&D

was required for the FD2 PDS modules. The primary differences were to optimize the module

geometry and the proximity of the SiPMs to the wavelength-shifting (WLS) plates. Both of these are

more favorable in FD2, leading to more efficient light collection onto the SiPMs. As discussed in

section 4.2.2, the design has the PDs mounted on the four cryostat membrane walls and on the cathode

structure, facing both top and bottom drift volumes. This conőguration produces approximately

uniform light measurement across the entire TPC active volume.

Cathode-mount PDs are electrically referenced to the cathode voltage, avoiding any direct path

to ground. While membrane-mount PDs adopt the same copper-based sensor biasing and readout

techniques as in FD1-HD, cathode-mount PDs required new solutions to meet the challenging constraint

imposed by HVS operation. The cathode-mount PDS are powered using non-conductive power-over-

őber (PoF) technology [65], and the output signals are transmitted through non-conductive optical őbers,

signal-over-őber (SoF), thus providing voltage isolation in both signal reception and transmission.

4.3 Optimized charge and photon readouts for Phase II vertical drift FD modules

Several variations on the vertical drift design are under consideration to improve the performance

and/or reduce the cost. Potential improvements can be broadly grouped into two classes, the charge

readout and the photon readout systems.

Optimizations of the charge readout system include options to improve the production processes

and reduce the cost of the CRPs, possible optimizations of strip pitch and length, and channel count

(section 4.3.2). Other options are to replace the strip-based CRP with a pixel based CRP (section 4.3.3)

or with an optical readout based on electroluminescence (section 4.3.4).

The leading criteria for selecting an optimized technology for a Phase II photon readout system

are performance enhancement at low incremental costs, and the ability to leverage minimum-risk

development of solutions already demonstrated and adopted for Phase I. One of the most attractive

options is the proposed APEX concept (section 4.3.1), in which PDs are integrated into the őeld cage.

The APEX concept makes use of the PoF and SoF technologies developed for FD2 and opens up

the opportunity to greatly extend the optical coverage. Another optimization under consideration is

the addition of photon detection to a pixel-based CRP (section 4.3.5).

4.3.1 Optimized photon readout with APEX

The APEX concept (Aluminum proőles with embedded X-ARAPUCA) integrates a large-area photon

detection system into the detector module’s őeld cage. APEX is a simpliőed, lightweight, and

low(er)-cost photodetector solution for optimizing photon readout that increases the active optical
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coverage of the LAr target volume. This solution is derived from the well-established X-ARAPUCA

technology with SiPM photosensors developed for FD2. Concrete examples of physics topics

enabled by an improved light detection system are given in section 3.2, in the context of the neutrino

astrophysics program of DUNE.

Figure 12. A bird’s-eye view of the őeld cage with integrated large-area photon detection system, APEX. The
őeld cage structure is constructed of modules vertically stacked in groups of four hanging around the LAr drift
volume perimeter from the top.

The őeld cage covers the four vertical sides of the VD LArTPC active volume between the top

anode and bottom anode planes, and thus offers the largest available surface for extended optical

coverage, i.e., APEX can provide up to ∼ 60% coverage of the surface enclosing the LArTPC active

volume if the őeld cage walls are fully instrumented, as shown in őgure 12. In the APEX concept, no

PD modules are installed on the cathode. The PD readout electronics would need to be referenced

to the (high) voltage level of the őeld cage electrode proőle on which the PD module is installed,

and therefore would require electrical isolation. Power and signal transmission can be established

via non-conductive optical őbers by using the PoF and SoF technologies developed for the FD2

photon detectors that are integrated into that FD module’s HV cathode plane. These technologies

are described in section 4.2.3. They have been demonstrated to work reliably for electrical isolation

with noise immunity and long-term stability in LAr.

APEX keeps the same őeld cage structure as designed for FD2 (see őgure 11), which includes 24

őeld cage supermodules, each made up of eight 3.0 × 3.2 m2 őeld cage modules, for a total of 192

modules. A őeld cage module consists of horizontal extruded aluminum C-shaped electrode proőles

(3 m long and 6 cm wide) stacked vertically at a 6 cm pitch and mounted on vertical FR4 I-beams. An

APEX panel, illustrated in őgure 13, is a standard vertical drift őeld cage module instrumented with

a 6 × 6 array of thin, large-area (∼ 50 × 50 cm2) X-ARAPUCA-type PD modules installed onto the

őeld cage structure and fully covering it, as shown in őgure 13. Hydrodynamic simulations are under

development to understand the potential impact of APEX panels on the LAr recirculation.

Six PD modules constitute a horizontal row of the APEX panel. Each PD module vertically

spans about nine őeld cage proőles and is mechanically fastened and electrically referenced to the

proőle at its mid-height (the őfth of nine). The cavity of this proőle houses and provides Faraday

shielding for the cold electronics readout boards for all six of the PD modules in that row of the array,
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Figure 13. An APEX panel. Top left: one PD module installed on őeld cage proőles. Bottom left: a PD module
equipped with a SiPM strip at the center. Center: front view of an APEX panel showing the 6 × 6 array of PD
modules mounted on an őeld cage module. Right: a back view of the őeld cage module showing its aluminum
proőle structure.

providing signal conditioning and digitization in cold. Several PoF receivers and an SoF transmitter

(driver and laser diode) at the center of the ∼ 3 m long proőle receive power and transmit signal,

respectively, for the PD modules in the row via optical őbers. The signals from the six PD modules

are multiplexed and transmitted over a single optical őber to the (warm) receivers and data acquisition

(DAQ), as schematically represented in the block diagram of őgure 14. The őbers are routed through

the penetration at the top of the cryostat using the central vertical I-beam of the őeld cage structure as

conduit. Each row of six PD modules in an APEX panel thus forms an electrically isolated system.

Figure 14. APEX cold readout concept: a row of six PD modules (three of the six are not shown in order to
display the readout elements) in an APEX panel forming an electrically isolated single readout system.

The PD module, the basic unit of the APEX array, is a simpliőed version of the light trap

X-ARAPUCA concept used in the FD1 and FD2 PDS, designed to be a lightweight (∼1.8 kg), compact

object suitable for efficient mass production. Two WLS stages, #1 and #2 Ð with a dichroic őlter
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(DF) between them Ð convert, transmit, and trap incident LAr scintillation light under the dichroic

őlter layer. These components are contained in solid PMMA (transparent acrylic) slabs that are 6 mm

thick, with a surface area of ∼ 50 × 50 cm2, illustrated in őgure 13, bottom left. The DF layer is

deposited directly on the front plane of the acrylic substrate, and the WLS #1 coating on top of the

DF. Chromophore molecules embedded in the substrate PMMA (WLS #2) matrix shift transmitted

light to a wavelength above the DF cutoff. Light trapping is optimized by ultra-high reŕectivity

non-metallic thin őlm lamination (e.g., Vikuiti ESR) of the acrylic slab edges and backplane. An array

of SiPMs mounted on a ŕex PCB are optically bonded to the acrylic surface, as shown in őgure 13,

bottom left. Photons trapped by reŕection in the slab are eventually absorbed by the photosensors,

producing electronic signals. We estimate that 80 large-area SiPMs per module, with high photon

detection efficiency (PDE), ganged together into one readout channel, will be sufficient to reach

an overall detector efficiency of 𝜖𝐷 ≃ 2%.

Assembly of APEX panels is expected to be simple. To assemble one, aluminum őeld cage

proőles are őrst assembled to form a őeld cage module, electronics boards are positioned in the proőles,

and PD modules are connected to the boards then fastened to the proőles to complete the APEX panel.

An APEX assembly can be built out of bulk materials (aluminum proőles and acrylic plates) with

low-radioactive content. For this reason, even an extended PDS coverage compared to Phase I modules

is not expected to be a dominant contributor to the internal background budget discussed in section 4.6.

Figure 15. Map showing the expected light yield in the central (𝑥, 𝑦) transverse plane at 𝑧 = 0 for the őeld
cage-extended coverage APEX photon detection system. Dimmer regions are present near the anode planes
(with no PDs on them) and at mid-height (near the non-instrumented cathode plane).

A Geant4 simulation was performed for a Phase II FD module with APEX, assuming 55% optical

coverage of the LAr volume. The light yield 𝐿𝑌 (𝑥, 𝑦, 𝑧) of the system was evaluated, i.e., the number

of photoelectrons (PEs) collected per unit of deposited energy anywhere in the LAr volume, assuming

2% detection efficiency of the X-ARAPUCA module and standard LAr scintillation light emission

and propagation parameters. The simulation resulted in an average value ⟨𝐿𝑌⟩ = 180 PE/MeV across

the detector volume, with a minimum of 𝐿𝑌min = 109 PE/MeV near the anode planes, thanks to

the extended optical coverage of the APEX system. Such a light yield would be about a factor of

5 higher than the FD2 one, where simulations indicate an average light yield of 39 PE/MeV and a
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minimum light yield of 16 PE/MeV [60]. Figure 15 shows the light yield map in the transverse plane

at the center of the FD module long axis. APEX-speciőc studies on light-only and charge+light

calorimetric performance, impact of non-uniform light collection, and achievable PDS thresholds

in the presence of background ŕashes, are in progress.

A series of prototypes are planned to fully develop the APEX concept. A őrst round of prototyping,

carried out at CERN, has studied the impact on the drift őeld uniformity of placing insulating material

between őeld cage electrodes. The (expected) observation of a slow buildup of static charge on the

surface of the insulating material may, counter-intuitively, allow reduction of the number of őeld cage

electrodes, with a larger pitch. The current (2024) focus is on a second (ton-scale) TPC prototype

at CERN that will be instrumented with up to eight full-size PD modules, primarily for mechanical

and cryogenic tests. Additionally, a PD module prototype with a full electronic chain, including

PoF and SoF systems, will be constructed and tested in parallel before being integrated into this

prototype. A larger-sized APEX demonstrator in a several cubic meter LAr cryostat, with O(100) SoF

and PoF in/out őbers, will be a third-stage prototyping goal in 2024-2025, likely at Fermilab. Finally,

a full-sized APEX PD-instrumented őeld cage will be deployed in the VD ProtoDUNE cryostat at

CERN, along with the proposed ARIADNE optical readout (section 4.3.4).

4.3.2 Strip-based charge readout

The PCB-based vertical drift anodes, called CRPs, are made up of two stacked PCBs, providing

three projective views. The PCB face directly opposite the cathode has a copper guard plane to

absorb any unexpected discharges. The reverse side of this PCB is etched with strips that form

the őrst induction plane. The other PCB has strips on the side facing the inner PCB forming the

second induction plane, and has the collection plane strips on its reverse side [60]. The PCBs are

supported by composite frames and mechanically connected using PEEK spacers. CRPs have been

successfully demonstrated in the 50 L test stand and at full scale in the vertical drift cold box. They

have been installed in ProtoDUNE-VD in the NP02 cryostat at CERN and will be deployed in the

FD2 cryostat at SURF (see őgure 10).

This system has already been optimized for deployment in FD2, and as such forms a reference

solution also for FD3. Additional optimizations should be explored for FD3 to reduce cost or to

improve performance further. There are various ways in which the strip-based charge readout might be

re-optimized that would impact the strip pitch, length, and orientation. A more concrete optimization

plan will be developed after assessing ProtoDUNE-VD performance in 2025.

Additional considerations to be explored include the CRP fabrication techniques, including faster

production of the PCB itself and simpler quality control. Some of these ideas have been tested in the

50 L test stand at CERN, particularly techniques to reduce PCB hole misalignments.

In addition to the CRP, the readout electronics need some re-optimization. Depending on the

timescale for construction of FD3, some of the existing electronics production lines may no longer

be available. This may require re-design of components associated with readout of the top and/or

bottom CRPs. For example, a potential optimization of the FD2 BDE includes porting the LArASIC,

a custom pre-ampliőer and shaping ASIC, from the 180 nm to the 65 nm production process2 to

mitigate the risk of losing access to the 180 nm process. The two other BDE custom ASICs, ColdADC

2The 180 nm and 65 nm processes are advanced lithographic techniques used in semiconductor fabrication; the dimension

refers to feature size.
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and COLDATA, are already using the 65 nm process. Other potential optimizations for the FD2

BDE design include reducing the cable length for signal and power (it is 27 m for the current FD2

design), simplifying detector installation.

4.3.3 Pixel-based charge readout

A pixel-based readout would replace the multi-layer strip-based readout with a single-layer grid of

charge-sensitive pixels at mm-scale granularity. Instrumenting each pixel with a dedicated electronics

channel would achieve a LArTPC with true and unambiguous 3D readout, where information on the

third spatial dimension is provided by the LArTPC drift time. This is advantageous compared to

conventional wire-based two-dimensional readout, especially for higher-multiplicity interactions of

𝑂(GeV) neutrinos. In interactions with several charged particles in the őnal state, it is possible for

tracks to overlap in one 2D projection, making it more difficult to reconstruct. Similarly, straight-line

tracks in strip-based readout have pathological angles where the track is recorded entirely along a

single strip. Given channel densities of O(105) pixels per m2 of anode, pixel readout would require

operation at O(100) μW power consumption per channel, including ampliőcation, digitization and

multiplexing. This is necessary in order to avoid excessive heating of the LArTPC detector, operating

near LAr boiling point. Signiőcant progress has been made in recent years in the development of

pixel readout for LArTPCs, overcoming issues with excessive waste heat, as well as demonstrating

cryo-compatibility, O(104) digital multiplexing, and cost-effective, scalable production. Two options

for readout are discussed below, LArPix and Q-Pix.

LArPix Readout. LArPix [66] is a complete pixel readout system for LArTPCs, consisting of

6400-channel pixel anode tiles, cryogenic-compatible data and power cabling, and a multi-tile digital

controller with an integrated operating system. It has been developed as the baseline technology

of Phase I ND-LAr. The system relies on the LArPix ASIC, a 64-channel detector system-on-

a-chip that includes analog ampliőcation, self-triggering, digitization, digital multiplexing, and a

conőguration controller.

The LArPix-v1 ASIC demonstrated that waste heat could be controlled through a custom low-power

ampliőer and channel self-triggering, where the digitization and digital readout are dormant until a

signal is detected on the pixel. The LArPix-v2 ASIC incorporated a variety of improvements to facilitate

large-scale production of pixel anodes, including Hydra-IO, a novel programmable chip-to-chip data

routing technique to improve system reliability in the inaccessible cryogenic detector environment.

The current 32 × 32 cm2 LArPix pixel tile (őgure 16) has 6400 charge-sensitive pixels at 3.8 mm

pitch and can be conőgured and read out via a single set of differential digital input and output

wires. The design leverages standard commercial techniques for PCB production to realize a LArTPC

anode, achieving 800 e− equivalent noise charge per channel on the sensitive TPC-facing side of

the tile, while powering and communicating with 100 LArPix ASICs on the back side. The power

consumption achieved by the current LArPix tile is 14 W/m2, ensuring that the heat ŕux from the

anode is lower than the one from the cryostat walls.

Data acquisition is controlled by the Pixel Array Controller and Network (PACMAN) card,

responsible for delivering power and communication to the tiles. A single compact controller

is currently capable of driving O(10) pixel tiles (e.g., O(105) pixels). It includes a CPU with

integrated operating system and programmable logic similar to a őeld programmable gate array
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(FPGA). The controller is designed to mount on the room-temperature side of a LArTPC cryostat

feedthrough, and incorporates power őltering and ground isolation to ensure the integrity of the

low-noise environment within the detector.

Figure 16. Left: prototype LArPix-v2 anode tile 32 cm in length by 32 cm in height, with 6400 gold-plated
charge sensitive pixel pads at 3.8 mm pitch driven by (right) 100 LArPix-v2 ASICs.

Approximately 80 LArPix-v2 pixel tiles have been produced as part of the current prototyping

program for the DUNE ND. Sets of 16 pixel tiles have been used to instrument each of the four

ton-scale LArTPC modules of the 2× 2 Demonstrator (őgure 17), a prototype of the modular LArTPC

design planned for the ND. Each module has been operated at the University of Bern, and has been

used to image over 100 million cosmic ray events.

The LArPix-v2 development program has achieved its goal of a scalable design. All components

are produced via commercial vendors using traditional electronics production techniques, and are

ready for integrated testing; no additional assembly is required. LArPix-v2 system production costs,

including all cabling, controllers, and power supplies, are approximately $10k per square meter.

Operation of prototype LArPix anodes, in either vertical or horizontal orientations, show that

natural convection provides sufficient heat dissipation to mitigate argon phase transition (bubble

formation or boiling). In particular, the 2 × 2 Demonstrator [67], a prototype of the DUNE ND,

is constructed of multiple őberglass boxes with a very low perforation, approximately 1% of the

surface, and rather limited spaces for convective heat dissipation, yet it shows no issues with thermal

management and has achieved purity in excess of 2 ms. Future work includes a demonstration of

LArPix anode heat dissipation in a conőguration similar to the FD2 design.

Assuming completion of the development program of LArPix for the DUNE ND, LArPix would

already meet most of the requirements for deployment in a future FD module. The development

and integration of a high-speed, O(1) GHz, 16-to-1 digital multiplexer would signiőcantly reduce

the number of cables and feedthroughs, making deployment in a FD much more feasible. Tests of

a large-scale LArPix prototype in the ProtoDUNE-VD system at the CERN Neutrino Platform are

important to validate the integration and interfaces with the other aspects of the vertical drift design.

