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5W1H: What, when, 
where and who



The Deep Underground Neutrino Experiment (DUNE) is an upcoming long-
baseline neutrino oscillation experiment under construction in the United States.
It will consist of three new systems:


• a new MW-scale neutrino beamline (LBNF);

• a high-resolution, high-rate near detector (ND);

• a far detector (FD) comprising four 17-kiloton liquid argon TPC modules.
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The science program of DUNE covers three major areas:

• Long-baseline neutrino oscillations.

• Neutrino astrophysics.

• Searches for phenomena beyond the Standard Model (BSM).
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The experiment will be built in two phases:

• Phase I ready by ~2032.


- Up to 1.2 MW beam power; 2 FD modules; basic ND (NDLAr).

• Phase II ready before 2040.


- 2.4 MW beam power; 4 FD modules; more capable ND (NDLAr+NDGAr).
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Fermi National Accelerator Laboratory
(Batavia, Illinois)



Fermi National Accelerator Laboratory
(Batavia, Illinois)

Sanford Underground Research Facility
(Lead, South Dakota)
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DUNE is an international effort that comprises more than 1,000 collaborators from 
over 200 institutions in over 30 countries (plus CERN).


Six institutions in Spain: CIEMAT, U. Granada, IFIC, IFT, IGFAE, U. Vigo.



5W1H: Why
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Motivations

Neutrinos are the most abundant matter particles in the universe but the least 
understood.


In the Standard Model, neutrinos are massless particles. Neutrino masses are thus 
the first direct evidence of new physics.


Understanding the origin and nature of neutrino masses may pave the way to a more 
complete theory beyond the Standard Model.
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The known unknowns

We know neutrinos oscillate… but what is the origin of neutrino mixing? Is there an 
underlying flavour symmetry?


We know neutrinos have mass… but what is the origin of neutrino mass? Why are the 
neutrinos so light?


We know there are at least three neutrino states… but are there exactly three? Is the 
νSM complete? Is the PMNS matrix unitary?


We know there is a baryon asymmetry… but is leptogenesis a viable explanation?
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Neutrino mixing
13

Oscillation experiments established that neutrinos are massive particles and that the neutrino states 
participating in the weak interaction (flavour eigenstates) are different from the states controlling 
free-particle evolution (mass eigenstates). 



Neutrino mixing circa 2022
14

The mixing matrix we parametrize as:
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where cij ⌘ cos ✓ij and sij ⌘ sin ✓ij . The angles ✓ij can be taken without loss of generality

to lie in the first quadrant, ✓ij 2 [0,⇡/2], and the phase �CP 2 [0, 2⇡]. Values of �CP

di↵erent from 0 and ⇡ imply CP violation in neutrino oscillations in vacuum [5–7]. P is a

diagonal matrix which is the identity if neutrinos are Dirac fermions and it contains two

additional phases, P = diag(ei↵1 , ei↵2 , 1), if they are Majorana fermions. The Majorana

phases ↵1 and ↵2 play no role in neutrino oscillations [6, 8].

In this convention there are two non-equivalent orderings for the neutrino masses,

namely normal ordering (NO) with m1 < m2 < m3, and inverted ordering (IO) with

m3 < m1 < m2. Furthermore the data show a hierarchy between the mass splittings,

�m2
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32| with �m2

ij ⌘ m2
i �m2

j . In this work we follow the convention

from Ref. [9] and present our results for both, NO and IO, using the smallest and largest

mass splittings. The smallest one is always �m2
21, while the largest one we denote by

�m2
3`, with ` = 1 for NO and ` = 2 for IO. Hence,

�m2
3` =

(
�m2

31 > 0 for NO ,

�m2
32 < 0 for IO .

(1.3)

Due to the wealth of experiments exploring neutrino oscillations, we are in the situa-

tion that a given parameter is determined by several measurements. Therefore, combined

analyses such as the one presented below are an important tool to extract the full infor-

mation on neutrino oscillation parameters. This is especially true for open questions, such

as the octant of ✓23, the type of the neutrino mass ordering, and the status of the complex

phase �CP, where some hints are emerging due to significant synergies between di↵erent

experiments. However, also for parameters describing dominant oscillations, a significantly

more accurate determination emerges by the combination of complementary data sets, such

as for example for |�m2
3`|.

We present below the global fit NuFIT-4.0, updating our previous analyses [9–11]. ��2

maps and future updates of this analysis will be made available at the NuFIT website [12].

For other recent global fits see [13, 14].

2 Global analysis: determination of oscillation parameters

2.1 Data samples analyzed

The analysis presented below uses data available up to fall 2018. A complete list of the

used data including references can be found in appendix A. Here we give a brief overview

of recent updates and mention changes with respect to our previous analysis [11].

We include latest data from the MINOS [15, 16], T2K [17, 18], and NOvA [19, 20]

long-baseline accelerator experiments from ⌫µ disappearance and ⌫µ ! ⌫e appearance
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CP violation
15

A new source of CP violation is required to explain the matter-antimatter 
asymmetry observed in our universe.

