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The Deep Underground Neutrino Experiment is a next-generation long-baseline 
oscillation experiment between Fermilab (Illinois) and the Sanford Underground 
Research Facility (South Dakota) consisting of 

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

• a 4×10-kiloton (fiducial) liquid argon far detector; 

• a high-resolution, high-rate near detector. 
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The science program of DUNE includes: 

• Long-baseline neutrino oscillations. 
– Leptonic CP violation. 
– Neutrino mass ordering. 
– Precision test of the 3-neutrino mixing framework. 

• Neutrino astrophysics (detection of core-collapse supernovae). 

• Nucleon decay and other searches for physics beyond the Standard Model (BSM).
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It will use protons (60–120 GeV) from Fermilab’s Main 
Injector with an initial power of 1.2 MW (~1014 POT/s), 
upgradeable later to 2.4 MW. 
It can run in neutrino and antineutrino modes by 
switching the polarity of the magnetic horns.  
The wide-band beam enables the use of the first and 
second oscillation maxima and enhances probing of 
new BSM phenomena. A higher-energy tune is under 
consideration.
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FAR DETECTOR: LIQUID ARGON TPC �5

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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66 m

17 m

19 m

Chapter 4: Far Detector Reference Design: Single-Phase LArTPC 4–25

are called anode planes and cathode planes, respectively. (Note the di�erent uses of the word1

plane.) Field-cage modules enclose the four open sides between the anode and cathode planes.2

When proper bias voltages are applied to the APAs and CPAs, a uniform electric field is created3

in the volume between the anode and cathode planes. A charged particle traversing this volume4

leaves a trail of ionization in the ultra-pure liquid argon. The electrons drift toward the anode5

wire planes, inducing electric current signals in the frontend electronic circuits connected to the6

sensing wires. The current-signal waveforms from all sensing wires are amplified and digitized by7

the frontend electronics and transmitted through cold (immersed) cables and feedthroughs to the8

data acquisition (DAQ) system outside of the cryostat. While electrons drift toward the APAs,9

positive ions drift toward the CPAs at a velocity five orders of magnitude slower than that of the10

electrons and therefore contribute little to the signal on the wires.11
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Figure 4.3: Cross sections of the LBNE 5-kt TPC (left) and the DUNE 10-kt TPC (right). The exchange
of the APA and CPA positions significantly reduces the energy stored in the TPC by eliminating the
two ground-facing cathode planes. This allows an increase in the detector’s fiducial volume given the
same cryostat volume. The length of the DUNE TPC is 58 m along the direction of the neutrino beam
(into the page). fig:tpc-xsect1

The TPC active volume (Figure
fig:tpc-xsect1
4.2) is 12 m high, 14.5 m wide and 58 m long in the beam direction.12

Its three rows of APA planes interleaved with two rows of CPA planes are oriented vertically, with13

the planes parallel to the beamline. The electric field is applied perpendicular to the planes. The14

maximum electron-drift distance between a cathode and an adjacent anode is 3.6 m. This requires15

a ≠180 kV bias voltage on the cathode plane to reach the 500 V/cm nominal drift field. The16

anode plane assemblies are 2.3 m wide and 6 m high. Two 6 m modules are stacked vertically to17

instrument the 12 m active depth. In each row, 25 such stacks are placed edge-to-edge along the18

beam direction, forming the 58 m active length of the detector. Each CPA has the same width,19

but half the height (≥3 m) as an APA, for ease of assembly and transportation. Four CPAs will20

be stacked vertically to form the full 12-m active height. Each cryostat houses a total of 150 APAs21

and 200 CPAs. Each facing pair of cathode and anode rows is surrounded by a field cage assembled1

from panels of FR-4 glass-reinforced epoxy laminate sheets with parallel copper strips connected2

to resistive divider networks. The entire TPC is suspended from five mounting rails under the3

Volume 4: The DUNE Detectors at LBNF LBNF/DUNE Conceptual Design Report
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Reference Design

• 3 components (Right-to-left)
- LAr TPC with pixelated readout (50t)
- Multi-Purpose Detector - MPD

• HPgTPC(1t) + ECAL + magnet
- 3DST-S: Three-Dimensional Scintillator Tracker-Spectrometer (8t)

• 3DST + Trackers + ECAL + magnet

July 11, 2019 TPC MiniWS, CERN6

Control of systematic uncertainties affecting the long-baseline oscillation analysis by 
precise measurements of the neutrino flux and interaction cross sections. 
The preliminary conceptual design includes three sub-detectors (right to left): 

• A LArTPC (50–100 tonnes) with pixelated readout. 
• A magnetised, high-pressure gaseous TPC (HPgTPC). 
• A magnetised three-dimensional scintillator tracker (3DST). 