Q-Pix Readout. Q-Pix is a novel pixel-based technology for low-threshold, high-granularity readout

that is expected to improve reconstruction relative to projective-based readout, at a much reduced
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Figure 17. Left: a photograph of one of the four ton-scale LArTPC modules for the 2x2 Demonstrator,
a prototype of the DUNE ND. Right: an example cosmic ray imaged in true 3D using a 102,400-channel
LArPix-v2 system in this module (right).

data throughput. It is ideally suited to the low data rate readout environment of the DUNE FD

modules. The basic concepts of the Q-Pix circuit [68] are shown in őgure 18(A). The input pixel

is envisioned to be a simple circular trace connected to the Q-Pix circuit via a PCB. The circuit

begins with the łCharge-Integrate/Resetž (CIR) circuit. This charge-sensitive ampliőer continuously

integrates incoming signals on a feedback capacitor until a threshold on a Schmitt trigger (regenerative

comparator) is met. When this threshold is met, the Schmitt trigger starts a rapid łresetž enabled by

a Metalśoxideśsemiconductor őeld-effect transistor (MOSFET) switch, which drains the feedback

capacitor and returns the circuit to a stable baseline, at which point the cycle is free to begin again. To

mitigate any potential charge loss, an alternative design known as the łreplenishmentž scheme has

also been evaluated. In contrast to the reset architecture, the MOSFET now functions as a controlled

current source such that when the Schmitt trigger undergoes a transition, the MOSFET replenishes

a charge of Δ𝑄 = 𝐼 · Δ𝑡, where Δ𝑡 is the reset pulse width or discharge time.

Both the łresetž and łreplenishmentž schemes capture and store the present time of a local clock

within one ASIC. This changes the basic quantum of information for each pixel from the traditional

łcharge per unit of timež to the difference between one clock capture and the next sequential capture,

the Reset Time Difference (RTD). This new unit of information measures the time to integrate a

pre-deőned charge. Physics signals will produce a sequence of short, O(μ𝑠), RTDs. On the other hand,

in the absence of a signal, the quiescent input current from 39Ar and other radiogenic or cosmogenic
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backgrounds would be small, producing long, O(𝑠), RTDs. Signal waveforms can be reconstructed

from RTDs by exploiting the fact that the average input current and the RTD are inversely correlated.

(A)

(B) (C)

(b)(a)
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Reconstructed (Method 2)

“Replenishment scheme”

Figure 18. A) Schematic of the basic concepts of the Q-Pix circuits for the reset and replenishment schemes.
Reproduced with permission from [69]. B) Left: schematic of the 16-channel analog front-end and Right:
schematic of the 16-channel digital design. C) Current waveform reconstructed using a discrete-component
implementation of the Q-Pix replenishment scheme at a charge threshold of 0.46 fC (∼ 2875𝑒−) and reconstructed
using different digital őltering based on analysis. Reproduced with permission from [69].

Q-Pix has shown that this architecture can enhance the physics capabilities of a large-scale

LArTPC through its ability to provide full 3D information of the events, as opposed to the three 2D

projections provided by FD1/FD2 readout. The őrst of these demonstrations shows the improved

reconstruction enabled by a pixel based detector when compared to a projective-based readout for

DUNE multi-GeV neutrino interactions [70]. This analysis showed enhanced efficiency and purity

across all neutrino interaction types analyzed and the ability to reconstruct the topology and content of

the hadronic system (including number of őnal state protons, charged, and neutral pions). Moreover,

through an analysis of supernova neutrino interactions and a simulation of the Q-Pix architecture, it

was shown that Q-Pix can signiőcantly enhance the low-energy neutrino capabilities for kiloton-scale

LArTPCs. Speciőcally, Q-Pix: i) enhances the efficiency of reconstructing low-energy supernova

neutrino events over the nominal wire based readout, ii) allows for a high-purity and high-efficiency

identiőcation of supernova neutrino candidates, and iii) affords these enhancements at data rates

106 times less for the same energy threshold [71].
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A number of prototypes are currently under construction and evaluation to demonstrate the Q-Pix

readout architecture. These include designs in both CMOS 180 nm and 130 nm, evaluation of the architec-

ture using discrete commercial off-the-shelf (COTS) components, as well as extensive digital prototyping

using FPGAs. The 180 nm design is shown schematically in figure 18(B). It consists of a 16 channel

analog chip implemented with the replenishment architecture, and a 16 channel digital chip. On the other

hand, figure 18(C) shows the implementation of the replenishment architecture for the Q-Pix readout

using COTS discrete components. This prototype was able to demonstrate the fidelity of reconstructing

input from an arbitrary waveform generator with a replenishment threshold of 0.46 fC with replenishment

pulse widths∼ 300ś600 ns and linear responses to replenishment up to 2 MHz rates. This demonstration

provides confidence that the architecture proposed will be capable of meeting the performance needs of

future large scale LArTPCs. The consortium of universities and labs working on this project expect both

small and large scale demonstrator (O(1000ś100, 000) pixel) LArTPCs in the coming next few years.

4.3.4 Optical-based charge readout

The optical-based readout shares the same physics beneőt as the pixel-based charge readout solutions

(section 4.3.3) in providing a native 3D readout. This technology has also demonstrated the best spatial

resolution of any LArTPC readout option so far, with ≃ 1.1 mm per pixel [72]. The data-driven readout

with native zero suppression yields a very efficient raw data storage, of relevance for SNB physics. The

overall optical gain and the low-noise readout environment enable low-threshold (≃ 500 e− per pixel)

operation, supporting DUNE’s MeV-scale neutrino astrophysics program. From the technical point of

view, the (off-cryostat) optical readout also beneőts from simplicity of access, greatly simplifying

maintenance and upgrade operations. Finally, depending on the granularity versus cost trade-off

chosen, signiőcant cost savings compared to other readout technologies may also be present.

The optical charge readout with fast cameras was developed within the ARIADNE program

and represents a cost-effective and powerful alternative approach to the existing charge readout

methodology. As őrst demonstrated in the one-ton dual-phase ARIADNE detector, the secondary

scintillation (S2) light produced in Thick GEM (THGEM) holes can be captured by fast Timepix3

(TPX3) cameras to reconstruct the primary ionization track in 3D.

The operation principle of a dual-phase optical TPC readout with a TPX3 system is shown in

őgure 19a. When a charged particle enters the LAr volume, it causes prompt scintillation light (S1) and

ionization. The free ionization electrons are drifted in a uniform electric őeld to the surface of the liquid.

A higher őeld induced between an extraction grid and the bottom electrode of the THGEM extracts

the electrons to the gas phase. Once in gas, the electrons are accelerated within the 500 μm holes

of the THGEM at a őeld set between 22 and 31 kV/cm. As well as charge ampliőcation, secondary

scintillation (S2) VUV light is produced. The light is shifted with a tetra-phenyl butadiene (TPB) coated

sheet to 430 nm and then detected by cameras mounted on optical viewports above the THGEM plane.

Originally, the optical readout was tested with EMCCD cameras within the one-ton ARIADNE

detector at the T9 charged-particle beamline at CERN [72], and later was upgraded with fast TPX3. The

TPX3 camera assembly boosts the S2 light signal and simultaneously measures Time over Threshold

(ToT) and Time of Arrival (ToA) information with 10-bit resolution. ToT allows accurate calorimetry and

ToA gives accurate timing (1.6 ns resolution). The TPX3 chip then sends a packet containing information

that allows for full 3D reconstruction using a single device. The high readout rate (up to 80 Mhits/s),

natively 3D raw data, and low storage due to zero suppression make TPX3 ideal for optical TPC readout.
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Figure 19. (a) Detection principle of dual-phase optical TPC readout with TPX3 camera, őrst demonstrated in the
one-ton ARIADNE detector. (b) LAr interactions from cosmic-ray muons. Reproduced from [73]. CC BY 4.0.

The TPX3 camera system was őrst tested in low-pressure CF4 gas within the ARIADNE 40 l TPC

prototype [74]; following this demonstration, a TPX3 camera was mounted on ARIADNE and particle

tracks from cosmic-ray showers were successfully imaged in 3D for the őrst time (őgure 19b) [73].

The cameras are shown to be sensitive even to pure electroluminescence light generated at the lower

end of the THGEM őeld; this mitigates difficulties often faced when trying to operate THGEMs at a

higher őeld, where there can be issues with stability. Use of cameras has additional beneőts, such as

ease of upgrade as they are externally mounted. Thus, they are decoupled from TPC and acoustic

noise, and large areas can be covered with one camera, bringing both cost and operational beneőts.

Figure 20. (a) The light readout plane under the cryostat lid; (b) the ARIADNE+ team on top of the cryostat;
(c) a recorded image of an interaction in LAr.
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To demonstrate this technology further and at a scale relevant to the 10 kt (őducial) FD modules,

a larger-scale test (ARIADNE+) was recently performed [75] at CERN. Four cameras, each imaging a

1× 1 m2 őeld of view, were employed. One camera utilized a novel VUV image intensiőer, eliminating

the need for a wavelength shifter. The test also showcased a light readout plane (LRP) comprising

sixteen, 50 × 50 cm2 surface area, glass THGEMs. The novel manufacturing process for the glass

THGEMs allows for mass production at large scale [76]. Stable operation was achieved, and cosmic-ray

muon data from both the visible and VUV intensiőers were collected. An image of the detector

setup is shown in őgure 20 and results are published in [77].

The TPX3Cam camera and image intensiőers are commercially available, and a proposal to

instrument the ProtoDUNE NP02 cryostat with optical readout is underway, with testing anticipated to

take place in 2025/2026. Further R&D into custom optics and characterization of the next generation

Timepix4 (TPX4) cameras, which are anticipated to become commercially available by the end of

2025, can offer further beneőts. Another promising ongoing R&D effort is a TPX4 camera with

an integrated image intensiőer [78]. One of these devices will be tested in the near future within

the ARIADNE one-ton detector. Given the current progress of the TPX4 camera system, partial

TPX4 instrumentation in NP02 is anticipated.

4.3.5 Integrated charge and light readout on anode

DUNE is also pursuing the integration of both light and charge detection modes on the anode into a

single detector element. If such a device could be made sensitive both to VUV photons at reasonable

quantum efficiency and to ionization electrons, this would transform the way noble element detectors

collect and process both the charge and light signals. A detection element of this kind would offer:

i) intrinsic őne-grained information for both charge and light, providing accurate matching between

charge and light information; ii) a signiőcant enhancement in the amount of light collected near the

anode and much improved uniformity of response, through increased surface area coverage; and

iii) simpliőcation in the design and operation of noble element detectors. The technologies under

investigation are described in this section, Solar neutrinos in Liquid Argon (SoLAr), LightPix, and

Q-Pix Light Imaging in Liquid Argon (Q-Pix-LILAr).

SoLAr. The SoLAr technology [79] is based on the concept of a monolithic, light-charge, pixel-based

readout to achieve a low energy threshold with excellent energy resolution (≈ 7% at few-MeV neutrino

energies [31]) and background rejection through pulse-shape discrimination.

The SoLAr readout unit (SRU) under development is a pixel tile based on PCB technology

that embeds charge readout pads located at the focal point of the LArTPC őeld-shaping system to

collect drifting charges, and highly efficient VUV SiPMs to collect photons in thousands of microcells

operated in Geiger mode. In order to maintain a uniform electric őeld, novel monolithic VUV

SiPM sensors need to be developed with these features that have charge readout pads and highly

efficient UV-light sensitive microcells.

In 2020, a joint research program between LAr detector scientists and an industrial partner

(Hamamatsu Photonics) delivered a SiPM that reached a record efficiency (15% PDE) for 128 nm light

at the argon boiling point (87 K). Nearly at the same time, the őrst integrated system for multiplexing

the SiPM signal was commissioned and operated inside strong electric őelds. In 2021 a further

development with Hamamatsu Photonics produced a new SiPM with through-silicon vias that will

enable the combination of light detection with the charge readout required for SoLAr.
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Figure 21. The small-scale SoLAr prototype PCB tested at the University of Bern, front and back sides.
The anode consists of a 7 × 7 cm2 readout area with 16 VUV SiPMs (the LAr-facing side, at right) and four
LArPix-v2a chips on the backplane, at left. The charge pixel pads are 3 mm in size and are placed at a 3.5 mm
pitch. The SiPMs have a 6 × 6 mm2 sensitive area and are placed at a 17.5 mm pitch.

In the SoLAr preparatory phase (2021ś2022), combined light-charge collection was demonstrated

using small-size prototypes [80]. The prototypes were operated successfully and have demonstrated

that the principle of combining charge and light readout is possible (őgure 21). Simulations accounting

for light propagation effects have shown that a 7% energy resolution can be achieved at typical solar

neutrino energies (5ś20 MeV) and using the scintillation signal only by replacing anode planes with a

pixelated readout integrating a light-sensitive area covering ∼ 10% of the surface. This system would

enhance the amount of collected light by a factor of őve compared with FD1, reducing the frequency at

which low-energy background gets incorrectly reconstructed to the (higher) energy region of interest

of the signal. The authors of [31] have studied this remarkable impact of energy resolution in the

background budget of a LArTPC using conventional readout in a membrane cryostat.

The combination of shielding and a 7% energy resolution gives access to the 5ś10 MeV region,

where most of the 8B neutrinos (8B →8 Be∗ + e+ + 𝜈𝑒) reside, by greatly reducing the dominant

background from neutrons and 42K above 5 MeV visible energies. The energy resolution is instrumental

for sharpening the 17 MeV cutoff of the 8B neutrino spectrum, which lies just below the łhepž cutoff

of 18.8 MeV, and opens a 1.8 MeV window that allows observation of a pure sample of hep neutrinos

(3He + p →4 He + e+ + 𝜈𝑒) [81]. Light collection outside the anode is ensured by X-ARAPUCA

tiles, for a total coverage of (8ś10)%.

The latter provide the appropriate light yield without resorting to xenon doping, thus preserving the

pulse-shape discrimination power of liquid argon. Pulse-shape discrimination is further enhanced with

respect to any existing LArTPC by the unique performance of the SRU and the increase of collected light.

Finally, SoLAr will implement neutron shielding embedded directly in the cryostat walls,

delivering a novel membrane-based cryogenic system that also suppresses environmental background

to the limit where the only residual background is generated inside the LArTPC. This will provide

a radiopure environment and reduce external neutron background in the 1-4 MeV region by three

orders of magnitude.

LightPix. A variant of the LArPix ASIC has been designed for scalable readout of very large arrays

of SiPMs. Called LightPix, this ASIC reuses much of the LArPix system design to provide a system
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that can read out >105 individual SiPMs in a cryogenic environment at costs far below $1 per

channel. LightPix may be useful for instrumenting a future far detector PDS with higher quantities

of SiPMs than the FD1/FD2 PDS design. This could be used as a readout unit in conjunction with

an anode-based light pixel solution, e.g., SoLAr.

LightPix prototypying in combination with VUV-sensitive SiPMs is underway. The őrst-

generation 64-channel LightPix-v1 ASIC includes a custom low-power time-to-digital converter (TDC)

with sub-ns resolution to enable precise measurement of photon arrival times. It also implements

programmable digital coincidence logic for the suppression of dark counts, particularly useful for room-

temperature detector applications. The LightPix-v1 ASIC was used to demonstrate particle detection in

two small-scale prototype VUV-scintillation detectors: a 16-channel system integrated into a LArPix

pixel tile LArTPC detector at LBNL, and a 300-channel system for readout of a high-pressure gaseous

helium detector at UC-Berkeley/LBNL. A second-generation ASIC, LightPix-v2, is in fabrication.

Changes include a new front-end ampliőer optimized for use with larger (higher-capacitance) SiPMs,

as well as a charge-integrator for use in higher-occupancy environments.

Q-Pix-LILAr. The Q-Pix consortium is pursuing a different integrated charge and light readout

system on the anode, by coating a charge readout pixel with a type of photo-conductive material

that, when struck by a VUV photon, would generate a signal (charge) that could be detected by

the same charge readout scheme considered for the ionization charge. The Q-Pix-LILAr concept is

shown schematically in őgure 22(A). Moreover, with the proper choice of photoconductor, such a

device could have a broad photon wavelength response, thus offering detection of the full spectrum

of light produced in noble element TPCs.

Figure 22. (A) Schematic design for the Q-Pix-LILAr integrated charge and light readout. Reproduced with per-
mission from [82]. © 2023 IOP Publishing Ltd and Sissa Medialab. (B) Example design for a multimodal (charge
and light) pixel where interdigitated electrodes (IDE, not shown) are deposited around the central ionization col-
lection pixel. Once the photoconductor creates single electrons from photon conversion, IDEs deőne a region of
high electric őeld where avalanche multiplication of those single electrons occurs, producing detectable signals.