Leptogenesis is a popular solution for the problem, but we need to find first any 
leptonic CPV. 

FIG. 8: ��
2 profiles for � obtained from the analysis of NO⌫A (red), T2K (blue), all long-baseline data

(black) and from the global fit (green).

arises between the determinations of � obtained from T2K and NO⌫A data‡‡. Indeed, the analysis

of NO⌫A results shows a preference for � ⇡ 0.8⇡, disfavoring the region around � ⇡ 1.5⇡, where

the best fit value for T2K is found. This does not happen for inverted ordering (right panel), for

which NO⌫A shows better sensitivity to � and also an excellent agreement with T2K. Note that

this behavior is due to the antineutrino data sample collected by NO⌫A, and it is the reason why

our sensitivity to � in the current global fit is worse than it was in Ref. [1]. The inclusion of reactor

data can help to improve the determination of �, due to the existing correlation between the CP

phase and ✓13. This is illustrated in Fig. 6 and in the upper panels of Fig. 9. From the global

combination, we obtain the best fit value for the CP phase at � = 1.08⇡ (1.58⇡) for NO (IO). The

CP-conserving value � = 0 is disfavored with ��
2 = 9.1 (11.3). However, the other CP-conserving

value, � = ⇡, remains allowed with ��
2 = 0.4 in NO, while it is excluded with ��

2 = 14.6 in IO.

D. The neutrino mass ordering

Finally, in this subsection, we present the results of our present analysis on the neutrino mass

ordering issue. Combining all neutrino oscillation data, we obtain a preference for normal mass

ordering with respect to the inverted one with a value of ��
2 = 6.4. This corresponds to a 2.5�

preference in favor of NO. This preference comes from several contributions, which we shall discuss

in the following. Our independent analyses of NO⌫A and T2K data do not show a particular

preference for any mass ordering, since we obtain ��
2 ⇡ 0.4 in favor of NO in both cases. Such a

small value is expected, due to the rather small matter e↵ects present in the neutrino propagation

over the corresponding baselines. However, after combining all the long-baseline accelerator data,

we find that IO is preferred with 2.4 units in ��
2. This result appears as a consequence of the

tension in the measurement of � by T2K and NO⌫A, as discussed in the previous subsection. Since

the tension appears only in normal ordering, the minimum �
2 from the combined long-baseline

‡‡ This tension has been recently discussed in Refs. [9] and [83].
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Lepton mass spectrum
16

Mass (eV)

-410 -210 1 210 410 610 810 1010 1210

M
at

te
r G

en
er

at
io

n

1

2

3

e

µ

τ

u

c

t

d

s

b

1ν

2ν

3ν



(A parenthesis)

Neutrino oscillation experiments cannot address on their own every outstanding 
issue in neutrino physics. 


For example, double beta decay experiments are needed to answer whether 
neutrinos are Majorana particles (i.e. whether neutrinos and antineutrinos are the 
same particle). IFIC is involved in one of such experiments:

17
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5W1H: How



Oscillation experiments 101
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νμ νe,μ,τ

Near Detector Far Detector

(Hundreds of km)
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In a real experiment, perfect cancellations never occur (e.g. ND and FD may have different 
acceptances or even different target materials), complicating notably the above picture.

Oscillation experiments 101
21

νμ νe,μ,τ

Near Detector Far Detector

(Hundreds of km)

NND(E⌫) = " �ND(E⌫) �(E⌫)

NFD(E⌫) = " Posc(E⌫) �FD(E⌫) �(E⌫)

Posc(E⌫) =
�ND(E⌫)

�FD(E⌫)

NFD(E⌫)

NND(E⌫)



Oscillation experiments 101
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νμ νe,μ,τ

Near Detector Far Detector

(Hundreds of km)

P(νμ → νμ) ≃ 1 − sin2(2θ23) sin2(Δm2
32L/4E)

Muon-neutrino disappearance (to leading order):

Electron-neutrino appearance (plus potentially large CPV and matter effects):

P(νμ → νe) ≃ sin2(θ23) sin2(2θ13) sin2(Δm2
32L/4E)



In principle, it is straightforward: just measure the difference in oscillation rates 
between neutrinos and antineutrinos. However, matter effects complicate the picture: 
even in the absence of CPV, neutrinos and antineutrinos have different rates.

Measuring CP violation
23

Matter Effects

8.12.158 Mark Thomson | DUNE
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Measuring CP violation
24

Either keep baseline short (~200 km) so that matter effects are insignificant:


• To maximize signal: 


• Since cross section is proportional to neutrino energy, need a high flux at oscillation 
maximum ➞ use off-axis, narrow-energy beam.


Or make baseline long (>1000 km) and measure matter effects (and mass ordering):


• To maximize signal: 


• Unfold CPV from matter effects using energy dependence ➞ use on-axis, wide-band 
neutrino beam.

(Δm2L/4E) ∼ π/2 → Eν < 1 GeV

(Δm2L/4E) ∼ π/2 → Eν > 2 GeV
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DUNE measurement strategy

Precise measurement of all parameters that 
govern long-baseline oscillations  and  

 , including the still-unmeasured CP-
violation phase.