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

• Handle to deconvolve the neutrino flux and cross section.Near detector hall
Although detector components
will likely be staged, the hall will be
constructed to support the full scope

July 11, 2019 TPC MiniWS, CERN8
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Topics investigated include: 
• Non-standard short-baseline and long-baseline oscillation phenomena: mixing 

with sterile neutrinos, non-standard neutrino interactions, non-unitarity of the 
mixing matrix*, CPT violation. 

• Searches for new phenomena at the FD benefitting from its large mass and 
resolution: boosted dark matter, nucleon decay*. 

• Searches for new phenomena/particles at the ND related to the beam and its 
interactions with the detector: trident interactions, heavy neutral leptons*, low-
mass dark matter. 

(*Not discussed in this talk.)



NON-STANDARD 
NEUTRINO OSCILLATIONS

ND FD
νμp νμ → νX
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STERILE NEUTRINO MIXING �11
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WORK IN 
PROGRESS

Sterile (right-handed) neutrinos are a prediction of 
many BSM models explaining the origin of neutrino 
masses. 
Active-to-sterile neutrino mixing distorts the 
standard oscillation probabilities. DUNE will be 
sensitive to this effect through the combined 
analysis of the νµ and νe spectra from both the near 
and far detectors. 
Potentially, DUNE could look as well for non-
standard ντ appearance  or use the atmospheric 
sample from the far detector.
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NON-STANDARD NEUTRINO INTERACTIONS �12

u, d, e− u, d, e−

να νβ

Non-standard interactions (NSI) in propagation can be 
described as new contributions to the MSW effect:

Chapter 1: Beyond the Standard Model Physics Program 1–15

1.5 Non-Standard Neutrino Interactions1

NSI can significantly modify the data to be collected by DUNE as long as the new physics pa-2

rameters are large enough. NSI may impact the determination of current unknowns such as3

CPV [89, 90], mass hierarchy [91] and octant of ◊23 [92]. If the DUNE data are consistent with the4

standard oscillation for three massive neutrinos, NC NSI e�ects of order 0.1 GF , a�ecting neutrino5

propagation through the Earth, can be ruled out at DUNE [93, 94]. We notice that DUNE might6

improve current constraints on |‘m

e·
| and |‘m

eµ
| by a factor 2-5 [95, 96, 8]. New CC interactions can7

also lead to modifications in the production and the detection of neutrinos. The findings on source8

and detector NSI studies at DUNE are presented in [97, 98]. In particular, the simultaneous impact9

on the measurement of ”CP and ◊23 is investigated in detail. Depending on the assumptions, such10

as the use of the ND and whether NSI at production and detection are the same, the impact of11

source/detector NSI at DUNE may be relevant. We are assuming the results from [97], in which12

DUNE does not have sensitivity to discover or to improve bounds on source/detector NSI, and13

focus our attention in the propagation.14

1.5.1 NSI in propagation at DUNE15

NC NSI can be understood as non-standard matter e�ects that are visible only in a FD at a
su�ciently long baseline. They can be parameterized as new contributions to the Mikheyev-
Smirnov-Wolfenstein e�ect (MSW) matrix in the neutrino-propagation Hamiltonian:

H = U
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Here, U is the standard PMNS leptonic mixing matrix, for which we use the standard parameteri-16

zation found, e.g., in [30], and the ‘-parameters give the magnitude of the NSI relative to standard17

weak interactions. For new physics scales of a few hundred GeV, a value of |‘| of the order 0.01 or18

less is expected [99, 100, 101]. The DUNE baseline provides an advantage in the detection of NSI19

relative to existing beam-based experiments with shorter baselines. Only atmospheric-neutrino20

experiments have longer baselines, but the sensitivity of these experiments to NSI is limited by21

systematic e�ects [102].22

To assess DUNE sensitivity to NC NSI, the NSI discovery reach is defined in the following way:23

the expected event spectra are simulated using GLoBES [44, 45], assuming true values for the24

NSI parameters, and a fit is then attempted assuming no NSI. If the fit is incompatible with25

the simulated data at a given confidence level, the chosen true values of the NSI parameters are26

considered to be within the experimental discovery reach.27
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WORK IN 
PROGRESS Shown here the allowed regions (68, 90 and 95% CL) for an 

exposure of 300 kton·MW·year. 
DUNE may potentially improve present constraints on |εeµ| 

and |εeτ| by at least a factor of 2.

1



CPT VIOLATION �13

Chapter 1: Beyond the Standard Model Physics Program 1–22

0 0.5 1
∆δ/π

0

5

10

15

20

25

∆
χ

2

0 0.01 0.02

∆sin
2
θ

13

0 5 10 15

∆(∆m
2

31
) [10

-5 
eV

2
]

0

5

10

15

20

25
∆

χ
2

0 0.1 0.2 0.3

∆sin
2
θ

23

high
lowmax

low

high

max

high

low

max

high
low

max

Figure 1.10: The sensitivities of DUNE to the di�erence of neutrino and antineutrino parameters: �”,
�(�m2

31
), �(sin2 ◊13) and �(sin2 ◊23) for the atmospheric angle in the lower octant (magenta line),

in the upper octant (cyan line) and for maximal mixing (green line).