Three such photo-conductive materials have been explored in recent R&D: Amorphous selenium

(aSe), zinc oxide (ZnO), and organic photodiodes (OPDs). Their application in a liquid argon environment

is currently under investigation. Initial studies of constructing a multimodal pixel detector have recently

focused on utilizing aSe, as the ability to prototype and test it was the simplest. The first study on aSe in cold
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used commercially manufactured PCBs to demonstrate that these aSe-based interdigitated electrodes (IDE)

are sensitive to VUV light at cryogenic temperatures, are cryo-resistant, and are able to maintain argon

purity [82]. Designs for a multimodal pixel are shown in figure 22(B) where an IDE is deposited around

the central ionization collection pixel. This design provides a straightforward way to apply a local electric

field to the aSe, to enable charge gain, and to instrument the area between the charge collection pixels.

More recent studies have pushed this capability further to characterize the performance of such a

design to a low photon ŕux (O(100) photons), at high electric őelds (> 70 V/μm) and at cryogenic

temperatures. These results continue to show promise. Further R&D into aSe-based devices, as well

as other photoconductors, is anticipated to be an area of active research in the near future.

4.4 Liquid-argon doping

A promising direction for expanding DUNE capabilities in a Phase II FD module is to introduce

dopants to the LAr, creating a detector medium other than pure argon. Generically, these LAr łdopingž

techniques may be used to modify the detector response in a desirable way or to introduce new target

materials of interest into the bulk detector volume. These approaches are analogous to widely-used

strategies in e.g., scintillator or solid state detectors, where secondary ŕuors are sometimes added to

scintillators to shift photon wavelengths, or elements like gadolinium or lithium are added to increase

neutron or neutrino cross sections, respectively. A key constraint for LAr dopants is that they must not

interfere with the operation of the LArTPC by introducing electronegative impurities that non-negligibly

degrade the LAr transparency to electrons. Furthermore, as for any large-scale detector with complex

physics of signal generation, the relevant microphysics (including radiative and non-radiative molecular

energy transfer, electron-ion recombination, and scintillation-light production) must be well understood

through a robust R&D program to adequately assess the scalability to the DUNE FD scale. Several such

avenues are being explored that would enhance the charge or light detection capabilities, or introduce

new signals of interest. This section discusses two promising potential additives that have been

previously demonstrated in large-scale LArTPCs. The őrst category is liquid xenon, which is of interest

at low concentrations for impact on the scintillation light signal, and at higher concentrations as a signal

source. The second includes photosensitive dopants that convert scintillation light to ionization charge.

These LAr dopants can be particularly impactful for DUNE Phase II prospects to broaden the

low-energy physics program, targeting signals in the MeV to keV energy range. Detection of signals in

this regime can enhance the GeV-scale neutrino oscillation physics program through enhanced neutrino

energy reconstruction [83]. In combination with techniques that lower radioactive and external

backgrounds, the detection of keVśMeV signals also provide sensitivity to a broad array of previously

inaccessible signals spanning BSM physics and low-energy neutrino astrophysics. Examples include

low-energy solar and SNB neutrinos, searches for rare decays such as 0𝜈𝛽𝛽, exotic physics such

as fractionally-charged particles, and dark matter scattering. A more complete list can be found

in [84]. An expanded program in these areas would complement DUNE’s program while leveraging

the large mass and deep-underground location.

4.4.1 Liquid xenon

Liquid xenon is a potential additive to the LAr in DUNE Phase II, either at a low (parts per million

(ppm)) or high (up to the percent level) concentration. The loading techniques [85] and stability

conditions [86] of LAr+LXe mixtures have been explored across this broad range of concentrations.
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At low concentrations, the presence of xenon impacts the production of scintillation light in LAr,

acting as a highly efficient wavelength shifter that converts the 128 nm primary scintillation wavelength

in argon to a longer 178 nm wavelength. This has several advantages, including reduced Rayleigh

scattering, improved light detection uniformity, a narrowing of the scintillation timing distribution, and

a reduction in energy losses to impurities such as nitrogen. Such losses would result from non-radiative

energy transfers involving the long-lived triplet state of Ar, transfers that are suppressed with the

introduction of xenon. This leads to a much improved robustness of the scintillation light yield against

LAr impurities, without appreciable impact on the charge signal. In ProtoDUNE-SP xenon doping up to

∼ 20 ppm veriőed the enhancements to optical response and the recovery of light yield in the presence

of impurities [85]. Xenon doping at a 10 ppm level is already assumed in the FD2 Phase I module [60].

At higher concentrations, up to the percent level, xenon may also be of interest as a signal

source. 136Xe is a candidate isotope for 0𝜈𝛽𝛽 which, if observed, would establish the Majorana nature

of the neutrino and demonstrate a violation of lepton number conservation [87]. The introduction

of xenon, either in its natural form (8.9% 136Xe) or enriched to 136Xe, into a large-scale, deep-

underground LArTPC detector could provide an opportunity to search for this important decay

mode [41]. Mitigation of important backgrounds (39Ar, 42Ar, neutrons) near the 2.458 MeV 𝑄-value

for this decay are consistent with the requirements of other potential low-energy physics goals

considered for DUNE Phase II, as described in section 4.6. A key challenge for a competitive search

is the massive procurement of xenon, at a level exceeding the world’s current production by more

than one order of magnitude, and possibly xenon enrichment at the same scale [88]. Another crucial

challenge is achieving an energy resolution at the percent level for MeV-scale electrons; photosensitive

dopants, discussed in the following, provide one avenue toward achieving this.

4.4.2 Photosensitive dopants

In a typical pure-LAr TPC, the energy deposited by charged particles is ultimately divided between

ionization electrons, drifted in the electric őeld and detected at the anode plane, and scintillation light,

detected by a photon detection system. The photon signal, which is produced promptly with ns-scale tim-

ing, is used for 3D event position reconstruction as well as triggering and absolute timing of neutrino in-

teractions. In a LArTPC doped with a photosensitive dopant, the scintillation signal would be converted

to ionization charge, effectively transferring the full deposited energy into that channel. Potential photo-

sensitive dopants under consideration are a class of hydrocarbons with work functions on the order of the

LAr (or Xe-doped LAr) VUV primary scintillation photon energy (7ś9 eV). A dopant of this kind would

convert scintillation light into ionization electrons very efficiently with minimal loss of spatial resolution.

The use of such dopants in LArTPCs can offer beneőts to both the GeV- and MeV-scale physics

programs of DUNE Phase II. In general, the transfer of deposited energy into the ionization channel

leads to an enhancement of the ionization charge, which is measured with excellent efficiency in a

LArTPC. This enhancement is particularly pronounced in regions of high energy deposition, improving

prospects for particle identiőcation using charge calorimetry. Furthermore, LAr with photosensitive

dopants exhibits a signiőcantly more linear relationship between deposited and visible charge, reducing

the scale and uncertainties of corrections related to electron-ion recombination effects.

The general impact of such dopants in large-scale LArTPCs in practice was studied by the

ICARUS Collaboration. ICARUS performed a long-term test of the Tetra-methyl-germanium (TMG)

dopant in a three-ton LArTPC exposed to cosmic rays and 𝛾 sources, observing a clear enhancement
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in the ionization charge signal, and a signiőcantly more linear response in reconstructed to deposited

charge [89]. Importantly, this test also demonstrated long-term stability in realistic LArTPC operating

conditions. A complete and detailed model of the microphysics of energy transfer between LAr and

candidate photosensitive dopants will require a comprehensive assessment of potential dopants and

their ionization response across a broad range of signal energies for the Phase II program.

The enhancements provided by photosensitive dopants are particularly notable for improving

energy resolution at low energies, e.g., to capture point-like signals at or below the MeV scale. A

signiőcant challenge with measuring such signals is the efficient collection of small amounts of

scintillation light. In the Phase I design, a limited photon detection efficiency of order O(0.1%)

may limit the capabilities of DUNE to extract spectral information regarding MeV-scale signals, and

thus to perform energy-based background mitigations. Ideally, a detector would measure both the

ionization and scintillation anti-correlated signals to measure a precise total energy, as in the case

of the EXO-200 experiment [90] and as also investigated in LArIAT [91].

In principle, a large LArTPC can achieve percent-level energy resolution for MeV-scale signals

of interest, but this would require detection of tens of percent of the scintillation photons, a level of

efficiency impractical with current and near-future designs. Meanwhile, by converting the isotropic

scintillation light into directional ionization charge, photosensitive dopants at the ppm level could

allow the full energy to be measured with high efficiency by the TPC charge detection system. In

this sense, charge alone would provide a precise energy measurement, analogous to a correlated

charge/light measurement. Previous work in the context of LAr calorimeters has also considered

the impact of several candidate dopants on MeV-scale 𝛼 particles, demonstrating substantial charge

enhancements for low-energy events with relatively large scintillation signals [92]. Straightforward

future R&D using 𝛽 or 𝛾 sources to study the low-energy electromagnetic response can further clarify

the impact and achievable energy resolution for MeV-scale signals of interest for beam neutrino

energy measurements, low-energy neutrino astrophysics, and keV- to MeV-scale BSM signatures. To

fully realize the potential of photosensitive dopants in LArTPCs, studies to explore the microphysics

involved, and R&D to determine the optimal dopant types and concentrations, will also be needed.

4.5 Hybrid Cherenkov plus scintillation detection

The Theia hybrid Cherenkov+scintillation detection concept is motivated by a science program of

low-energy astroparticle, rare event, and precision physics (section 4.5.2). It also contributes to the

overall CPV sensitivity (section 3.1). The envisioned 25 kt Theia detector offers good particle and

event identiőcation at both low and high energies, coupled with a target of high radio-purity, no

inherent radio isotopes, and excellent neutron shielding. This allows the detector to probe physics

that requires low threshold and low background.

4.5.1 Hybrid detection concept

A detector of the envisioned hybrid design would separate Cherenkov and scintillation light by the use

of a novel liquid scintillator [93], fast timing, and spectral sorting. Cherenkov light offers electron/muon

discrimination at high energy via ring imaging and sensitivity to particle direction at low energy. The

scintillation signature offers improved energy and vertex resolution, PID capability via species-dependent

quenching effects on the time profile, and low-threshold (sub-Cherenkov-threshold) particle detection.

The combination boasts an additional handle on PID from the relative intensity of the two signals.
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This detector design, being developed as Theia, would offer excellent energy resolution for

high-energy neutrino interactions (better than 10% neutrino energy resolution has been achieved

with preliminary algorithms), along with access to a rich program of low-energy, rare-event, and

precision physics.

This is likely a cost-effective option, particularly among those designed to broaden the physics

program, thanks to the relatively simple and well-understood detector design that omits both cryostat

and őeld cage. The Theia detector concept is shown in őgure 23.

Figure 23. Illustration of Theia-25 sited in a DUNE FD cavern, with an interior view of the Theia-25 concept
modeled using the Chroma optical simulation package [94]. Reproduced from [12]. CC BY 4.0.

4.5.2 THEIA physics program

Theia will seek to make leading measurements over as broad a range of neutrino physics and

astrophysics as possible. The scientiőc program includes:

• observations of solar neutrinos Ð both a precision measurement of the CNO ŕux, and a probe

of the MSW transition region;

• determination of neutrino mass ordering and measurement of the neutrino charge conjugation

and parity (CP)-violating phase 𝛿CP;

• observations of diffuse supernova neutrinos, and sensitivity to neutrinos from an SNB with

directional sensitivity;

• sensitive searches for nucleon decay in modes complementary to LAr; and, ultimately,

• a search for 0𝜈𝛽𝛽, with sensitivity reaching the normal ordering regime of neutrino mass phase

space (𝑚𝛽𝛽 ≃ 6 meV).
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Table 2 summarizes the physics reach of Theia-25. The full description of the analysis in

each case can be found in [12].

Table 2. Projected Theia physics reach. Exposure is listed in terms of the őducial volume assumed for each
analysis. The total detector volume assumed is 70 × 20 × 18 m3. For 0𝜈𝛽𝛽, the target mass assumed is the mass
of the candidate isotope within the őducial volume (assumed to be housed within an inner containment vessel).
Limits are given at the 90% CL. Reproduced from [12]. CC BY 4.0.

Physics Goal Reach Exposure (Assumptions)

Long-baseline oscillations Equivalent to 10-kt 127 kt-MW-yr

LAr module

Supernova burst < 2◦ pointing accuracy 25-kt detector, 10 kpc distance

5,000 events

DSNB 5𝜎 discovery 125 kt-yr (5 yr)

CNO neutrino ŕux < 10% 62.5 kt-yr (5 yr, 50% őd. vol.)

Reactor neutrino detection 2000 events 100 kt-yr (5 yr, 80% őd. vol.)

Geo neutrino detection 2650 events 100 kt-yr (5 yrs, 80% őd. vol.)

0𝜈𝛽𝛽 𝑇1/2 > 1.1 × 1028 yr 211 ton-yr 130Te

Nucleon decay 𝑝 → 𝜈𝐾+ 𝜏/𝐵 > 1.11 × 1034 yr 170 kt-yr (10 yr, 17-kt őd. vol.)

Nucleon decay 𝑝 → 3𝜈 𝜏/𝐵 > 1.21 × 1032 yr 170 kt-yr (10 yr, 17-kt őd. vol.)

4.5.3 Technology readiness levels

The Theia reference design makes use of a number of novel technologies to achieve successful

hybrid event detection. This design would be used to enhance the Cherenkov signal by reducing

and potentially delaying the scintillation component. The use of angular, timing, and spectral

information offers discrimination between Cherenkov and scintillation light for both low- and high-

energy events. Fast photon detectors Ð such as the 8′′ PMTs now manufactured by Hamamatsu,

which have better than 500 ps transit time spread Ð will be coupled with spectral sorting achieved

via use of dichroic őlters [95].

Successful separation of Cherenkov and scintillation light has been demonstrated even in a

standard scintillator like LAB-PPO [96] with the use of sufficiently fast photon detectors, and will be

even more powerful when coupled with the spectral sorting capabilities envisioned for Theia.

Radiopurity levels exceeding the requirements for the Theia low-energy program have been

successfully demonstrated by water Cherenkov experiments (SNO) and scintillator experiments

(Borexino).

Further optimization of the design could be achieved by considering deployment of Large

Area Picosecond Photo-Detectors (LAPPDs) [97, 98], for improved vertex resolution, or slow

scintillators [99, 100] to provide further separation of the prompt Cherenkov component from the

slower scintillation. A more complete discussion of the relevant technology is provided in [101].

The R&D for Theia will be completed with the successful operation of a number of technology

demonstrators currently under construction: (i) a one-ton test tank and a 30-ton Water-based

Liquid Scintillator (WbLS) deployment demonstrator at Brookhaven National Laboratory (BNL) will

demonstrate the required properties and handling of the scintillator; (ii) a low-energy performance
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demonstrator, Eos, at Lawrence Berkeley National Laboratory (LBNL) [102] will demonstrate the

performance capabilities of the scintillator, fast photon detectors, and spectral sorting; and (iii) a

high-energy demonstration at ANNIE, at Fermilab, will validate GeV-scale neutrino detection using

hybrid technology [103]. These detectors are all currently operational or under commissioning.

4.6 Background control

The potential to enhance the physics scope of DUNE Phase II with lower energy thresholds has been

attracting signiőcant attention within the wider community [84]. The proposed ideas tend to rely

on two enhancements over the Phase I program: greater control of radioactive backgrounds and

improved energy resolution at lower energies. DUNE is well placed to improve the lower-energy

physics scope, őrst because of the depth of the FD, which is well shielded from cosmic-induced

backgrounds. Secondly, the sheer size of the detector volumes allows for signiőcant őducialization to

reduce external backgrounds originating within the SURF cavern rock and shotcrete. Phase II designs

that minimize material in the active regions, such as the FD2 or dual-phase (DP) designs, are most

favorable for low-background physics due to reduced risk of radioactive backgrounds.

We can deőne two natural physics target energy regions. While these targets are motivated

by the intrinsic backgrounds in argon-based detector modules (sections 4.2 through 4.4), most of

this background control discussion also applies to water-based detectors (section 4.5), as detailed

in the following.

The őrst background target extends the energy threshold down to about 5 MeV. With careful

control of neutron, 𝛾, and radon related backgrounds, combined with improvements in the low-

energy readout, an extended SNB neutrino program can be envisaged, with improved reach in terms

of supernova distance sensitivity (to the Magellanic Clouds), for elastic scatters with improved

directionality, and to the (softer energy) early or late parts of the supernova neutrino ŕux. A low-energy

threshold could also allow a precision solar neutrino program to explore solar-reactor oscillation

tensions and non-standard interactions. In an argon-based detector, this 5 MeV threshold is set by

the intrinsic 42Ar-42K decay chain, as shown in őgure 4.

The second background target would extend the energy threshold to even lower values of ∼1 MeV

or less. With such a low threshold, ambitious but high-reward physics measurements would include:

solar CNO measurements; searches for 0𝜈𝛽𝛽 with xenon loading; and even high-mass weakly

interacting massive particle dark matter detection could be possible [37]. In an argon-based detector,

this could be accomplished only by using underground sources of argon, thus largely suppressing

the intrinsic 42Ar activity.

This section outlines some of the most signiőcant radioactive backgrounds and identiőes paths

to reduce them in Phase II detector modules.

4.6.1 External neutrons and photons

In DUNE Phase I, the dominant background to low-energy SNB neutrinos will be from external

neutrons, that is neutrons originating from outside the detector (SURF cavern rock and shotcrete).