Effect of mass ordering, CP violation, θ23 octant 
have different shape as a function of L/E. 
Measuring oscillations over a wide energy range 
helps resolve degeneracies.


This is unique to DUNE, and complementary to 
other experiments with narrow flux spectra.

νμ → νμ,e
νμ → νμ,e
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LBNF neutrino beam
26

It will use protons (60–120 GeV) from Fermilab’s Main 
Injector with an initial power of 1.2 MW (~1021 POT/yr), 
upgradeable later to 2.4 MW.


The wide-band beam enables the use of the 1st and 2nd 
oscillation maxima and enhances probing of new 
phenomena.



Neutrino cross sections
27

The wide energy range covered by DUNE includes contributions from several 
underlying processes, resulting in a variety of final states.



Liquid argon time projection chambers
28

Fine-grained, 3D images of neutrino interactions.

Low detection thresholds. Close to full acceptance. Particle 
identification based on dE/dx and range.
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The DUNE technology



The near detector
31

Large uncertainties on flux, cross sections and detector 
response will be constrained to the few percent level by the 
ND.

The conceptual design includes three different components:


• NDLAr: 150 t LArTPC with pixelated readout.

• TMS: magnetised muon spectrometer.

• SAND: magnetised tracker and ECAL used as beam 

monitor.

The design includes the possibility of taking data at off-axis 
positions with the Ar TPCs, exposing them to neutrino fluxes 
with different spectra.



The near detector: ND-GAr
32

24

• ND-GAr must be able to detect and measure ⇡0’s, using their decay photons, over the same momen-
tum range as for charged pions.

• ND-GAr must be able to identify electrons, muons, charged pions, charged kaons, and protons.
ND-GAr addresses this requirement using a combination of dE/dx in the HPgTPC, E/p using the
energy measured in the calorimeter, and the momentum measured by magnetic spectroscopy in the
HPgTPC, and by penetration through the calorimeter and muon system.

ND-GAr, because of the calorimeter surrounding its HPgTPC, is also able to characterize the energy carried
by neutrons with kinetic energies in the range 50-700 MeV. This capability, while not a requirement, is
desirable for constraining uncertainties related to the multiplicity and energies of nucleons ejected from the
nucleus during neutrino interactions.

IV. ND-GAR DETECTOR OVERVIEW

The ND-GAr concept is based on a central high-pressure gaseous argon TPC; the HPgTPC is surrounded
by a calorimeter, with both situated in a 0.5 T magnetic field generated by superconducting coils. A muon
system is integrated with the magnet return yoke. A cutaway view of the full ND-GAr system is shown in
Fig. 7.

FIG. 7: 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.

The baseline concept of the ND-GAr HPgTPC is based closely on the design of the ALICE TPC [37].
However, an opportunity exists to reconsider this design This paper focuses on the baseline design in order
to present physics motivations and performance. Future R&D lines aimed at optimizing this design will be
discussed later in the document.

26

FIG. 8: The left image shows the full system, with the magnet return yoke shown in red. The right image
shows a cutaway view of one of the end plates, where some of the “stays” that support the load of the flat

heads are visible.

1. Gas mixture studies
The ALICE TPC baseline gas mixture is Ne/CO2/N2 at near atmospheric pressure. Neon offers a higher
response to ionization than argon (higher avalanche gain) while the combination of a high ion mobility
(stemming from the fact that neon is a light gas) and small ageing effects (through the use of CO2 as
the quenching gas) are crucial choices at the reaction rates typical of LHC operation. When aiming
at high gain operation of argon gas in a low-rate environment, however, an Ar/hydrocarbon-based
mixture is a priori preferred, as was done in PEP-4 (Ar/CH4, 80/20). For ND-GAr, establishing the
optimum quencher concentration will require a balance between the present safety limits of the mixture
(e.g. 8% for CH4), minimizing the number of non-Ar interactions, maintaining good drift-diffusion
characteristics, and allowing sufficient charge gain [25]. A promising R&D line is the addition of
wavelength-shifting species in the gas phase, which would allow time-tagging of that fraction of events
for which the charged-particle content is not energetic enough to be time-tagged in the calorimeter.

2. Light Collection
Primary light production in pure argon in the vacuum ultraviolet (wavelengths <200 nm) is well un-
derstood [40]. In pure argon at a pressure of 10 atm, we estimate that a minimum ionizing particle
will produce approximately 400 photons/cm [41], but in typical gas TPC operation, a quenching gas or
gases are added that either quench or absorb most of the VUV emission. Recent studies have indicated
that with the addition of Xe [42] or CF4 [43] (among possibly other wavelength-shifting species), it is
possible to quench the hard VUV component of argon (thus improving avalanche gain) while produc-
ing light in the visible or near-IR bands. In Ref. [43] in particular, the possibility of producing up to 700
photons/MeV in Ar/CF4 mixtures at 1% molar fraction is shown. With suitable instrumentation (e.g.,
a SiPM plane at the cathode and a teflon reflector in the field cage) about 350 photoelectrons/5MeV
track are anticipated. Utilizing this light would be a novel development for a gaseous argon TPC.

In Phase II, TMS will be replaced by a magnetised 1-tonne argon gas TPC (NDGAr). 
IFIC (together with IGFAE and Vigo) participates in the R&D effort for this detector.



The DUNE far detector
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The DUNE far detector
35

Photon detectors (not shown) collect the scintillation light produced in the interaction to signal the 
start time of the interaction. Ionization electrons produced by interacting particles drift in an electric 
field towards the readout plane (in this case, consisting of three planes of sense wires).

Martín-Albo Part B2 SciLens 
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Figure 2. The general operating principle of a liquid argon time-projection chamber (LArTPC) [6]. Photon detectors (not 
shown) collect the scintillation light (γ) produced in the interaction to signal the start time of the interaction. Ionization 
electrons produced by interacting particles drift in an electric field towards the readout plane (in this case, consisting of 
three planes of sense wires). The right-hand side represents the time projections in two dimensions as the event occurs.  

The DUNE FD will consist of four LArTPCs with a total fiducial mass of at least 40 kilotonnes. Each LArTPC 
will be installed in a cryostat with internal dimensions 14.0 m (W) × 14.1m (H) × 62.0 m (L) that will hold a 
LAr mass of about 17.5 kt. The cryostats will be built at the Sanford Underground Research Facility (SURF) 
at a depth of 4850 ft (1480 m). The modular approach makes possible the underground construction in SURF, 
and also allows for a phased deployment that benefits from the evolution of the LArTPC technology. 

The design of the first FD module (DUNE FD-1) was described in a Technical Design Report completed by 
the DUNE Collaboration in 2020 [19]. The LAr volume will be divided into 4 different drift regions by 
alternating anode and cathode planes, as shown in Figure 3. The maximum drift length will be 3.5 m. The 
anode planes are constructed from 6 m high by 2.3 m wide units, known as anode plane assemblies (APA), 
consisting of three layers of active wires wrapped around a frame. Photon detectors —described in more 
detailed in the next section— will be placed in the inactive space between the innermost wire planes of the 
APAs. Detector construction will start in 2022, and by 2026 the FD-1 will be ready to start data collection. 

The second module of the DUNE FD (DUNE FD-2) represents an opportunity to improve the design with 
respect to the FD-1 by optimizing costs and simplifying the construction and installation while improving, if 
possible, the physics performance. Most of the technological improvements under discussion have arisen from 
the ProtoDUNE programme. Particularly important is the so-called vertical-drift (VD) design [20], illustrated 
in Figure 4. It takes advantage of the outstanding LAr purity demonstrated in ProtoDUNE to double the size 
of the drift regions with respect to the FD-1, thus decreasing the number of readout planes and the overall cost 
of the detector. The electron drift direction is vertical, with two separate drift regions 6.5 m high defined by a 
cathode plane, at mid height in the liquid argon, and readout planes placed at the top and at the bottom. The 
field cage that constrains the electric field runs around the entire cryostat and is placed as near as practical to 
the cryostat walls. The VD design replaces the wire readout planes —whose construction is a time consuming, 
costly, and labour-intensive effort— with perforated printed circuit boards (PCB) with electrode strips on both 
faces. Photon detectors (PD) exploiting the technology developed for the FD-1 are placed on the cathode planes 
and, potentially, on the field cage walls. 

  



The DUNE far detector
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Figure 3. Schematic of the DUNE FD-1 module showing the alternating anode (A) and cathode (C) planes, 58.2 m long 
(into the page) and 12.0 m high, as well as the field cage that surrounds the drift regions between the anode and cathode 
planes. The photon detectors are inserted into the anode planes, in the inactive space between the innermost readout 
wires. Image taken from reference [19]. 

 

 

Figure 4. The vertical-drift design proposed for the DUNE FD-2. Two separate drift volumes 6.5 m are defined by a cathode 
plane at mid height in the LAr and readout planes (perforated PCBs with electrode strips on both faces) at the top and the 
bottom. The photon detectors are installed on the cathode plane and, potentially, on the field-cage walls. Image taken from 
reference [20]. 
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FIG. 2. Next-generation LArTPC concept: a Vertical Drift Solution with PCB based Charge Readout.

The experience accumulated by the DUNE collaboration with the construction, installation and operation of Proto-
DUNE dual-phase together with the ability for long-term operation in single-phase mode, demonstrated with Proto-
DUNE single-phase, represent a solid basis to evolve the design and construction of the far detector elements to a
simplified version optimized for the vertical drift.

The vertical drift is a natural evolution of the dual-phase design by using most of its structural elements such as:
the Charge Readout Planes (CRP), the associated electronics, accessible via the cryostat roof penetrations and the
design and modularity of the field cage, hanging from the cryostat roof and made out of modular elements which
are easy to produce, transport and install. This design aims at simplifying the detector construction and installation
e↵orts and at reducing the overall detector costs compared to a classical single-phase design, based on large size
Anode Wire Planes Assembly (APAs). The name “vertical drift” is derived from the geometrical arrangement of the
dual-phase charge readout elements which implies collecting the electrons drifting along the vertical detector axis.