These neutrons are primarily of radiogenic origin. When captured in the LAr, they can produce

6.1 MeV or 8.8 MeV 𝛾 cascades which Compton scatter or pair produce electrons that directly mimic

the CC neutrino signals. On the other hand, in a water-based detector, neutron captures on free

hydrogen would result in lower-energy gammas of 2.2 MeV.
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To remove external neutrons in argon-based detectors, passive shielding can be deployed, as őrst

suggested in [31]. A layer of 40 cm of water, or 30 cm of polyethylene or borated polyethylene, is

sufficient to attenuate the neutron ŕux from spontaneous őssion or (𝛼, n) reactions in the rock by

3 orders of magnitude, making it subdominant. A shield of this size őts within the warm support

structure of the cryostat. Alternative approaches would involve modiőcations to the cryostat design,

for example, layering the insulating foam with neutron-capturing materials such as gadolinium-doped

acrylic. These same measures will ameliorate the cavern 𝛾 background originating from 238U and
232Th natural decay chains.

In a water-based detector, no passive neutron shield around the detector would be necessary.

Excellent neutron shielding via detector őducialization would be reached in this case thanks to the

plentiful free hydrogen available as part of the detector target.

Spallation-induced neutron and cosmogenic background events are also possible, though they are

primarily short-lived and expected to be orders of magnitude less than the radiogenic backgrounds.

A full study of these backgrounds in [104] show that these can be further reduced by tagged-muon-

proximity event selections.

4.6.2 Internal backgrounds from detector materials

After the external cavern neutrons, the most signiőcant source of neutron background comes from

contaminants in materials within the detector, from (𝛼, n)-induced reactions within the cryostat

and other components. Photons produced in these events can also distort reconstructed quantities

due to light ŕash or charge blip backgrounds, particularly when close to the readout, such as the

cryostat-mounted light sensors. Dark matter experiments have successfully managed such backgrounds

with careful material selection programs, using radioactive assay techniques to select favorable

materials for detector construction, and to ensure quality assurance during production and installation

processes. The world-leading argon-based dark matter detectors have lowered backgrounds by őve

orders of magnitude below the DUNE Phase I target. To maintain the sub-dominance of these internal

backgrounds relative to externals removed by shielding, a DUNE Phase II argon-based detector module

will require a less stringent reduction target of three orders of magnitude on detector components

such as cryostat stainless steel [19].

For a Theia-type module, internal backgrounds within the őducial volume are driven by the

cleanliness of the target itself. The chemical purity of the water-based liquid scintillator target is

10−17 g/g in both uranium and thorium contaminants, which is considered achievable by improving

target material puriőcation techniques [12].

4.6.3 Intrinsic backgrounds from unstable isotopes in the target

Argon extracted from the atmosphere contains two background isotopes that can limit sensitivity at the

lowest energy for any argon-based detector: 39Ar, with a decay Q-value of 565 keV; and 42Ar, with a

decay Q-value of 599 keV and its daughter isotope 42K, which decays with a Q-value of 3525 keV. The
42Ar-42K chain sets a lower limit of about 5 MeV, dependent on the ultimate low-energy resolution, for

low-threshold physics with atmospheric argon. Dark matter experiments have successfully extracted

argon from underground sources, which are depleted in both 42Ar and 39Ar [105]. These experiments

show reduction factors of order 1400 for 39Ar and have seen no 42Ar. The currently only known source

of underground argon is too small to őll a detector the scale of DUNE, but work is ongoing to identify
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new, larger sources which can be used cost-effectively. Recent estimates of the potential reduction of
42Ar in underground-sourced argon is expected to be eight orders of magnitude [106].

Intrinsic argon background contributions would be absent in a Theia-type module. The most

abundant radioactive isotope in this target material would be 14C. With a decay Q-value of 156 keV,
14C would not be a relevant background for any of the low-energy physics measurements and searches

discussed in section 3.2 in connection with a Theia module.

4.6.4 Radon background

Radon gas has high mobility, emanates from all detector materials, and can diffuse easily throughout

the entire detector volume. This background can mimic directly low-energy neutrinos, through (𝛼,

𝛾) reactions and misidentiőed 𝛼 events in the detector. It also produces daughter products which

can plateout on internal components such as the photon detector system, distorting the low-energy

reconstruction. Several approaches should be adopted to control this background, including: direct

removal of radon in the puriőcation system using an inline radon trap; selection of detector materials for

low radon emanation; surface treatments to contain or remove radon sources; removal of a signiőcant

emanation source from dust by controlling and cleaning to higher cleanliness standards than in Phase I;

removal of radon from air during installation to lower the risk of plateout backgrounds when the

detector is open; and analysis techniques such as 𝛼 tagging by pulse shape discrimination.

4.6.5 The SLoMo concept

One proposed design for a low-background, argon-based, Phase II far detector is the Sanford

Underground Low background Module (SLoMo). This design, shown in őgure 24 provides a path

to lower background levels using the techniques outlined above, reducing most background sources

by three orders of magnitude below the expected Phase I levels. This is combined with a signiőcant

increase in light coverage within the detector using high quantum efficiency, DarkSide-style, SiPM

tiles [107] to increase the energy resolution and pulse shape discrimination power at lower energies.

Figure 24. Design for SLoMo, highlighting background control methods required to achieve goals. Reproduced
from [19]. © IOP Publishing Ltd. All rights reserved.

To get this light coverage, SLoMo aims to densely instrument an interior 1ś2 kt of highly

őducialized underground argon (UAr) in the center of a vertical drift-like detector. The structure on
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which to mount the DarkSide SiPM modules is not őxed in this design, though we propose light-tight

acrylic walls covered in wavelength-shifting foils. Reference [19] shows that a 20% SiPM coverage,

combined with charge detection by existing VD CRPs and viewing an inner volume, should easily

lead to a sub-2% energy resolution (sigma) at 2 MeV. This feature, along with the negligibly low

amount of 42Ar in UAr, makes possible 0𝜈𝛽𝛽 studies with xenon loading, should this be a program

DUNE wishes to pursue. Reducing 42Ar to very low levels also allows detectable energy spectra

from a supernova to reach well into the region where 𝜈𝑒 − 𝑒 elastic scattering dominates and thus

pointing, in principle, is improved. A 20% SiPM module coverage would come at an affordable cost

and would detect enough photons to allow pulse shape discrimination. The combination of high

SiPM coverage, low neutron background, őducialization and radon control would allow competitive

WIMP dark matter searches in SLoMo. Solar CNO investigations would also become possible, as

would observation of further phenomena, such as the łsupernova glowž [108]. This design is outlined

in [19], where the signiőcant physics gains are further explained.

4.6.6 Research and development requirements

All the Phase II options to lower the energy threshold require a radioactive background budget to

be speciőed and low-background techniques to be deployed to ensure it is achieved. The R&D

required to achieve these goals includes:

• Large-scale materials and assay campaigns, scaling up material selection techniques used by

low-background fundamental physics experiments to the kt scale.

• Cleanliness requirements and approaches for the kt scale.

• Radon control in detector liquids, including emanation assay and control at the FD scale.

• Low-background photon detection systems, developing new designs that can increase the light

detection efficiency without overwhelming a background budget.

• Background model and simulation campaign for physics sensitivity analyses.

• Novel analysis techniques, such as pulse shape discrimination, to remove background events.

• Compact shield designs for argon-based modules, that can őt in the limited DUNE cavern space

or within the cryostat structure.

• New sources of underground argon, capable of őlling an argon-based DUNE FD module

cost-effectively.

4.7 Toward detector concepts for Phase II FD modules

The DUNE FD2 vertical drift technology forms the basis for the reference design for FD3 and FD4. As

such, the R&D for FD3 and FD4 is primarily focused on upgraded photon detector and charge readout

systems for the vertical drift layout. Most of these candidate systems are either further developments

of the current systems or replacements based on technologies that are already under active R&D or in

early prototyping phases. A non-LAr option such as Theia is also under consideration as an alternative

technology for FD4. A summary of technologies under consideration, both LAr and non-LAr options,

for these FD modules, along with R&D status and plans, is provided in table 3.
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Table 3. Prototyping plans and key R&D goals for the main Phase II FD technologies under consideration.

Technology Prototyping Plans Key R&D Goals

CRP

(section 4.3.2)

2024: Cold Box tests at CERN.

2025-2026: ProtoDUNE-VD at CERN.

Port LArASIC to 65 nm process

APEX

(section 4.3.1)

2024: 50 L & 1-ton prototypes at CERN.

2024-2025: O(100)-channel demonstrator

at Fermilab.

2025-2028: ProtoDUNE-VD at CERN.

Mechanical integration of APEX

PD in őeld cage

Signal conditioning, digitization

and multiplexing in cold

LArPix,

LightPix

(sections 4.3.3

and 4.3.5)

2024: 2 × 2 ND demonstrator at Fermilab.

2024-2025: Cold Box tests at CERN.

2026-2028: ProtoDUNE at CERN.

Micropower, cryo-compatible,

detector-on-a-chip ASIC

Scalable integrated 3D pixel

anode tile

Digital aggregator ASIC and

PCB

Q-Pix,

Q-Pix-LILAr

(sections 4.3.3

and 4.3.5)

2024: Prototype chips in small-scale

demonstrator.

2025-2026: 16 channels/chip prototypes in

ton-scale demonstrator at ORNL.

2026-2027: Full 32-64 channel łphysics

chipž.

Charge replenishment and

measurement of reset time

Power consumption

R&D on aSe-based devices and

other photoconductors

ARIADNE

(section 4.3.4)

2024: Glass THGEM production at

Liverpool.

2025-2026: ProtoDUNE-VD at CERN.

Custom optics for TPX3 camera

Light Readout Plane design with

glass-THGEMs

Characterization of

next-generation TPX4 camera

SoLAr

(section 4.3.5)

2024: Small-size prototypes at Bern.

2025-2028: Mid-scale demonstrator at

Boulby.

Development of VUV-sensitive

SiPMs

ASIC-based readout electronics

Hybrid

Cherenkov+

scintillation

(section 4.5.1)

2024-2025: Prototypes at BNL (1- &

30-ton), LBNL (Eos), Fermilab (ANNIE).

2025-26: BUTTON at Boulby.

Theia organic component

manufacturing

Theia in situ puriőcation

Spectral photon sorting

(dichoicons)

The detector technologies described in the previous sections (section 4.2 through 4.6) will form

the building blocks to deőne full detector designs for both FD3 and FD4. These technologies are not

standalone, and most of them can be combined or integrated together, as shown in table 4. It is important

to note that the check marks in the table for FD3 are not solely driven by Technology Readiness Level

(TRL) since several other technologies listed (e.g., ARIADNE, LArPix) are also technically mature.

The choices for FD3 are primarily motivated by how straightforward the proposed upgrades are

to implement without requiring major modiőcations to the baseline FD2 design on which FD3 will be

based. This is an important consideration since in the case of FD3, the DUNE collaboration is aiming
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to meet the technically limited schedule, which calls for FD3 installation to start no later than 2029.

However, as the other technologies listed in table 3 evolve, they may demonstrate that they meet our

FD3 requirements. If so, and if timelines can be met, they will remain under consideration for FD3

(with the exception of Theia). Therefore, their continued R&D in view of FD3 is encouraged.

While full detector solutions will be deőned in the forthcoming years through dedicated design

reports, the following outlines the high-level detector concepts currently under consideration by

the DUNE collaboration.

Table 4. LArTPC integration of the detector technologies currently being considered for the Phase II FD
modules. Here, łFD3ž refers to the FD3 reference design requiring only minimal modiőcation to the FD2
vertical drift design. The łFD4ž options could also become options for FD3 over time.

Technology Option for Can integrate with

FD3 FD4

CRP (strip-based charge readout) ✓ ✓ APEX

APEX (X-ARAPUCA light readout on őeld

cage with SiPMs)

✓ ✓ CRP, LArPix, Q-Pix, ARIADNE,

SoLAr

LArPix, LightPix (pixel charge and light

readout)

✓ APEX, SoLAr

Q-Pix, Q-Pix-LILAr (pixel charge and

light readout)

✓ APEX, SoLAr

ARIADNE (dual-phase with optical read-

out of ionization signal)

✓ APEX

SoLAr (integrated charge and light pixel

readout)

✓ APEX, LArPix, Q-Pix

Hybrid Cherenkov + scintillation ✓ N.A.

For FD3, we envisage a vertical drift LArTPC that is similar in concept to FD2 (section 4.2).

We do not anticipate any changes to the FD2 high voltage system, with two drift volumes of 6.5 m

drift length each. The CRPs at both anodes would feature three 2D projective views of the events,

obtained from two double-sided perforated PCBs stacked together, similar to FD2. Continued

R&D beyond the current CRP design for FD2 will focus on optimizations of strip pitch, length

and orientation, as well as on streamlining CRP construction techniques (section 4.3.2). Upgrades

to FD2 charge readout electronics are possible, such as the adoption of the 65 nm process for the

fabrication of all FD3 ASICs.

The FD3 PDS would be composed of X-ARAPUCA-based PD modules read by SiPMs using PoF

and SoF, similar to FD1 and FD2. The installation location (őeld cage, cathode and/or membrane

wall), optical coverage, and PD module design of the FD3 PDS will be determined through APEX

technology R&D (section 4.3.1). This R&D will also determine the reference solution for PDS readout

electronics, particularly whether analog optical signals will be transmitted outside the cryostat as in

FD2, or a digital optical transmission solution will be adopted. Background control could include

incremental improvements over FD2 protocols, but no dedicated passive shields (beyond the cryostat

itself) nor underground argon (section 4.6) would be deployed. We envisage LAr doping as for FD2,

via the addition of trace (ppm-level) amounts of liquid xenon (section 4.4).
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The concepts for FD4 introduce further improvements. The concept for the reference design is a

vertical drift LArTPC with a central cathode and two anodes with pixel-based readouts. The projective

readout of CRPs would be replaced by a native 3D charge readout system, either employing charge

pixels (see LArPix and Q-Pix technologies in section 4.3.3) or through an optical-based charge readout

(see ARIADNE technology in section 4.3.4). The anode pixels may also serve as scintillation light

detection units (see the SoLAr, LightPix and Q-Pix-LILAr options in section 4.3.5). The symmetric

TPC conőguration may in principle allow for implementation of different pixel-based solutions at

the top and bottom anodes, depending on the R&D outcome and available resources, as is the case

for the different top and bottom electronics adopted in FD2.

A single-drift LArTPC solution for FD4 with a unique ARIADNE-based anode plane on top

and the cathode placed at the bottom of the detector is also possible. This solution would require

upgrades to the HV system to accommodate a longer (13 m) drift. Commercial 600 kV power supplies

with ŕuctuations in the output voltage that are sufficiently small for this application already exist.

On the other hand, R&D would be needed to scale up the high-voltage feedthrough design currently

being used in the ProtoDUNE-VD demonstrator, in order to adapt to the larger diameter high-voltage

cable and to the higher voltage values. Scintillation light detection away from the anodes would be

performed with X-ARAPUCA modules further improved from FD3 (see section 4.3.1). Compact

shield designs and greater control of radioactive backgrounds would be explored for FD4, given that

an important goal for this module would be to extend the physics scope to lower energy thresholds.

A hybrid detector module capable of separately measuring scintillation and Cherenkov light (see

Theia technology in section 4.5) would provide a fully complementary detection technology for FD4

compared to FD1-3, and currently forms the basis of the alternative FD4 concept being explored by

the DUNE Collaboration. This module would be designed for both high-precision Cherenkov ring

imaging and long-baseline neutrino oscillation sensitivity, and a rich program across a broad spectrum

of physics topics in the MeV-scale energy regime, see table 2. This can be achieved via either a

phased approach, with both the light yield of a water-based liquid scintillator target and the coverage

of fast-timing photosensors increasing over time in order to broaden the physics program, or with

a high light-yield liquid scintillator and sufficient Cherenkov separation to preserve the Cherenkov

purity from the start. Near detector options for non-LAr FD modules are discussed in section 5.4.

The DAQ system for FD3 and FD4 will be based on the same architecture designed for the

őrst two FD modules. The DUNE timing system will be extended to these modules, facilitating

inter-module synchronization and triggering. Most likely, the DAQ will pursue the use of Ethernet

and standard protocols for the readout interface to the detector electronics. Raw data will be stored

using the same őle format, easing the integration with offline computing. The conőguration, control,

and monitoring system will be re-used, with customizations as needed. Use of the existing DAQ

software will allow us to focus efforts on the aspects that may be implemented differently, and to

take advantage of advances in computing technologies. For example, the trigger and data őlter may

evolve to rely on more sophisticated data processing techniques and technologies, such as Artiőcial

Intelligence (AI), particularly at low energies.

Decisions on the technology choices for FD3 and FD4 are expected to come no later than 2027

and 2028, respectively. As noted earlier in this section, the reference designs for FD3 and FD4 are

upgraded versions of the vertical drift LArTPC technology, with Theia serving as an alternative

technology choice only in the case of FD4.
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The őnal design milestones for Phase II FD modules are driven by the number and extent of

the upgrades planned. For example, in the case of an FD2-like module where the only upgrades are

optimization of CRPs and the APEX light system, one can envision being ready for FDR by 2028

in a technically limited schedule. In this scenario, the earliest start for installation of FD3 can be

anticipated in 2029 with completion of installation and őlling in 2034. Alternatively, if one were

to implement pixel-based upgrades such as LArPix, Q-Pix, SoLAr, or ARIADNE (top anode plane

only), the FDR milestone would likely be delayed until at least 2030.