In the present vertical drift design, the main di↵erence with respect to the dual-phase design is represented by
the removal of the extraction stage to the gas phase and the subsequent charge amplification stage. This change
eliminates the grid immersed in the liquid and biased at high voltage in order to define the field needed to transfer
the electrons from the liquid to the gas phase and the Large Electron Multipliers (LEM) used to amplify the signal.

The vertical drift CRP keeps the concept of charge readout performed with strips implemented on segmented PCB
anodes. In the reference vertical drift design with two readout views, the two faces of an anode PCB are segmented
in sets of strips running in perpendicular directions. This PCB design is similar to the dual-phase anode, with the
exception that in a dual-phase anode the strips must be implemented on the same side of the PCB, the one facing
the drift volume. For the dual-phase anode, having the two views implemented on the same PCB face implies a
complicated pattern of tracks and vias in a multi-layer PCB. This pattern constitutes the strips surface and defines
overlapping orthogonal strips of 3.1mm width, while keeping them electrically insulated. The pattern of tracks must
in this case also guarantee an even response of the two views, which are both operating in collection mode, sharing
the charge signal in two equal parts.

In the vertical drift reference design the anode PCB is simpler: two set of strips of 5.2mm width, running in
orthogonal directions, are printed on the opposite faces of the same PCB. The anode PCB operates completely
immersed in LAr, as for a single-phase APAs. The PCB has a pattern of holes, similar to the one of the dual-phase
LEM but of larger diameter. The holes allow the electrons to move across the PCB and reach the collection strips on
its top side. The first set of strips see induced signals while the top strips collect the electrons. A potential di↵erence
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planes. The photon detectors are inserted into the anode planes, in the inactive space between the innermost readout 
wires. Image taken from reference [19]. 

 

 

Figure 4. The vertical-drift design proposed for the DUNE FD-2. Two separate drift volumes 6.5 m are defined by a cathode 
plane at mid height in the LAr and readout planes (perforated PCBs with electrode strips on both faces) at the top and the 
bottom. The photon detectors are installed on the cathode plane and, potentially, on the field-cage walls. Image taken from 
reference [20]. 
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FIG. 2. Next-generation LArTPC concept: a Vertical Drift Solution with PCB based Charge Readout.

The experience accumulated by the DUNE collaboration with the construction, installation and operation of Proto-
DUNE dual-phase together with the ability for long-term operation in single-phase mode, demonstrated with Proto-
DUNE single-phase, represent a solid basis to evolve the design and construction of the far detector elements to a
simplified version optimized for the vertical drift.

The vertical drift is a natural evolution of the dual-phase design by using most of its structural elements such as:
the Charge Readout Planes (CRP), the associated electronics, accessible via the cryostat roof penetrations and the
design and modularity of the field cage, hanging from the cryostat roof and made out of modular elements which
are easy to produce, transport and install. This design aims at simplifying the detector construction and installation
e↵orts and at reducing the overall detector costs compared to a classical single-phase design, based on large size
Anode Wire Planes Assembly (APAs). The name “vertical drift” is derived from the geometrical arrangement of the
dual-phase charge readout elements which implies collecting the electrons drifting along the vertical detector axis.

In the present vertical drift design, the main di↵erence with respect to the dual-phase design is represented by
the removal of the extraction stage to the gas phase and the subsequent charge amplification stage. This change
eliminates the grid immersed in the liquid and biased at high voltage in order to define the field needed to transfer
the electrons from the liquid to the gas phase and the Large Electron Multipliers (LEM) used to amplify the signal.

The vertical drift CRP keeps the concept of charge readout performed with strips implemented on segmented PCB
anodes. In the reference vertical drift design with two readout views, the two faces of an anode PCB are segmented
in sets of strips running in perpendicular directions. This PCB design is similar to the dual-phase anode, with the
exception that in a dual-phase anode the strips must be implemented on the same side of the PCB, the one facing
the drift volume. For the dual-phase anode, having the two views implemented on the same PCB face implies a
complicated pattern of tracks and vias in a multi-layer PCB. This pattern constitutes the strips surface and defines
overlapping orthogonal strips of 3.1mm width, while keeping them electrically insulated. The pattern of tracks must
in this case also guarantee an even response of the two views, which are both operating in collection mode, sharing
the charge signal in two equal parts.