An asymmetric DP vertical drift LArTPC for FD4, with a single drift volume instrumented via a

single ARIADNE readout plane, would require signiőcant changes to the HV system. It is possible to

reach the FDR milestone for this option by 2031-32. In the case of the Theia option, a FDR milestone

no earlier than 2033 is anticipated. The ProtoDUNEs at CERN will continue to serve as important

platforms to demonstrate several of these technologies and their potential for integration.

5 The DUNE Phase II near detector

In Phase II, DUNE will have accumulated FD statistics of several thousand oscillated electron neutrinos,

resulting in statistical uncertainties at the few-percent level on the number of electron appearance

events. To reach the physics goals of DUNE, a similar level of systematic uncertainty must be achieved,

which requires precise constraints from the ND. To understand the needs of the Phase II ND, we must

őrst understand the expected performance of the Phase I ND, which consists of two measurement

systems, ND-LAr+TMS, and SAND. In section 5.1, we describe why the Phase I ND is critical for

DUNE physics, discuss limitations inherent to its design, and outline the Phase II requirements that

are needed to provide improved constraints on the argon-based FD data sample. This is a difficult

challenge as the ultimate performance of the Phase I ND is not yet understood, and will depend on

analysis techniques developed over the coming decade. Section 5.2 describes a detector concept that

meets the design motivations of section 5.1. Further improvements may come from upgrades to

the Phase I ND components, see section 5.3. Near-detector options to constrain possible non-argon

FD data samples are discussed in section 5.4.

5.1 Design motivations

The Phase I ND-LAr+TMS detector is designed to measure neutrino interactions on the same nuclear

target as the FD, and with a detector response similar to the FD. Neutrino energy in the FD is estimated

by summing the lepton energy with the hadronic energy. The FD measures the muon energy by

range, and the energies of all other particles calorimetrically, in both cases exploiting energy deposits

occurring in LAr. The ND-LAr+TMS detector also measures muons by range, and other particles

calorimetrically. It is able to reconstruct the same observables as the FD, and measures them with

essentially the same resolutions, in an unoscillated beam. This capability is the core requirement of

the DUNE ND, and will be a critically important constraint for all DUNE long-baseline measurements.

The ND-LAr+TMS system moves off-axis (via DUNE-PRISM) to collect data at different ŕuxes, and

directly constrains the energy dependence of neutrino cross sections. SAND is permanently on-axis,

and measures neutrino cross sections on various nuclear targets while also monitoring the beam.

SAND has a LAr target, so that it can also measure cross section ratios, including on argon.

The dimensions of Phase I ND-LAr are driven by containment of electrons and hadrons, rather than

by event rate, so that they can be measured calorimetrically in the same way as in the FD. To minimize

ś 47 ś



2
0
2
4
 
J
I
N
S
T
 
1
9
 
P
1
2
0
0
5

cost, the dimensions have been chosen to be as small as possible while maintaining full coverage

of the neutrino-argon phase space. However, this means that the acceptance is non-uniform and

depends on the event kinematics, complicating the calorimetric energy measurement. Beam-induced

muons will be reconstructed by the ND-LAr+TMS combined system. TMS is able to provide sign

selection of muons, which is especially important to reject wrong-sign backgrounds in antineutrino

mode. However, ND-LAr itself is not magnetized, so the sign selection is only possible for the

muons that enter TMS (≳800 MeV kinetic energy), and there is no sign selection for other particles.

While TMS will provide muon momentum and sign reconstruction for the energy region relevant

for long-baseline oscillation physics, the design is such that muons above 6 GeV kinetic energy will

not be ranged out nor sign-selected.

The main purpose of the SAND detector will be to monitor the neutrino beam, but it will also be

capable of making independent measurements of the neutrino ŕux and ŕavor content. This additional

capability adds robustness to the ND complex, enabling better control over systematics and background.

Phase I SAND will be able to measure the sign of all charged particles in its low-density CH2 tracker,

but not generally for hadrons produced in the argon target. The SAND tracker will also measure

neutrino cross sections on carbon and hydrogen targets.

To constrain neutrino-argon interaction modeling, it is useful to identify speciőc exclusive

processes. Of those, about two thirds of neutrino interactions in DUNE will have pions in the

őnal state. ND-LAr is an excellent detector for identifying pions and protons when they are above

threshold, and do not undergo strong interactions inside the detector. However, many events in the

DUNE energy range have pions with hundreds of MeV kinetic energy, which travel several interaction

lengths and frequently scatter, transferring some energy to the atomic nuclei that is then not seen

in a calorimetric energy reconstruction. On the other hand, below threshold pions decay to őnal

state particles, including neutrinos, leading to large fractions of their rest mass not being visible

calorimetrically. Also, protons below 300 MeV/c are impossible to detect in ND-LAr because they

deposit all of their energy over a range of only a few mm, producing highly saturated ionization

charges recorded on a single pixel. Predictions on the multiplicity of such low-momentum protons

from neutrino-argon interaction models are particularly uncertain.

These Phase I limitations motivate the design of the Phase II ND. Speciőcally, the Phase II ND

should have, when compared to the Phase I ND:

• argon as the primary target nucleus,

• improved PID across a broad range of energies and angles,

• lower tracking thresholds for protons and pions,

• minimal secondary interactions in the tracker volume,

• 4𝜋 acceptance over a wide range of momenta, and

• magnetization to achieve sign selection over a broader muon momentum range.

Employing an argon target will ensure that constraints from the Phase II ND can be applied

directly to the argon-based FD without any extrapolation in atomic number.

A broad acceptance and high PID efficiency will enable exclusive őnal states to be identiőed,

which will improve the constraints on neutrino interaction modeling. Low thresholds will make
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the Phase II ND highly sensitive to nuclear effects. Magnetization will ensure sign selection at all

energies and angles, for both charged leptons and charged pions.

In the event that one of the Phase II FD modules consists of a neutrino target material that is not

argon-based and of a detector technology other than LArTPC, such as the Theia detector concept

described in section 4.5, the requirements for the Phase II ND complex will need to be expanded to

account for the additional target material(s) and the different neutrino detection method.

5.2 Phase II improved tracker concept

Figure 25. Layout of the envisaged Phase I (left) and Phase II (right) ND suite. The neutrino beam enters from
the bottom-right corner, and exits at the top-left corner, of the drawings. The SAND detector is shown at its
permanent on-axis location, while all other detectors upstream are shown at their maximum off-axis location.

For Phase II, an improved tracker concept based on a GArTPC would replace TMS downstream

of ND-LAr. Drawings for the envisaged layouts of the Phase I and Phase II detector suites are

shown in őgure 25. A GArTPC can reconstruct pions, protons and nuclear fragments with lower

detection thresholds than a LArTPC can. Figure 26, which compares the same simulated event

in each, shows this. The protons travel a much longer distance and can be more clearly separated

in gaseous argon. The GArTPC is also less susceptible to confusion of primary and secondary

interactions, since secondary interactions occur infrequently in the lower-density gas detector. If

the TPC is inside a magnetic őeld, it can better distinguish neutrinos and antineutrinos and can

determine the momenta of particles whose trajectories are not contained in the detector. It can also

measure neutrino interactions over all directions, unlike the ND-LAr, which loses acceptance at

high angles with respect to the beam direction. Therefore, a GArTPC detector system at the near

site, called ND-GAr in the following, provides a valuable and complementary data sample to better

understand neutrino-argon interactions.

However, a drawback of a GArTPC is the lower neutrino event rate in a given volume due to the

lower density. One way to improve this is to use high-pressure argon gas. A cylindrical volume with

a diameter and length both of roughly 5 m, and gas at 10 bar, would have a őducial mass of nearly

one ton of argon, yielding approximately one million neutrino interactions per year. The trade-off

between sufficient target mass and low detector density has not been optimized, but would nonetheless

be adjustable during operations by setting the detector pressure.
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Figure 26. The same CC 𝜈𝜇 event with seven low energy protons (kinetic energies ranging from 7 to 51 MeV)
simulated in a LArTPC (left) and a GArTPC (right). The LArTPC event display shows time ticks versus channel
number for the three projective views of the event. The GArTPC reconstruction algorithm őnds all eight tracks
in the event (seven proton tracks and one muon track), although only six are visible by eye in this view. All
proton tracks travel 2.4 cm or less in LArTPC. Reproduced with permission from [109].

As illustrated in őgure 27, the reference design concept for the ND-GAr detector comprises:

1. a pressurized GArTPC,

2. a surrounding calorimeter,

3. a magnet, and

4. a muon-tagging system.

A PDS may also prove necessary to reduce pileup and to provide the event 𝑡0 for the drift time

determination in events that do not reach the calorimeter. It would also help improve the track matching

between the TPC and the external calorimeter and muon systems [110]. All these subsystems are

described in the following. The entire ND-GAr system will move perpendicularly to the beam direction

together with ND-LAr, as part of the DUNE-PRISM concept.

This detector concept is motivated by the considerations in section 5.1. It also affords signiőcant

opportunities to study BSM physics, as discussed in section 3.3.

5.2.1 Charge readout of TPC

A variety of techniques can be used to amplify and collect the ionization electrons after their drift to

the TPC anode, and the options currently under consideration for ND-GAr are brieŕy presented here.

In all cases, a high-pressure gas mixture with high argon content (>90% molar fraction) is envisaged.

A 96:4 Ar:CH4 mixture was tested successfully during ND-GAr R&D [111, 112]. Therefore, non-Ar

components in the ND-GAr target will contribute at the few percent level at most to the overall event

rate in the TPC. In order to extract pure 𝜈-Ar interactions, such percent-level corrections can be made

with high accuracy using Transverse Kinematic Imbalance techniques [113], joint ND-GAr-SAND

őts, and Monte Carlo-based estimates. High-pressure argon gas mixtures have been used in the past,
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Figure 27. Cutaway view of the full ND-GAr detector system, showing the HPgTPC, the calorimeter, the
magnet, and the iron yoke. The detectors for the muon-tagging system are not shown.

such as in the PEP-4 detector at SLAC [114], which used a (ŕammable) gas mixture of 80:20 Ar:CH4,

operated at 8.5 atm. A known challenge for high-pressure gas detectors is that the gas ampliőcation

gain decreases as the gas pressure increases. For the DUNE ND-GAr, R&D to ensure adequate

stability and gain in a non-ŕammable gas is underway.

Multi-Wire Proportional Chambers. To collect sufficient event statistics, the HPgTPC, at the core

of ND-GAr, must be both large and capable of functioning under high pressures. A TPC of the size

used in the ALICE experiment at CERN [115] may be adequate in terms of size, but only if the gas

inside is pressurized to approximately 10 atm. As a result of the recent upgrade of ALICE’s readout

system to gaseous electron multipliers (s), the previously operated ALICE multi-wire proportional

chambers have become available. They were previously operated in ALICE at 1 atm, hence their

operation needed to be assessed within a high-pressure argon gas environment.

Two test stands, one each in the U.K. and the US, called the Gas-argon Operation of ALICE TPC

(GOAT) and the Test stand of an Overpressure Argon Detector (TOAD), respectively, are being used

to test the ALICE chambers under high pressure. GOAT used a pressure vessel rated to 10 atm. It

tested an ALICE inner chamber for its achievable gas gain at various pressure set points, ampliőcation

voltages, and gas mixtures [111]. TOAD had previously tested an ALICE outer chamber for its

achievable gas gain up to 5 atm. Currently, it is being commissioned in the Fermilab FTBF for

data-taking in a test beam and for performing a full detector slice test of the electronics and DAQ.

In both test stands, wire-based readout chambers have been tested in high-pressure environments,
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demonstrating that they can provide reasonable gas gains when they operate at or above the high

voltage values they were subject to in ALICE. Despite this, the long-term operation and stability of

these chambers at such high voltages remain to be investigated. There are also plans to test charge

readout systems based on micro-pattern gas detectors, such as GEMs, as described below.

TPC Readout with GEMs. In a TPC using GEMs or łthick GEMsž (THGEMs), the ionization drift

electrons enter the THGEM holes and are accelerated in a high electric őeld. At sufficiently high

őelds, this acceleration causes the electrons to further ionize the gas medium, resulting in a Townsend

avalanche. This exponentially increases the number of electrons and therefore the signal size.

Typically, GEMs and THGEMs are produced starting from double copper-clad substrates, either

by photolithography of kapton in the case of the former, or Computer Numerical Control (CNC)

drilling of epoxy laminates/FR-4 in the latter. We propose to use a new type of THGEM made out

of glass, as also proposed in the context of the optical-based charge readout option for the Phase II

FD (section 4.3.4). These glass THGEMs developed at Liverpool (U.K.) are fabricated using a new

masked abrasive machining process. The innovation allows for customization of glass THGEMs,

where both substrate and electrode materials can be tailored to our requirements, which include high

stiffness, low outgassing, and resilience to damage from discharges.

The ampliőed electrons from the THGEMs would be read out on a segmented anode to allow for

tracking reconstruction. Borosilicate glass and fused silica are isotropic and homogeneous substrate

materials that can be machined to typical THGEM thicknesses while remaining sturdy and potentially

providing better surface őnishes than FR-4-based THGEMs. Their transparency, made possible by

indium tin oxide (ITO) electrodes, makes them suitable for optical imaging of primary ionization, as

demonstrated up to 1.5 bar with cosmic ray imaging at estimated optical gains up to 106 [116].

Future optimization of glass GEMs may include enhancements in light collection with wavelength-

shifting substrates [117], wavelength-shifting coatings [118], or diamond-like carbon (DLC) coatings

for stability [119, 120]. R&D toward a THGEM-based readout is ongoing in Spain, where a 10-bar

full 3D Optical TPC (Gaseous Argon T0 (GAT0)) is under commissioning. In addition, R&D toward

a GEM-based readout for ND-GAr is currently underway in the US with the GEM Over-pressurized

with Reference Gases (GORG) test stand, currently testing a triple-GEM stack.

TPC Readout electronics. Due to the high-pressure nature of this detector, readout electronics must

be developed that can operate inside the pressure vessel to minimize the analog signal path. The

electronics must also be zero-suppressed and compatible with the existing DUNE DAQ infrastructure

for the Phase I ND. Readout electronics has traditionally been one of the cost drivers of TPCs.

While the pixel size to be used in the őnal detector module has not been determined, detectors

like ALICE had 700k channels. With this number of channels, work is needed to ensure that the

electronics system is cost-effective.

R&D work is underway in the U.K. and US to deliver such electronics. A prototype system

using the SAMPA ASIC, developed for the ALICE TPC upgrade and the sPHENIX detector, plus

FPGA-based control and aggregation, is already in hand. This solution, scaled up to the full ND-GAr

detector, is expected to be much cheaper than the ones adopted for ALICE and sPHENIX, thanks to

the much lower data rates. If full 3D optical tracking is ultimately adopted, the readout electronics

would align with the technical proposal described in section 4.3.4 for FD3 and FD4.
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Figure 28. Possible structure of a combined tile and strip layer sampling calorimeter. The (yellow) tile/absorber
layers are oriented towards the TPC; they are followed by (green) strip/absorber layers. Dimensions are in mm.

5.2.2 Calorimeter concept

The GArTPC will excel in measuring charged particle tracks, but to őrst order is blind to neutral

particles. As such, it is important to have a system that can detect them. At neutrino energies of a few

GeV, these are mostly photons (for example from 𝜋0-decays) and neutrons (from nuclear break-up)

in the kinetic energy range from ≲ 100 MeV to ∼GeV. The photon energy will be determined

calorimetrically, while the neutron energy can be determined by measuring the time of ŕight between

the production vertex and a nuclear re-scatter in the calorimeter [121]. Both photons and neutrons will

be key to measuring nuclear effects that will inŕuence the relationship between true and reconstructed

neutrino energy, and the dynamics of the neutrino interactions.

It is also the case that the HPgTPC should occupy the largest possible volume, and the calorimeter

has to surround the TPC. As such, it has a rather large surface area even for modern particle physics

detectors. Optimizing this detector to achieve the physics goals while still being affordable is a key

task of the gaseous argon detector group.

A possible affordable technology with the required performance is based on a plastic scintillator

sampling calorimeter that is constructed from active tile layers using a combination of the technology

developed by the CALICE R&D Collaboration [122] and the more traditional scintillator strip, WLS

őber, and SiPM readout combination, used in neutrino experiments such as the T2K near detector.

A preliminary structure of the calorimeter is illustrated in őgure 27. Further details of the potential

layout of the barrel detector are shown in őgure 28.

A potential barrel geometry consists of 60 layers with the following layout:

• eight inner layers of 2 mm copper + 5 mm of 2.5 × 2.5 cm2 tiles + 1 mm FR-4, and

• 52 layers of 2 mm copper + 5 mm of cross-strips 4 cm wide

A possible barrel calorimeter depth is about 44 cm. The initial performance evaluation for photons,

based on a preliminary design that was investigated, is summarized in őgure 29.

For the present study, copper has been chosen as the absorber material, as initial studies have

shown that this material provides a good compromise between calorimeter compactness, energy, and

angular resolution. It also allows for the removal of heat generated by the electronics in the tile layer.
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Figure 29. Left: energy resolution as a function of photon energy for different absorber conőgurations. The
function 𝜎𝐸

𝐸
= 𝐴√

𝐸
⊕ 𝐵

𝐸
⊕ 𝐶 has been őtted to the simulated data, where the ⊕ symbols refer to a quadrature

sum of the three terms. Right: ratio of the energy resolution for the different absorber conőgurations. The best
resolution is achieved using thin lead absorber. The overall depth of the electromagnetic calorimeter (ECAL)
has been kept constant. More details can be found in [5]. Reproduced from [5]. CC BY 4.0.

There are several possible readout ASICs on the market to determine the time and charge of the

SiPM signals, one possibility being the KLauS ASIC [123].

5.2.3 Magnet concept

To achieve the physics goals, the TPC volume of the ND must be magnetized in order to measure the

momenta of muons and other particles, and to determine the sign of their charge. The magnetized

system will analyze both the tracks originating from ND-LAr and penetrating from upstream, and

the tracks produced within the magnetic volume by neutrino interactions.

The need to make the magnet as compact as possible, thus minimizing the material at the

downstream end of the TPC and in front of the calorimeter, suggests an integrated design in which

the magnet structure serves also as a pressure vessel for the TPC gas volume. The magnetic design

described in [124], and summarized here, fulőlls these requirements and is cost-effective.

The magnet system consists of a superconducting solenoid surrounded by an iron return yoke.

The superconducting solenoid cryostat serves not only as a pressure vessel body for the HPgTPC, but

also as support for it and the calorimeter elements located in its bore. Additionally, the design of the

iron magnet yoke uses the mechanical strength of the yoke’s pole faces to eliminate the large domed

heads that would normally be required for a large-diameter pressure vessel.

Another important design requirement for ND-GAr is the ability to accurately measure the

momentum of muons that originate in ND-LAr. This requirement limits the amount of material

allowed on the upstream side of ND-GAr and motivates an unconventional and asymmetrical iron

yoke design. An iron yoke that eliminates a portion of the iron along the upstream face has been

developed and designed, and is called Solenoid with Partial return Yoke (SPY). Figure 30 illustrates

the SPY magnet system.

The following lists the main requirements and technological features of this design in more detail:

• The momentum analyzing power of the ND-GAr assembly (magnet + TPC) must provide at

least 3% momentum resolution for the muons originating within ND-LAr. Additionally, for
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Figure 30. The SPY magnet system. The hole in the yokes is on the upstream side, to minimize material
traversed by tracks originating from neutrino interactions in ND-LAr.

particles produced as a result of neutrino interactions in the HPgTPC, the resolution in neutrino

energy reconstruction must be at least as good as that of the DUNE FD.

• The magnetic őeld uniformity, thanks to recent and relevant improvements in the capability of

event reconstruction, is not required to be very high. A ±10% tolerance within the magnetic

volume is expected to be sufficient, provided that a very accurate map for the magnet łas builtž

is measured. However, it is worth emphasizing that the magnet design fully described in [124]

greatly exceeds the ±10% requirement, and should offer a ±2% variation over the whole volume.

Careful studies were also done to evaluate and minimize the magnetic forces between ND-GAr

and SAND.

• The superconductor will be co-extruded in high-purity aluminum to provide quench protection.

The current reference solution for cable material is one based on niobium titanium. Higher

temperature superconductors such as MgB2 will also be considered as part of an R&D program

currently in progress.

• The ND-GAr assembly must provide good acceptance for muons exiting ND-LAr and must őt

within the space constraints imposed by the ND hall design and by DUNE-PRISM.

• The ND-GAr’s magnet system must present as little material as possible in the path of the muons

exiting from ND-LAr. A similar requirement holds in the downstream face of the yoke, to assist

in the discrimination of muons from pions.

• The vacuum cryostat must be capable of providing mechanical support and a cryogenic

environment for the superconducting coils. The inner wall of the vacuum cryostat must be

sufficiently strong to serve as the outer wall of the pressure vessel for the HPgTPC, and to

support the weight of the calorimeter.
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• The carbon steel of the return yoke must provide a uniform 0.5 T magnetic őeld over the full

length of the solenoid, and limit fringe őelds to the ≤0.01 T levels required by the experiment

and by the co-existence with SAND. It must also provide ŕat carbon steel pole tips for the magnet

return yoke that match the magnetic őeld boundary conditions at the ends of the solenoid, and

provide the mechanical support for the pressure vessel end ŕanges.

The main parameters achieved in the current design [124] are summarized in table 5.

Table 5. List of SPY parameters according to the current reference design.

Parameter Requirement Notes

Central őeld 0.5 T

Field uniformity ±10% Current design achieves ±2%

Ramp time to full őeld 30 min

Stray őeld ≤0.01 T Stray őeld in SAND negligible, in LAr FV ≃ 10 G

Bore diameter 6.73 m Reduction possible with TPC and ECAL

optimizations

Coils diameter 7.85 m Cryostat diameter at stiffening rings

Solenoid length ≃ 7.8 m

Solenoid weight ≃ 150 t

Yoke total weight ≃ 757 t

5.2.4 Muon system

A GArTPC ND system will need to be outside the calorimeter to improve pion/muon separation. The

muon tagger would likely implement a well established technology, such as a coarsely instrumented

scintillator detector. It is not likely to require substantial R&D, but will need engineering effort.

5.2.5 Light detection options

Enabling time-tagging by the TPC would provide an absolute determination of the vertex position and

interaction time, thus simplifying the matching with external detectors and enabling reconstruction of

interactions whose by-products range out before reaching them. The only demonstrated technique to

accomplish this in TPCs relates to primary scintillation, which due to the complexity of the system

would require signiőcant R&D, primarily to study the level of localization needed in order to associate

time information with a given interaction. The choice of gas mixture for the detector will also be

key, as different mixtures have very different scintillation properties [125, 126].

Although pure argon gas emits scintillation light copiously at a level of 20000 photons/MeV,

gases employed historically in TPCs for accurate tracking in magnetic őelds do not [127]. The recent

demonstration of strong (and fast) wavelength shifting in the Ar/CF4 system, with yields in the range

700ś1400 photons/MeV [128, 129], opens up the possibility of ns-level time tagging for energy

deposits down to at least 5 MeV [110]. A mere 1% CF4 addition (per volume) seems sufficient to

achieve this performance while keeping the electron diffusion at 3.6 mm for a 5 m drift (compared

to 20 mm for pure argon) for a 200 kV cathode bias. These values are even below those expected

for a conventional Ar/CH4 (90/10) mixture.
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In view of the requirements for single-photon detection and magnetic őeld compatibility, and

given the spectral range of the scintillation, two technologies are of particular interest, as described

below. A third, light readout of secondary scintillation at the ampliőcation stage, is also an option

that could be explored, based on an Ar/CH4 (99/1) mixture (section 5.2.1).

SiPMs. SiPMs are well suited for detection in the visible range, and several ganging schemes are

currently available for large area coverage (e.g., [130]). Silicon suffers from high dark rate at room

temperature and, in fact, simulations point to the need for cryogenic operation (−25 C) to reach

MeV-thresholds in ND-GAr. Methods to do this are under study. A comprehensive R&D program has

been laid out and is led by Spain. A conceptual description of the ganging scheme and active-cryostat

concept proposed, along with proof-of-principle demonstrations for both, can be found in [110].

LAPPDs. Large-Area Picosecond Photo-Detectors (LAPPDs) are novel photosensors based on

microchannel plate technology. With sensitive regions of order 20 × 20 cm and sub-cm position

resolution, this type of detector is a good candidate for covering large areas. LAPPDs are tolerant

of magnetic őelds and handle sub-ns timing with an excellent signal-to-noise ratio, and without any

cooling requirements. They were recently demonstrated to work for neutrino detection by the ANNIE

experiment. Ideal coverage could be achieved with about 100 LAPPDs, which could be delivered

within a few years at current production rates. Depending on the choice of quencher/wavelength

shifter, modifying the photocathode composition or a wavelength shifter coating might be required.

Studies to optimize this system are required, and include determining optimal coverage, the best

photocathode design, and enclosures to allow the LAPPDs to operate at high pressure.

5.2.6 R&D and engineering road map

R&D will be necessary for this Phase II improved tracker concept, starting in 2024 and lasting for

several years. It will be important to fully deőne the detector requirements, then aim for a technical

design report in the late 2020s, and be ready to begin construction in the early 2030s. The essential

R&D and design work needed for ND-GAr includes, but is not limited to, the following items:

ND-GAr magnet. INFN Genova is pursuing R&D on using magnesium diboride (MgB2) supercon-

ducting cables, which have a higher critical temperature and do not face some of the challenges of

co-extruding NbTi superconducting cables with high-purity aluminum.

ND-GAr TPC charge readout and electronics test stands. Several R&D efforts are already

underway, as described in section 5.2.1. Examples include the GOAT, TOAD, GORG, and GAT0

test stands. Charge readout TPCs are a mature technology, with gas mixtures identiőed that give

sufficient gain. The current R&D priority is to test the full readout chain, from ampliőcation

technology to readout electronics, in a high-pressure test stand, using a non-ŕammable gas with a

high argon fraction, to ensure adequate stability and gain. Electron diffusion measurements will

also be performed for the same gas mixtures.

Concerning the ampliőcation stage, current testing has been done with wire chambers. However,

modern TPCs such as those for ALICE and sPHENIX use GEMs to achieve better stability of

operation and higher gains. For this reason, R&D for a GEM/THGEM-based ampliőcation stage

has started in the context of the DUNE Phase II ND, as well. The stability of proposed wavelength-

shifting gases such as Ar/CF4 (99/1) must be studied, as they are low-quenched. Conventional GEM,
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THGEM, glass-GEMs, glass-Micromegas and wire chamber ampliőcation stages are all currently

under evaluation in Spain, the U.K., and the US.

Once detailed requirements on tracking performance are established, further R&D on readout

electronics and on the segmentation of the charge readout pads/strips will be pursued accordingly.

The TPC charge readout R&D work is currently ongoing in the U.K. (GEM work and readout

electronics), Spain (glass-GEM, SiPMs + TPX3 cameras), and the US (readout electronics and test

stands) using sources and test beams.

Light detection in ND-GAr TPC. The realization of light readout at the scale of the ND-GAr TPC

poses important engineering challenges in relation to photosensor technology, HV integration, and

good light collection. Dedicated physics studies are needed to establish the best design path towards

the optimization of the detection thresholds, time-tagging performance, and photosensor coverage.

Both light readout options discussed above have R&D needs, for example cooling control for SiPMs

and operation at high pressure for LAPPDs. Groups in Spain are performing R&D on the optimization

of the SiPM-based optical readout concept: required coverage, use of reŕectors and light collectors,

SiPM channel ganging and cooling schemes. R&D on LAPPDs is also underway in the US.

Also, the outstanding tracking performance of ND-GAr needs to be guaranteed while ensuring

that the photosensor plane not be blinded during the avalanche multiplication process in the anode

region. This will require an additional R&D step targeting the minimization of photon-feedback, as

it is customary for instance in ring-imaging Cherenkov detector applications [131].

ND-GAr calorimeter. R&D was underway in Germany on coupling őbers to SiPMs to maximize

light collection and uniformly illuminate the SiPM face. Studies must also be done to optimize the

calorimeter design, including the number of strip and tile layers, and their granularity. A cost-effective

readout electronics system must also be developed.

ND-GAr calibration systems, őeld cage, and gas systems. Engineering work is also required to

design the infrastructure and support services for the ND-GAr detector. The ALICE detector featured a

high-performance TPC of similar size [115], therefore that design can potentially be used as a starting

point. For example, a laser calibration system that can uniformly illuminate the drift volume could

provide the required accurate monitoring of drift velocity variations and inhomogeneities within the

volume. Such a system must be designed in close connection with the HV őeld cage. The movable

ND-GAr will require design of a mechanically robust őeld cage with mechanical end-cap structures.

A buffer region in between the őeld cage and pressure vessel will be needed to degrade the high

voltage, and this may require the use of an additional insulating gas.

The detector performance depends crucially on the stability and quality of the gas in the drift region,

therefore it will be necessary to develop a system to control and monitor the gas mixture in the drift

volume. Control operations include pressurization, recirculation, puriőcation, and evacuation of the gas.

The current design of the magnet system does not incorporate a method for evacuation [132]. However,

modifying it to function under both pressure and vacuum conditions is well understood. Generally,

achieving vacuum is desirable to facilitate the reduction and monitoring of O2 and H2O impurities (as

well as other unforeseen contaminants). It is also worth considering purifying argon gas in the gas

handling system Ð which might yield similar results Ð although evacuation could potentially be faster.
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5.3 Improvements to Phase I near detector components

As part of the Phase II program, possible enhancements and improvements to the exisiting Phase I

components of the ND are being considered. This section discusses such possible improvements

to the Phase I detector components ND-LAr and SAND.

5.3.1 Phase II ND-LAr detector

ND-LAr is the LAr component of the DUNE ND complex. With the intense neutrino ŕux and high

event rate at the ND, traditional, monolithic, projective wire readout LArTPCs would be stretched

beyond their performance limits. To overcome this hurdle, ND-LAr will be fabricated out of a matrix

of smaller, optically isolated TPCs, read out individually via a pixelated readout. The subdivision

of the volume into many smaller TPCs allows for shorter drift distances and times. This and the

optical isolation lead to fewer problems with overlapping interactions.

The ND-LAr design consists of 35 optically separated LArTPC modules, which allows for

independent identiőcation of 𝜈-Ar interactions in an intense beam environment using optical timing.

Each TPC consists of a HV cathode, a low-proőle őeld cage that minimizes the amount of inactive

material between modules, a light collection system, and a pixel-based charge readout.

One key aspect of ND-LAr operation is the ability to cope with many neutrino interactions in each

spill. The LBNF neutrino beam consists of a 10 μs wide spill, which leads to O(50) 𝜈 interactions

per spill in Phase I and O(100) in Phase II. Given the relatively low expected cosmic ray rate while

the beam is on (estimated to be ∼ 0.3/spill at 60 m depth), this beam-related pile-up is the primary

challenge confronting the reconstruction of the ND-LAr events. The 3D pixel charge signal will be

read out continuously. The slow drifting electrons (with charge from the cathode taking ∼ 300 μs

to travel the 50 cm drift distance) will be read out with an arrival time accuracy of 200 ns and a

corresponding charge amplitude within a ∼ 2 μs-wide bin. This coupled with the beam spill width

gives a position accuracy of 16 mm. While this is already good spatial positioning, the ND-LAr

light system will provide an even more accurate time tag of the charge as well as the ability to tag

subclusters and spatially disassociated charge depositions resulting from neutral particles, such as

neutrons, that come from the neutrino interaction. Thus, the ND-LAr light system has a different role

from that in the FD, as it must time-tag charge signal subclusters to enable accurate association of all

charge to the proper neutrino event, and to reject pile-up of charge from other neutrino signals.

The current ND-LAr design being implemented for Phase I satisőes the general requirements

of DUNE for Phase II in terms of increased beam power and lifetime of detector components.

Nonetheless, additional potential modiőcations to ND-LAr that might enhance its capabilities are

under consideration. Given that the ND-LAr uptime during DUNE operations is an important factor to

take into consideration, those modiőcations can be divided into two categories: ND-LAr upgrades that

imply modiőcations to the inner detector hardware and thus require emptying the LAr, and those that do

not. In the former, more disruptive, category, current ideas under exploration include: improvements

to neutron detection methods by upgrading optical detectors with 6Li-glass scintillator, replacement

of charge tiles of a module with smaller pixels and lower threshold, use of photosensitive dopants,

and use of radiopure underground argon. In the latter (less disruptive) category, possible upgrade

options span the following: doping of argon with xenon, upgrade of the off-detector electronics,

addition of a rock muon tracker in front of ND-LAr, and use of an additional calibration system

ś 59 ś



2
0
2
4
 
J
I
N
S
T
 
1
9
 
P
1
2
0
0
5

based on 222Rn injection. A decision on these possible ND-LAr upgrade paths will come after the

Phase I ND-LAr detector is commissioned.

5.3.2 Phase II SAND detector

SAND is a multipurpose detector composed of a superconducting solenoid, a high-performance

ECAL, a light tracker, and an active LAr target called GRAIN. The magnet and the ECAL were

part of the KLOE detector at INFN Frascati and will be refurbished for Phase I, without the need

for upgrades during Phase II. The tracker, based on straw tubes, will be a completely new detector

capable of reconstructing charged particle tracks in the magnetic őeld. Major upgrades for the

tracker are not foreseen for Phase II.

GRAIN is an innovative LAr detector that will employ a completely new readout technique, using

only scintillation light for track reconstruction. This task is accomplished by cameras with light sensors

made of a matrix of SiPMs and optical elements, such as special lenses or Coded Aperture Masks.

The GRAIN project is very challenging because, due to the low efficiency of light sensors to VUV

scintillation light, the number of photons detected and used by the reconstruction algorithms is low.

For Phase II GRAIN, the goal is to enhance light collection by improving the SiPM PDE in the

VUV range. For this purpose, we are developing with łFondazione Bruno Kesslerž (FBK-Trento)

Backside Illuminated SiPMs (BSI SiPMs). In this architecture, the light entrance window is on

the back of the silicon, while all the metallic contacts are on the front side. This will allow us to

improve the őll factor and optimize the anti-reŕective coating on the entrance window. It is planned to

substitute all the GRAIN matrices of traditional Front Side SiPMs with the BSI ones for Phase II,

if they will be available and mature in time.