In the vertical drift reference design the anode PCB is simpler: two set of strips of 5.2mm width, running in
orthogonal directions, are printed on the opposite faces of the same PCB. The anode PCB operates completely
immersed in LAr, as for a single-phase APAs. The PCB has a pattern of holes, similar to the one of the dual-phase
LEM but of larger diameter. The holes allow the electrons to move across the PCB and reach the collection strips on
its top side. The first set of strips see induced signals while the top strips collect the electrons. A potential di↵erence

FD-1: Horizontal drift FD-2: Vertical drift

The four DUNE modules are not a clone of a single system because they reap the advances 
of the R&D that is ongoing (as soon as it is mature for a large-scale implementation).
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a.5. The DUNE FD Photon Detection System 

Liquid argon is an excellent scintillator, emitting about 24000 photons/MeV when excited by minimum 
ionizing particles in the presence of the typical electric field (~500 V/cm) used in the DUNE LArTPCs. The 
scintillation photons are emitted in a 10-nm band centred around 128 nm, in the vacuum ultraviolet (VUV) 
region of the spectrum. The emission has a fast component with a characteristic time of the order of 6 ns, and 
a slow one with a decay time of 1.5 μs. The relative intensity of the fast versus the slow component is related 
to the ionization density of LAr and depends on the identity of the ionizing particle: 0.3 for electrons, 1.3 for 
alpha particles and 3 for neutrons. 

The detection of the scintillation signal in the DUNE FD is crucial for non-beam events, as it provides the 
absolute timing (t0) necessary to unambiguously position reconstructed tracks along the drift coordinate. 
Without a t0 it is impossible to determine whether a non-beam event (e.g., a proton-decay candidate) was fully 
contained in the detector volume or associated with activity from the outside. Determining t0 also allows the 
energy reconstructed by the TPC to be corrected for ionization charge lost due to electron capture and other 
drift effects. The scintillation can also be used for triggering and for event calorimetry, working as a 
crosscheck of the energy measured with the ionization or even improving the energy resolution when both 
measurements are used together. 

In the DUNE FD, the scintillation photons are collected by devices called X-ARAPUCAs [21]. Their working 
principle is illustrated in Figure 5 (left panel). A dichroic short-pass optical filter forms the entrance window 
of the device. These commercially-available interference filters consist of multi-layer thin films that are highly 
transparent to photons with wavelength in the range between the VUV and a cut-off, yet almost perfectly 
reflective to photons with wavelength above the cut-off. The external face of the dichroic filter is coated with 
a wavelength-shifting (WLS) coating (e.g., p-Terphenyl) that absorbs the VUV photons from LAr and re-emits 
them with an emission wavelength less than the cut-off wavelength of the filter. Inside the X-ARAPUCA, 
there is a wavelength-shifter-doped polystyrene light guide with silicon photomultipliers (SiPMs) mounted 
along two of its sides. Photons entering the light guide are absorbed in the light guide and wavelength-shifted 
with high efficiency, and a fraction of them (those incident on the surface at angles greater than the critical 
angle) are transported to the photosensors via total internal reflection. The LAr gaps surrounding the light 
guide ensure the discontinuity of the refractive index (n=1.58 for polystyrene and 1.24 for LAr at the emission 
wavelength of the WLS light guide) that contributes to effective trapping of the photons. The photons exiting 
the light guide reflect off the dichroic filter or other highly reflecting surfaces of the X-ARAPUCA, with some 
fraction eventually incident on a SiPM. 

The basic unit of the photon detection system (PDS) in the FD-1 design is the so-called X-ARAPUCA 
supercell (see right panel of Figure 5), with approximate dimensions 490 × 12 cm2. Each of the longer sides is 
equipped with 24 SiPMs of 6 × 6 mm2 active area. The signals of the 48 SiPMs in a supercell are ganged 
together and read-out as a single electronic channel. Four supercells are connected through their shorter sides 
into a module that spans the width of an APA, with 10 of those modules evenly distributed along the APA 
height (see Figure 3). 

  
Figure 5. Left: Schematic representation of the operating principle of the X-ARAPUCA photon detector. Right: Exploded 
view of the different elements that form an FD-1 supercell. Both images taken from reference [19]. 

PTP
Dichroic Filter

LAr

LAr

WLS plate

Charged particle

liquid argon 
scintillation 

light

127 nm

350 nm

430 nm

Si
PM

Not to scale.

Reflective surface

The PDS —based on the X-ARAPUCA concept— is the main area of involvement of 
IFIC (and the other Spanish groups) in the construction of the DUNE FD.
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https://www.phy.bnl.gov/twister/bee/set/protodune-gallery/event/1/
https://www.phy.bnl.gov/twister/bee/set/protodune-gallery/event/1/
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Sensitivity to mass ordering
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FIG. 3. Sensitivity to the neutrino mass ordering (left) and CP violation (right) as a function of the true

value of �CP for several exposures (top) or as a function of exposure in kt-MW-years (bottom), with the

Phase II near detector. For the top plots, the solid line shows the median sensitivity while the width of

the band represents 68% of variations of statistics, systematics, and oscillation parameters. In the bottom

plots, only the Asimov sensitivity is considered and the width of the bands represents the di↵erence between

the nominal analysis, which uses the external constraint from reactor antineutrino experiments on sin2 ✓13,

and an analysis without this constraint. Curves are shown for maximal CP violation (�CP = �⇡/2) and for

di↵erent fractions of �CP values.

DUNE’s precision measurement program, including significant sensitivity to CP violation for a

wide range of �CP values, relies upon control of systematic uncertainties, which is largely achieved

using near detector measurements. For this reason, care has been taken to implement a sophis-

ticated treatment of systematic uncertainties in the sensitivity studies presented here, which ex-
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Sensitivity to CPV
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Discovery sensitivity to CP violation over a broad range of possible values; 6°–16° 
resolution to δCP without dependence on other experiments.
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Sterile neutrino mixing

45

Sterile (right-handed) neutrinos are a prediction of many BSM 
models explaining the origin of neutrino masses.

Oscillations between active and new light sterile neutrino 
states would distort the standard oscillation probabilities (see 
plots).

DUNE will be sensitive to this effect through the combined 
analysis of the νµ and νe spectra from both the near and far 
detectors. The wide span of neutrino energies from LBNF 
beam enables probes over large regions of parameter space.
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Sterile neutrino mixing
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Fig. 2 The top plot shows the DUNE sensitivities to θ14 from the νe CC
samples at the ND and FD, along with a comparison with the combined
reactor result from Daya Bay and Bugey-3. The bottom plot is adapted
from Ref. [18] and displays sensitivities to θ24 using the νµ CC and NC
samples at both detectors, along with a comparison with previous and
existing experiments. In both cases, regions to the right of the contours
are excluded

these limits become |Uµ4|2 < 0.001 (0.068) and |Uτ4|2 <

0.067 (0.186) at the 90% CL, where we conservatively
assume cos2 θ14 = 1 in both cases, and additionally
cos2 θ24 = 1 in the second case.

Finally, sensitivity to the θµe effective mixing angle,
defined as sin2 2θµe ≡ 4|Ue4|2|Uµ4|2 = sin2 2θ14 sin2 θ24,
is shown in Fig. 4, which also displays a comparison with the
allowed regions from the Liquid Scintillator Neutrino Detec-
tor (LSND) and MiniBooNE, as well as with present con-
straints and projected constraints from the Fermilab Short-
Baseline Neutrino (SBN) program.

As an illustration, Fig. 4 also shows DUNE’s discovery
potential for a scenario with one sterile neutrino governed by
the LSND best-fit parameters:(
∆m2

41 = 1.2 eV2; sin2 2θµe = 0.003
)

[19]. A small 90%
CL allowed region is obtained, which can be compared with
the LSND allowed region in the same figure.

Fig. 3 Comparison of the DUNE sensitivity to θ34 using the NC sam-
ples at the ND and FD with previous and existing experiments. Regions
to the right of the contour are excluded

Fig. 4 DUNE sensitivities to θµe from the appearance and disappear-
ance samples at the ND and FD are shown on the top plot, along with a
comparison with previous existing experiments and the sensitivity from
the future SBN program. Regions to the right of the DUNE contours
are excluded. The plot is adapted from Ref. [18]. In the bottom plot, the
ellipse displays the DUNE discovery potential assuming θµe and ∆m2

41
set at the best-fit point determined by LSND [19] (represented by the
star) for the best-case scenario referenced in the text
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Assuming 300 kton MW yr exposure (staged 7 year 
running) for 3+1 model with oscillations in ND and FD:


•On its own, DUNE can potentially probe the sterile 
mixing parameter space at same level or better  than 
present and future experiments.


•Sensitivities include normalization-only systematics, so 
the two DUNE lines represent best (black) and worst 
(grey) scenarios.
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Astroparticle events in DUNE
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Supernova neutrinos
48

DUNE has unique sensitivity to supernova 
electron neutrinos (dominant emission during 
neutronization burst), complementary with other 
sensitive large detectors.


Hundreds to thousands of neutrinos from 
galactic SNB.


Measurement of the time and energy 
distribution informs supernova modelling.
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Figure 1. Schematic view of relevant processes that might happen at a BDF and can be comput-
ed/simulated within MG5aMC.

The aim of this paper is to provide an implementation that allows the simulation of

the complete chain of subprocesses, from the production to the final detection at a BDF

in one go. Our starting point are FeynRules [15–17] for the implementation of the new

physics model lagrangian and MadGraph5 aMC@NLO [18, 19], MG5aMC for short,

for providing the necessary short-distance physics elements, the automatic production of

particle-level unweighted events and the framework. To achieve maximal flexibility we

provide the implementation as a MG5aMC plugin, in line with other recently developed

applications [20–22]. Figure 1 shows a sketch of the elements of the simulation which are

automatically combined in our implementation. These functionalities are available so that

samples of unweighted events in a standard format can be generated in a single step and

eventually passed to the simulation of the detector response. For the rest of the paper

we dub the MG5aMC plugin for the simulation of hidden particle effects at beam dump

facilities with the short-hand name MadDump.

An important aspect of our implementation is that it provides the elements of the

simulation that are related to BSM physics in a single framework. This entails a number

of advantages. First, it eliminates the possibility of making mistakes in the generation or

in the combination of event samples for the production and the detection stages. This

is particularly relevant when scanning over the parameters of a BSM model, where, al-

though every step is simple in principle, the combinatorics and the bookkeeping would

make the whole construction cumbersome. Second, by using functionalities already present

– 3 –

49

Beam dump



50

Heavy neutral leptons

Heavy right-handed singlets predicted in 
many extensions of the SM may be 
produced by the LBNF beam.