5.4 Near-detector options for non-argon far detector modules

In the event that one of the Phase II FD modules consists of a neutrino target material that is not

argon-based, such as the Theia detector concept described in section 4.5, the Phase II ND complex will

need to provide measurements of neutrino interactions on those same target nuclei. Several options are

under consideration for modifying the Phase I suite of ND sub-detectors to make such measurements,

including modifying the Phase I SAND to incorporate oxygen and water targets, embedding liquid

scintillator targets within the ECAL of the GArTPC, and constructing a new, dedicated, water-based

near detector. While they introduce identical or similar nuclear targets, these particular options do

not establish a functionally similar detector at the near site that would also mitigate detector-related

uncertainties at the far detector, analogous to ND-LAr for the argon-based FD modules.

5.4.1 Oxygen and water targets in SAND

The SAND detector is equipped with a modular Straw Tube Tracker (STT) with target layers that are

designed to be individually replaceable with different materials. A total of 78 thin planes, each about

1.6% of a radiation length 𝑋0, of various passive materials are alternated and dispersed throughout active

layers, which are made of four straw planes, to guarantee the same acceptance to őnal state particles

produced in (anti)neutrino interactions. The STT allows minimizing the thickness of individual active

layers and to approximate the ideal case of a pure target detector Ð the targets constitute about 97%

of the mass Ð while keeping the total thickness of the stack comparable to one radiation length and an

average density of about 0.17 g/cm3. The lightness of the tracking straws and the chemical purity of the
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targets, together with the physical spacing among the individual target planes, make the vertex resolution

(≪ 1 mm) less critical in associating the interactions to the correct target material. The average

momentum resolution expected for muons is 𝛿𝑝/𝑝 ∼ 3.5% and the average angular resolution better than

2 mrad. The momentum scale can be calibrated to about 0.2% using reconstructed 𝐾0 → 𝜋+𝜋− decays.

The STT is optimized for the łsolidž hydrogen technique, in which 𝜈(𝜈̄) interactions on free protons

are obtained by subtracting measurements on dedicated graphite (C) targets from those on polypropylene

(CH2) targets [133ś135]. The default target conőguration in Phase I includes 70 CH2 targets and eight

C targets. The use of a distributed target mass within a low-density tracker results in an approximately

uniform acceptance over the full 4𝜋 angle, as shown in őgure 31. The acceptance disparity between

different targets can be kept within 10−3 for all particles (őgure 31) due to their thinness and their

alternation throughout the detector volume. The subtraction procedure between different materials can

then be considered model-independent within these uncertainties. Furthermore, the detector acceptance

effectively cancels in comparisons between the selected interactions on different target nuclei.

Figure 31. Left: muon acceptance for 𝜈𝜇 CC interactions in a forward horn current (FHC) beam in SAND.
Right: discrepancy in acceptance between the CH2 and C targets in SAND.

The ND can operate with both oxygen and water targets concurrently by replacing some of the

initial CH2 targets with polyoxymethylene (CH2O, acetal) planes with equivalent thickness, i.e., in

terms of radiation length and nuclear interaction length 𝜆𝐼 . Interactions on oxygen are obtained

from a subtraction between CH2O and CH2 targets, while interactions on water are obtained from

a subtraction between CH2O and C targets [136].

To this end, 4.5 mm thick acetal slabs can be used, corresponding to about 0.016 𝑋0 and 0.008𝜆𝐼 .

The oxygen content by mass within acetal dominates at 53.3%. By replacing only 20 polypropylene

targets (out of 70) with the equivalent CH2O targets, we obtain an oxygen target mass of about 760 kg

and a water target mass of about 850 kg. Assuming an exposure of 3 × 1021 POT, corresponding to

about two years with the Phase I beam intensity and to about one year with the Phase II beam, we

expect to collect 3 × 106 𝜈𝜇 CC events with the FHC beam and 1 × 106 𝜈̄𝜇 CC events with the RHC

beam on oxygen. The subtraction procedure introduces an increase of about 40% in the statistical

uncertainties with respect to the use of ideal targets. For 3×1021 POT, the resulting statistical bin-to-bin

uncertainties in the 𝜈-nucleus cross-sections as a function of neutrino energy are comparable to the

expected systematic uncertainties introduced by the STT momentum scale uncertainty of 0.2% [136].
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5.4.2 Liquid scintillator targets in the ND-GAr calorimeter

The GArTPC described in section 5.2 is capable of supporting active Theia-type targets within the

downstream portion of the upstream ECAL, as shown in őgure 32. The Theia layers consist of X

and Y bars (similar to the NOvA conőguration discussed in the next section), and interactions in

these layers produce particles that enter the high-pressure gas TPC where they are precisely tracked.

Neutral particles are measured by the surrounding ECAL, and the active Theia layers provide an

additional measure of low-energy particles near the interaction vertex (łvertex activityž). For neutrino

interactions within the GArTPC, the Theia layers will form an initial low-density section of the ECAL

that can provide fast timing for particles exiting the TPC.

WbLS Layers

HPgTPC

Figure 32. An upstream segment of the GArTPC ECAL, with the beam is pointing downward. The Theia

layers constitute the most downstream portion of the ECAL, and particles produced in these layers via neutrino
interactions are tracked in the downstream HPgTPC.

There is sufficient space within the ECAL to include Theia layers with a thickness of at least

10 cm, which would provide more than a ton of target mass. This would produce O(1M) charged

current 𝜈𝜇 interactions in a 14 week run on-axis, and O(10k) charged current 𝜈𝜇 interactions in

a two week run at the furthest off-axis position, both of which would be expected to occur within

a nominal DUNE yearly run.

5.4.3 Water-based near detector

It is possible to install a detector speciőcally designed to make measurements for a water-based FD

module in the DUNE ND hall. If a new GArTPC is built, it will serve as the downstream spectrometer

for ND-LAr, allowing TMS to be used as a downstream spectrometer for a dedicated Water-based

Near Detector (WbND). Any conőguration of the ND suite will be subject to the space limitations

imposed by the near site infrastructure, as completed before the beginning of beam operations. Two

possible options for a WbND are a NOvA-style ND, or a LiquidO ND, both discussed below.

NOvA-style near detector. The NOvA ND consists of individual cells, as shown in őgure 33,

arranged in horizontal and vertical layers. The cells consist of PVC extrusions őlled with liquid

scintillator, and a wavelength-shifting őber collects the light and guides it to the avalanche photodiode

(APD) for readout [137].
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Figure 33. The fundamental unit cell of the detector of the NOvA near detector; the cells are arranged in
horizontal and vertical layers. Reprinted from [137], Copyright (2017), with permission from Elsevier.

Figure 34. Illustration of a simulated 2 GeV electron neutrino interaction in a LiquidO-style ND with a 1 cm
őber pitch. The image shows sub-cm spatial resolution and excellent particle ID can be achieved.

The NOvA near detector design could be used to construct a WbND by replacing the NOvA

scintillator with Theia WbLS. Its cell size and scintillator fraction would have to be tuned to ensure a

high muon reconstruction efficiency. This type of detector would also be capable of a calorimetric

measurement of the hadronic energy in the neutrino őnal state, including better sensitivity to neutrons

than a LAr detector, due to the presence of free hydrogen in the target material. This detector

technology is well established and would require minimal additional R&D.

LiquidO near detector. A promising new detector concept for the DUNE ND is based on using

opaque scintillators with millimeter-scale scattering length to produce high-resolution images of

neutrino interactions [138, 139]. The scintillation photons are stochastically conőned close to the

point of production via scattering, and a lattice of wavelength-shifting őbers at ≃ 1 cm pitch is used

to extract the light. This technology, called LiquidO, removes the need for manual segmentation:

the lattice of őbers is constructed őrst, and then the opaque scintillator poured in around the őbers.

Substantially better spatial resolution per readout channel is achieved by using the proőle of the light

detected across multiple őbers. Figure 34 shows a CC muon neutrino event as imaged with a LiquidO

technology ND. Furthermore, and importantly for a potential Theia DUNE Phase II FD module, the

scintillator isotopic composition can be varied by exchanging the scintillator material, e.g., oil-based
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scintillators can be swapped with water-based ones. A design analogous to the T2K Super-FGD

detector is envisaged for DUNE with the őbers running in all three perpendicular directions, allowing

őne-grained precision tracking and excellent calorimetry. The hydrogen-rich nature of organic or

water-based scintillators, together with their fast timing, is advantageous for neutron time-of-ŕight

measurements and for particle detection in high-rate environments.
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Glossary

Eos The XRootD-based distributed őle system developed by CERN. 40, 44

Theia-25 A 25 kt version of the Theia detector concept that could serve as DUNE’s fourth far

detector module. 38, 39

Theia Proposed hybrid detector with both Cherenkov and scintillation detection capabilities. 5, 9,

12ś14, 37ś39, 41ś47, 49, 60, 62ś64

neutrinoless double-𝛽 decay (0𝜈𝛽𝛽) A hypothetical nuclear transition in which a nucleus with with

Z protons decays into a nucleus with Z+2 protons and the same mass number, together with the

emission of two electrons and no neutrinos. 14, 35, 36, 38ś40, 43

ACE-MIRT The Accelerator Complex Evolution with Main Injector Ramp and Target upgrade

is a proposed set of major upgrades to the Fermilab accelerator complex aimed at an early

implementation of an enhanced 2.1 MW beam for DUNE. 4, 7, 16

Artiőcial Intelligence (AI) A őeld of study in computer science which develops and studies intelligent

machines. 46

Axion-like particle (ALP) A hypothetical pseudoscalar particle that appears in the spontaneous

breaking of a global symmetry. 14, 15

anode plane a planar array of charge readout devices covering an entire face of a detector module. 20

anode plane assembly (APA) A unit of the horizontal drift detector module (FD1-HD) detector

module containing the elements sensitive to ionization in the LAr. Each anode face has three

planes of wires (two induction, one collection) to provide a 3D view, and interfaces to the cold

electronics and photon detection system. 67
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APEX Aluminum Proőles with Embedded X-arapuca. 21ś25, 44, 45, 47

ARAPUCA A PDS design that consists of a light trap that captures wavelength-shifted photons

inside boxes with highly reŕective internal surfaces until they are eventually detected by SiPM

detectors or are lost. 74

ArgonCube The name of the core part of the DUNE ND, a LArTPC. 71

ARIADNE Charge readout technology for LArTPC dual-phase detectors based on gaseous electron

multipliers and fast optical cameras. 25, 30ś32, 44ś47

Amorphous selenium (aSe) A type of photoconductive material. 34, 35, 44

ASIC application-speciőc integrated circuit. 25ś28, 33, 34, 44, 45, 52, 54, 66, 69, 70

BDE bottom detector electronics. 19, 25, 26

boosted decision tree (BDT) A method of multivariate analysis. 9

Brookhaven National Laboratory (BNL) US national laboratory in Upton, NY. 39

BSM beyond the Standard Model. 2ś4, 6, 8, 9, 14ś17, 35, 37, 50

charged current (CC) Refers to an interaction between elementary particles where a charged weak

force carrier (𝑊+ or𝑊−) is exchanged. 9, 12, 15, 16, 40, 50, 61, 63

core-collapse supernova (CCSN) The collapse of stars more than 8× as massive as the sun which

produces an intense burst of neutrinos at the end of its fusion cycle in a matter of seconds which

ejects the outermost stellar gas leaving behind a neutron star remnant. 10, 11, 73

cold electronics (CE) Analog and digital readout electronics that operate at cryogenic temperatures.

19

Coherent Elastic Neutrino-Nucleus Scattering (CE𝜈NS) A type of neutrino interaction with matter.

12

European Laboratory for Particle Physics (CERN) The leading particle physics laboratory in Eu-

rope and home to the ProtoDUNEs and other prototypes and demonstrators, including the s. 3,

5, 25, 27, 44, 67, 69, 72

CMOS Complementary metal-oxide-semiconductor. 30

Computer Numerical Control (CNC) A precise drilling method that utilizes a rotating cutting tool

to produce round holes in a stationary work piece. 52

carbon nitrogen oxygen (CNO) The CNO cycle (for carbon-nitrogen-oxygen) is one of the two

known sets of fusion reactions by which stars convert hydrogen to helium, the other being the

proton-proton chain reaction (pp-chain reaction). In the CNO cycle, four protons fuse, using

carbon, nitrogen, and oxygen isotopes as catalysts, to produce one alpha particle, two positrons

and two electron neutrinos. 13, 38, 40, 43
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ColdADC A newly developed 16-channels ASIC providing analog to digital conversion. 25

COLDATA A 64-channel control and communications ASIC. 26

commercial off-the-shelf (COTS) Items, typically hardware such as computers, that may be pur-

chased whole, without any custom design or fabrication and thus at normal consumer prices and

availability. 30

charge conjugation and parity (CP) Product of charge conjugation and parity transformations. 38,

66

Coordinating Panel for Advanced Detectors (CPAD) US panel that seeks to promote, coordinate

and assist in the research and development of instrumentation and detectors for high-energy

physics experiments. 3, 5

charge, parity, and time reversal symmetry (CPT) product of charge, parity and time-reversal

transformations. 8

Charge Conjugation-Parity Symmetry Violation (CPV) Lack of symmetry in a system before and

after charge conjugation and parity transformations are applied. For CP symmetry to hold, a

particle turns into its corresponding antiparticle under a charge transformation, and a parity

transformation inverts its space coordinates, i.e. produces the mirror image. 2, 3, 6, 7, 16, 37

charge readout (CRO) The system for detecting ionization charge distributions in a detector module.

19, 66

charge-readout plane (CRP) An anode technology using a stack of perforated PCBs with etched

electrode strips to provide CRO in 3D; it has two induction layers and one collection layer; it is

used in the SP vertical drift FD and DP designs. 17, 19ś21, 25, 43ś47, 66, 72

charge-readout unit (CRU) In the SP vertical drift design an assembly of the s plus adapter boards;

two to a CRP. 19, 71

data acquisition (DAQ) The data acquisition system accepts data from the detector front-end (FE)

electronics, buffers the data, performs a trigger decision, builds events from the selected data

and delivers the result to the offline secondary DAQ buffer. 23, 46, 51, 52, 67, 72

dichroic őlter (DF) Optical őlter that reŕects some wavelengths of light and transmits others, with

almost no absorption for all wavelengths of interest. 23, 24

DOE U.S. Department of Energy. 70

dual-phase (DP) Distinguishes a LArTPC technology by the fact that it operates using argon in both

gas and liquid phases; sometimes called double-phase. 40, 47, 66, 72

DRD ECFA Detector R&D. 5

diffuse supernova neutrino background (DSNB) The term describing the pervasive, constant ŕux

of neutrinos due to all past supernova neutrino bursts. 12
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Deep Underground Neutrino Experiment (DUNE) A leading-edge, international experiment for

neutrino science and proton decay studies; refers to the entire international experiment and

collaboration. 1, 3, 65, 67ś71, 73

DUNE Precision Reaction-Independent Spectrum Measurement (DUNE-PRISM) A mobile

near detector that can perform measurements over a range of angles off-axis from the neutrino

beam direction in order to sample many different neutrino energy distributions. 4, 5, 47, 50, 55

electromagnetic calorimeter (ECAL) A detector component that measures energy deposition of

traversing particles (in the DUNE near detector design). 54, 56, 60, 62, 68ś71

European Committee for Future Accelerators (ECFA) Committee charged with the long-range

planning of European high-energy facilities: accelerators, large-scale facilities and equipment.

3, 5

Experiment Hall North One (EHN1) Location at CERN of the NP02 and NP04 areas used for the

ProtoDUNEs and for other test and prototyping activities for DUNE. 71

far detector module The entire DUNE far detector design calls for segmentation into four modules,

each with a total/őducial mass of approximately 17 kt/10 kt. 70, 74

far detector (FD) The 70 kt total (40 kt őducial) mass LArTPC DUNE detector, composed of four

17.5 kt total (10 kt őducial) mass modules, to be installed at the far site at SURF in Lead, SD,

U.S.A. 1, 2, 4ś7, 9, 10, 13, 14, 16, 17, 27, 28, 32, 35, 40, 45ś49, 52, 55, 59, 60, 62, 63, 66, 69,

73

far detector module 1 (FD1) The őrst DUNE far detector module to be built at SURF. 5, 9, 17, 23,

29, 33, 34, 45

horizontal drift detector module (FD1-HD) LArTPC design used in FD1 in which electrons drift

horizontally to wire plane anodes (anode plane assemblies (APAs)) that along with the front-end

electronics are immersed in LAr. 64, 67, 72

far detector module 2 (FD2) The second DUNE far detector module to be built at SURF. 2, 5, 9,

17, 18, 20ś25, 27, 29, 34, 36, 40, 43ś47

far detector module 3 (FD3) The third DUNE far detector module to be built at SURF. 4, 5, 7ś9,

25, 43ś46, 52

far detector module 4 (FD4) The fourth DUNE far detector module to be built at SURF. 4, 5, 7ś9,

43, 46, 52

FDR Depending on context, either łőnal design report,ž a formal project document that describes the

experiment at a őnal level, or łőnal design review,ž a formal review of the őnal design of the

experiment or of a component. 47
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front-end (FE) The front-end refers to a point that is łupstreamž of the data ŕow for a particular

subsystem. For example the FD1-HD front-end electronics is where the cold electronics meet

the sense wires of the TPC and the front-end DAQ is where the DAQ meets the output of the

electronics. 66, 69

Fermi National Accelerator Laboratory (Fermilab) U.S. national laboratory in Batavia, IL. It is

the laboratory that hosts LBNF and DUNE, and serves as the experiment’s near site. 1, 3, 40,

44, 51, 69ś72

FHC forward horn current (𝜈𝜇 mode). 61

őeld cage The component of a LArTPC that contains and shapes the applied 𝐸 őeld. 2, 17, 18, 20ś25,

38, 44, 45, 58, 59

őeld programmable gate array (FPGA) An integrated circuit technology that allows the hardware

to be reconőgured to execute different algorithms after its manufacture and deployment. 26, 30,

52

FRP őber-reinforced plastic. 20

FTBF Fermilab Test Beam Facility. 51, 73

őducial volume (FV) The detector volume within the TPC that is selected for physics analysis through

cuts on reconstructed event position. 56

gaseous argon time-projection chamber (GArTPC) A TPC őlled with gaseous argon. 3, 49, 50,

53, 56, 60, 62

Gaseous Argon T0 (GAT0) An Optical TPC demonstrator in Spain. A test stand for ND-GAr R&D.