Depending on their properties, the HNLs 
could reach the DUNE ND, where they 
would be detected via their decay 
products.


characterization of the neutrino beam energy and composition, as well as vastly improving knowledge of cross sections
and particle yields for neutrino scattering processes in the few-GeV energy region. The two argon TPCs (ND-LAr and
ND-GAr) will be moved laterally o↵ the beam axis for some of the running, as to sample the beam at o↵-axis angles
to better constrain flux uncertainties. Details on this DUNE-PRISM project are given in [534].
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Figure 22: DUNE sensitivity to Heavy Neutral Leptons with exclusive couplings to the first, second and third lepton
generation and flavor-universal mixing |Ue4|

2 = |Uµ4|2 = |U⌧4|2 = |U |2 in the bottom right panel. Sensitivities are
shown for a total of 6.6 ⇥ 1021 POT in the first 6 years with the ND-LAr near detector alone (blue lines), and when
another 6 years are added with 1.4 ⇥ 1022 POT and having both ND-LAr and ND-GAr present (orange lines). The
detectors are assumed to be 50% of the time on axis and 50% of axis (see text). Solid lines show the sensitivity for
signal plus background estimates, while dotted lines include only signal.

The optimal detector component in this Near Detector complex for HNL studies is the ND-GAr as it has a larger
(decay) volume than SAND and has a gaseous rather than liquid argon medium. [535, 539]. For detectors with a
dense medium a much larger background from neutrino interactions with a similar topology as the signal decays is
expected, reducing its discovery potential. The studies indicate that one can expect about a factor two better sensitivity
for HNLs searches in the gas-based TPC. The LBNF and ND facility are expected to become operational at the start
of the next decade.

Several studies have recently examined the sensitivity for a DUNE-like experimental set-up, all showing the in-
teresting potential for HNL searches below the kaon mass limit, where the anticipated high intensity proton beams
may outmatch those of high-energy beam dump experiments [447, 534, 535, 537–539]. In Ref. [537] only the signal
is studied, based on meson decays generated by PYTHIA. It creates its own neutrino flux from pp collisions. All

47
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Heavy neutral leptons
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Figure 27: Heavy Neutral Leptons with coupling to the second lepton generation. Filled areas are existing bounds from:
PS191 [31], CHARM [576], NA62 (KµN) [29], T2K [36], E949 [23], Belle [577]; DELPHI [544], and CMS [340].
The “low mass bounds” label refers to a set of results obtained from ⇡ and K decays, as detailed in Ref. [39], namely
a PIENU result [25] and Kµ2 results at KEK [22, 578]. Colored curves are projections from: NA62-dump [405],
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PIONEER [565], SHiP [448], DUNE near detector (projections based on methods developed in [539]), Hyper-K
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Proton decay
Grand unified theories extending the SM predict low-energy 
observables such as nucleon decay, including the decay of the 
proton into a kaon.


The DUNE FD has the unique ability to track and identify the 
kaons produced in those decays.


A lower limit on the proton lifetime of 1.3×1034 years is 
expected if no signal is observed in 10 years.

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

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

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

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

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

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

kaon tracking efficiency should increase with improvements
in the reconstruction algorithms. To understand the poten-
tial improvement, a visual scan of simulated decays of kaons
into muons was performed. For this sample of events, with
kaon momentum in the 150 MeV/c to 450 MeV/c range,
scanners achieved greater than 90% efficiency at recogniz-
ing the K+ → µ+ → e+ decay chain. The inefficiency
came mostly from short kaon tracks (momentum below
180 MeV/c) and kaons that decay in flight. Note that the
lowest momentum kaons (< 150 MeV/c) were not included
in the study; the path length for kaons in this range would also
be too short to track. Based on this study, the kaon tracking
efficiency could be improved to a maximum value of approxi-
mately 80% with optimized reconstruction algorithms, where
the remaining inefficiency comes from low-energy kaons and
kaons that charge exchange, scatter, or decay in flight. Com-
bining this tracking performance improvement with some
improvement in the K/p separation performance for short
tracks, the overall signal selection efficiency improves from
15% to approximately 30%.
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Fig. 29 Tracking efficiency for kaons in simulated proton decay
events, p → K+ν, as a function of kaon kinetic energy (top) and
true path length (bottom)

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

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

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

. (26)

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

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

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

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

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

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

P I DA =
〈(

dE
dx

)

i
R0.42
i

〉
, (27)

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

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

• Successful prototyping effort at CERN underway.

• The construction of the FD-1 and FD-2 has already started and is proceeding fast.


A lot of exciting physics lies ahead:

• DUNE will resolve the neutrino mass ordering, and measure δCP with CP violation 

sensitivity over a broad range of parameter space. 

• DUNE will precisely measure long-baseline oscillations to test the 3-flavour paradigm.

• DUNE has unique sensitivity to low-energy neutrinos from a galactic supernova burst.

• DUNE has competitive sensitivity to a wide range of physics beyond the Standard 

Model.

Summary