52, 57

Geant4 A software toolkit for the simulation of the passage of particles through matter using Monte

Carlo (MC) methods. 24

GEM Gaseous electron multiplier. 51, 52, 57

Gas-argon Operation of ALICE TPC (GOAT) A test stand for ND-GAr R&D. 51, 57

GEM Over-pressurized with Reference Gases (GORG) A test stand for ND-GAr R&D. 52, 57

GRAIN In the SAND detector, a small cryostat containing LAr installed upstream of the straw-tube

tracker inside the ECAL. 60

H2 CERN North Area hadron beamline used for ProtoDUNE-DP and SP vertical drift prototypes and

demonstrators. 71

H4 CERN North Area hadron beamline used for ProtoDUNE-SP and ProtoDUNE-SP-II. 71

HNL heavy neutral lepton. 14ś16
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horizontal drift single-phase, horizontal drift LArTPC technology. 17, 19, 73

high-pressure gaseous argon TPC (HPgTPC) A TPC őlled with gaseous argon; a possible compo-

nent of the DUNE ND. 5, 16, 51, 53ś55, 62, 70

high voltage (HV) Generally describes a voltage applied to drive the motion of free electrons through

some media, e.g., LAr. 20, 22, 46, 47, 58, 59, 69

HVFT HV feedthrough. 20

HVPS HV power supply. 20

high voltage system (HVS) The detector subsystem that provides the TPC drift őeld. 20, 21

ICARUS A neutrino experiment that was located at the Laboratori Nazionali del Gran Sasso (LNGS)

in Italy, then refurbished at CERN for re-use in the same neutrino beam from Fermilab used by

the MiniBooNE , MicroBooNE and SBND experiments at Fermilab. 5, 17, 36

KLOE KLOE is a 𝑒+𝑒− collider detector spectrometer operated at DAFNE, the 𝜙-meson factory at

Frascati, Rome. In DUNE it will consist of a 26 cm Pb+scintillating őber ECAL surrounding

a cylindrical open detector region that is 4.00 m in diameter and 4.30 m long. The ECAL

and detector region are embedded in a 0.6 T magnetic őeld created by a 4.86 m diameter

superconducting coil and a 475 tonne iron yoke. 60

Large Area Picosecond Photo-Detector (LAPPD) A kind of imaging photodetector designed to

provide exquisite time resolution. 39, 57, 58

liquid argon (LAr) Argon in its liquid phase; it is a cryogenic liquid with a boiling point of 87 K and

density of 1.4 g/ml. 1ś6, 9, 17, 22, 24ś26, 30ś32, 35ś40, 43, 45ś47, 56, 59, 60, 63, 64, 68, 71,

73, 74

LArASIC A 16-channel FE ASIC that provides signal ampliőcation and pulse shaping. 25

LArIAT The repurposed ArgoNeuT LArTPC, modiőed for use in a charged particle beam, dedicated

to the calibration and precise characterization of the output response of these detectors. 37

LArPix ASIC pixelated charge readout for a TPC. 26ś28, 33, 34, 44ś47, 70

liquid-argon time-projection chamber (LArTPC) A TPC őlled with liquid argon; the basis for the

DUNE FD modules. 2, 5, 9ś12, 14, 22, 26ś30, 32ś37, 45ś47, 49, 50, 59, 65ś71, 73, 74

long-baseline (LBL) Refers to the distance between the neutrino source and the FD. It can also refer

to the distance between the near and far detectors. The łlongž designation is an approximate and

relative distinction. For DUNE, this distance (between Fermilab and SURF) is approximately

1300 km. 7
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Long-Baseline Neutrino Facility (LBNF) Long-Baseline Neutrino Facility; refers to the facilities

that support the experiment including in-kind contributions under the line-item project. The

portion of LBNF/DUNE-US responsible for developing the neutrino beam, the far site cryostats,

and far and near site cryogenics systems, and the conventional facilities, including the excavations.

2ś4, 14, 16, 59, 68, 71

LBNF and DUNE enterprise (LBNF/DUNE) Long-Baseline Neutrino Facility/Deep Underground

Neutrino Experiment; refers to the overall enterprise or program including LBNF/DUNE-US,

participating international projects, and the DUNE experiment and collaboration. 70

LBNF/DUNE Construction Project The international project to design and build the facilities and

detectors for the LBNF and DUNE enterprise (LBNF/DUNE); it includes the LBNF/DUNE-

US and projects at multiple international partners to manage the contributions from non-US

institutions and funding agencies to design, build, and install the detector components. 3, 16

LBNF/DUNE-US Long-Baseline Neutrino Facility/Deep Underground Neutrino Experiment Ð

United States; project to design and build the conventional and beamline facilities and the DOE

contributions to the detectors. It is organized as a DOE/Fermilab project and incorporates

contributions to the facilities from international partners. It also acts as host for the installation

and integration of the DUNE detectors. 3, 4, 69ś71, 74

Lawrence Berkeley National Laboratory (LBNL) US national laboratory in Berkeley, CA. 40

light yield detected photons per unit deposited energy. 24, 25

LightPix Low-power, cryogenic-compatible and scalable SiPM readout electronics based on the

LArPix ASIC. 32ś34, 44ś46

Monte Carlo (MC) Refers to a method of numerical integration that entails the statistical sampling

of the integrand function. Forms the basis for some types of detector and physics simulations.

68

MCND More Capable Near Detector. 5, 8, 9

MicroBooNE A LArTPC neutrino oscillation experiment at Fermilab. 5, 17, 69

MiniBooNE The Mini Booster Neutrino Experiment, at Fermilab , was designed to fully explore the

LSND result. 69

Module 0 The őnal pre-production instance of a detector; for the DUNE s, the s in the 800 t cryostats

in NP02 and NP04 serve this purpose. 65, 72

Metalśoxideśsemiconductor őeld-effect transistor (MOSFET) A type of őeld-effect transistor. 28

multi-purpose detector (MPD) A component of the near detector conceptual design; it is a magne-

tized system consisting of a HPgTPC and a surrounding ECAL. 73

Mikheyev-Smirnov-Wolfenstein effect (MSW) Explains the oscillatory behavior of neutrinos pro-

duced inside the sun as they traverse the solar matter. 13, 38

ś 70 ś



2
0
2
4
 
J
I
N
S
T
 
1
9
 
P
1
2
0
0
5

neutral current (NC) Refers to an interaction between elementary particles where a neutrally charged

weak force carrier (𝑍0) is exchanged. 12

near detector (ND) Refers to the collection of DUNE detector components installed close to the

neutrino source at Fermilab; also a subproject of LBNF/DUNE-US that includes installation,

infrastructure, and the cryogenics systems for this detector. 1ś5, 7ś9, 14, 15, 17, 27, 28, 47ś49,

52, 54ś57, 59, 60, 62, 63, 65, 68

ND-GAr component of the near detector with a core gaseous argon TPC surrounded by an ECAL

and a magnet. 5, 14ś16, 49ś52, 54, 55, 57, 58, 68, 73

ND-LAr LArTPC component of the near detector based on ArgonCube technology. 3ś5, 9, 16, 26,

47ś50, 54, 55, 59, 60, 62

NP02 The CERN North Area in Experiment Hall North One (EHN1) intersected by the H2 hadron

beamline, the location of the 800 t cryostat used for ProtoDUNE-DP and for SP vertical drift

tests and prototypes; also used to refer to the 800 t cryostat in this area. 32, 67, 70, 72

NP04 The CERN North Area in EHN1 intersected by the H4 hadron beamline, the location of

ProtoDUNE-SP and ProtoDUNE-SP-II; also used to refer to the 800 t cryostat in this area. 67,

70, 72

PCB printed circuit board. 2, 3, 18, 19, 24ś26, 28, 32, 35, 44, 45, 66, 71

PCB panel In the SP vertical drift design, one of four PCBs of size 1.5 × 1.7,̇m assembled into a

CRU. 66

photon detector (PD) The detector elements involved in measurement of the number and arrival

times of optical photons produced in a detector module. 21ś25, 44, 45

PDE photon detection efficiency. 24, 32, 60

photon detection system (PDS) The detector subsystem sensitive to light produced in the LAr. 13,

20, 21, 23ś25, 34, 45, 50, 65

photoelectron (PE) An electron ejected from the surface of a material by the photoelectric effect. 24

PEEK Polyether ether ketone, a colorless organic thermoplastic polymer. 25

particle ID (PID) Particle identiőcation. 3, 37, 48

Proton Improvement Plan II (PIP-II) A Fermilab project for improving the protons on target

delivered delivered by the LBNF neutrino production beam. This is version two of this plan and

it is planned to be followed by a PIP-III. 4

power-over-őber (PoF) a technology in which a őber optic cable carries optical power, which is used

as an energy source rather than, or as well as, carrying data; this allows a device to be remotely

powered, while providing electrical isolation between the device and the power supply. 21ś23,

25, 45
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protons on target (POT) Typically used as a unit of normalization for the number of protons striking

the neutrino production target. 7, 15, 61

parts per million (ppm) A concentration equal to one part in 106. 35ś37, 45

ProtoDUNE Either of the two initial DUNE prototype detectors constructed at CERN. One prototype

implemented SP technology and the other DP. 25, 65, 67, 72

ProtoDUNE-DP The DP ProtoDUNE detector constructed at CERN in NP02. 17, 68, 71

ProtoDUNE-II ProtoDUNE test runs at CERN in 2022-2023; also called Module 0. 72

ProtoDUNE-II The second run of a ProtoDUNE detector. 70

ProtoDUNE-SP The FD1-HD ProtoDUNE detector constructed at CERN in NP04. 5, 17, 36, 68, 71

ProtoDUNE-SP-II A second test run in the single-phase ProtoDUNE test stand at CERN, acting as a

validation of the őnal single-phase detector design. 68, 71

ProtoDUNE-VD ProtoDUNE with vertical drift technology. This refers to the CRP-based prototype

to run in NP02 (in the ProtoDUNE-II phase). 5, 17, 25, 44, 46

Q-Pix A pixel-based, 3D, readout technology based on a continuously integrating low-power charge-

sensitive ampliőer viewed by a Schmitt trigger. 26ś30, 34, 44ś47, 72

Q-Pix Light Imaging in Liquid Argon (Q-Pix-LILAr) A Q-Pix pixel coated with a type of photo-

conductive material, to perform integrated charge/light readout on the anode. 32, 34, 44ś46

quality assurance (QA) The process of ensuring that the quality of each element meets requirements

during design and development, and to detect and correct poor results prior to production. 19

quality control (QC) The process (e.g., inspection, testing, measurements) of ensuring that each

manufactured element meets its quality requirements prior to assembly or installation. 19

RDC Detector R&D collaborations. 5

RHC reverse horn current (𝜈𝜇 → 𝜈𝜇 mode). 61

System for on-Axis Neutrino Detection (SAND) The beam monitor component of the near detector

that remains on-axis at all times and serves as a dedicated neutrino spectrum monitor. 4, 5,

47ś50, 55, 56, 59ś61, 68, 73

SBND The Short-Baseline Near Detector experiment at Fermilab. 5, 69

secondary DAQ buffer A secondary DAQ buffer holds a small subset of the full rate as selected by a

trigger command. This buffer also marks the interface with the DUNE Offline. 66

signal feedthrough chimney (SFT chimney) A volume above the cryostat penetration used for a

signal feedthrough. 19
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silicon photomultiplier (SiPM) A solid-state avalanche photodiode sensitive to single photoelectron

signals. 12, 14, 21ś24, 32ś34, 42ś45, 53, 54, 57, 58, 60, 65, 70

Sanford Underground Low background Module (SLoMo) A dedicated low background far detec-

tor module that would enhance the physics program of DUNE. 42, 43

Standard Model (SM) Refers to a theory describing the interaction of elementary particles. 15

supernova neutrino burst (SNB) A prompt increase in the ŕux of low-energy neutrinos emitted in

the őrst few seconds of a CCSN. It can also refer to a trigger command type that may be due to

this phenomenon, or detector conditions that mimic its interaction signature. 1, 3, 9ś12, 17, 30,

35, 38, 40, 73

SuperNova Early Warning System (SNEWS) A global supernova neutrino burst trigger formed by

a coincidence of SNB triggers collected from participating experiments. 10

signal-over-őber (SoF) a technology in which a őber optic cable carries detector output that has

been converted from an electrical to an optical pulse. 21ś23, 25, 45

Solar neutrinos in Liquid Argon (SoLAr) A new concept for a liquid-argon neutrino detector

technology to extend the sensitivities of these devices to the MeV energy range. 32ś34, 44ś47

single-phase (SP) Distinguishes a LArTPC technology by the fact that it operates using argon in its

liquid phase only; a legacy DUNE term now replaced by horizontal drift and vertical drift. 17,

72

Solenoid with Partial return Yoke (SPY) Magnet concept currently envisaged to magnetize ND-

GAr. 54ś56

Straw Tube Tracker (STT) Target/tracker system that is part of the SAND near detector. 60, 61

Sanford Underground Research Facility (SURF) SURF is an underground laboratory in Lead,

South Dakota, where the DUNE FD will be installed and operated. It is the deepest underground

laboratory in the United States. 1, 25, 40, 67, 69

T2K T2K (Tokai to Kamioka) is a long-baseline neutrino experiment in Japan studying neutrino

oscillations. 53, 64

TDE top detector electronics. 19

Thick GEM (THGEM) High-gain gaseous electron multiplier. 30ś32, 44, 52, 57, 58

Tetra-methyl-germanium (TMG) A photosensitive hydrocarbon capable of converting VUV scin-

tillation light into ionization charge in a LAr detector. 36

Muon Spectrometer (TMS) A muon spectrometer for the Near Detector that will be installed for the

initial running period of DUNE, before the multi-purpose detector (MPD) detector component

is ready. 3, 5, 9, 16, 47ś49, 62
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Test stand of an Overpressure Argon Detector (TOAD) A test of a high-pressure gaseous argon

TPC in the Fermilab Test Beam Facility FTBF. 51, 57

tetra-phenyl butadiene (TPB) A WLS material. 30

time projection chamber (TPC) Depending on context: (1) A type of particle detector that uses an

𝐸 őeld together with a sensitive volume of gas or liquid, e.g., LAr, to perform a 3D reconstruction

of a particle trajectory or interaction. The activity is recorded by digitizing the waveforms of

current induced on the anode as the distribution of ionization charge passes by or is collected on

the electrode. (2) TPC is also used in LBNF/DUNE-US for łtotal project costž. 5, 34, 36, 46,

68, 69, 71

trigger candidate Summary information derived from the full data stream and representing a

contribution toward forming a trigger decision. 74

trigger command Information derived from one or more s that directs elements of a far detector

module to read out a portion of the data stream. 72, 74

trigger decision The process by which trigger candidates are converted into trigger commands. 66,

74

Technology Readiness Level (TRL) A method for estimating the maturity of technologies. 44

vertical drift single-phase, vertical drift LArTPC technology. 2, 5, 17, 18, 22, 25, 27, 42, 45, 47, 73

VUV vacuum ultra-violet. 30, 32ś34, 36, 44, 60, 73

Water-based Liquid Scintillator (WbLS) A scintillating material consisting of water loaded with

liquid scintillator. 39, 63

Water-based Near Detector (WbND) A possible DUNE Phase II near detector sub-system employ-

ing water as neutrino target. 62, 63

weakly-interacting massive particle (WIMP) A hypothesized particle that may be a component of

dark matter. 10, 13, 14, 43

wavelength-shifting (WLS) A material or process by which incident photons are absorbed by a

material and photons are emitted at a different, typically longer, wavelength. 21, 23, 24, 53, 73,

74

X-ARAPUCA Extended ARAPUCA design with WLS coating on only the external face of the

dichroic őlter window(s) but with a WLS doped plate inside the cell. 20ś24, 33, 45, 46
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