Performing the statistical analysis in the CPT-conserving way, as indicated in Eq. (1.12), we obtain1

the profile of the atmospheric mixing angle presented in Figure 1.11. The profiles for the individual2

reconstructed results (neutrino and antineutrino) are also shown in the figure for comparison. The3

result is a new best fit value at sin2 ◊comb

23
= 0.467, disfavoring the true values for neutrino and4

antineutrino parameters at approximately 3‡ and more than 5‡, respectively.5

Figure 1.11: DUNE sensitivity to the atmospheric angle for neutrinos (blue), antineutrinos (red), and
to the combination of both under the assumption of CPT conservation (black).

DUNE Physics The DUNE Technical Design Report

WORK IN 
PROGRESS

P(νμ → νe) ≠ P(ν̄μ → ν̄e) ⇒ CP violation

P(νμ → νμ) ≠ P(ν̄μ → ν̄μ) ⇒ CPT violation

Projected sensitivity of DUNE to CPT violation for an exposure of 300 kton·MW·year and 
three different values of the θ23 mixing angle: maximal mixing (green), lower octant 
(magenta) and upper octant (blue). 
Current experimental bounds:

WORK IN 
PROGRESS

3σ 3σ

Δ(Δm2
31) ≡ Δm2

31 − Δm̄2
31 < 3.7 × 10−4 eV2

Δ(sin2 θ23) ≡ sin2 θ23 − sin2 θ̄23 < 0.32

(arXiv:1712.01714)
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FIG. 1: Migration matrix for hadronically-decaying ⌧ leptons produced via ⌫⌧ charged-current interactions. The
assumed bias is 45% and the resolution is 25%, see text for details. No migration exists below E

true
⌫ ⇡ 3.4 GeV,

below which the scattering process is kinematically forbidden.

�m
2
21 = 7.39 ⇥ 10�5 eV2

, �m
2
31 = +2.525 ⇥ 10�3 eV2

. (II.1)

Unless otherwise stated, we will assume these oscillation parameters to be the true values in our analyses
going forward. We discuss the details on the ⌫µ ! ⌫⌧ oscillation probability in the next section. Fig. 2
depicts both “smeared” (solid histograms) and “unsmeared” (dashed histograms) event yields using the
energy migration matrix discussed above. We divide the simulated data in energy bins of constant width
�E⌫ = 0.5 GeV, between 0 and 20 GeV, for our analyses.
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FIG. 2: Expected number of ⌫⌧ -identified signal events per 0.5 GeV bin as a function of the true (dashed) or
reconstructed (solid) neutrino energy. The left panel displays the expected number of events when in neutrino mode,
the center panel displays the antineutrino mode, and the right panel displays high-energy mode events. In each
panel, we show the contribution due to neutrinos in green and antineutrinos in orange. Each distribution has been
normalized to the expected runtime in each mode, 3.5 years for neutrino and antineutrino modes and 1 year for
high-energy mode.

TAU NEUTRINOS �14

Currently, almost all of our knowledge from the tau neutrino sector derives from lepton 
universality and the unitarity of the mixing matrix. 

Tau neutrinos are challenging to select and reconstruct, but they could provide valuable 
complementary information for BSM physics searches. 

Beam event statistics (for a flat efficiency of 30%): 
• ~130 ντ/year and ~30 anti-ντ/year; 
• ~800 ντ/year for the high-energy tune of the beam. 

The atmospheric sample gives access to the full first oscillation maximum,  improving 
constraints on the atmospheric parameters.

(arXiv:1904.07265)
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Chapter 1: Beyond the Standard Model Physics Program 1–23

1.7 Search for Neutrino Tridents at the Near Detector1

Neutrino trident production is a weak process in which a neutrino, scattering o� the Coulomb
field of a heavy nucleus, generates a pair of charged leptons, as shown in Fig. 1.12 [15, 16, 17, 18,
19, 20, 21]. Measurements of muonic neutrino tridents (‹µ æ ‹µµ+µ≠) were carried out at the

Figure 1.12: Example diagrams for muon-neutrino-induced trident processes in the Standard Model.
A second set of diagrams where the photon couples to the negatively charged leptons is not shown.
Analogous diagrams exist for processes induced by di�erent neutrino flavors and by anti-neutrinos. A
diagram illustrating trident interactions mediated by a new Z Õ gauge boson, discussed in the text, is
shown on the top right.

CHARM-II [141], CCFR [142] and NuTeV [143] experiments:

‡(‹µ æ ‹µµ+µ≠)exp

‡(‹µ æ ‹µµ+µ≠)SM

=

Y
__]

__[

1.58 ± 0.64 (CHARM-II)
0.82 ± 0.28 (CCFR)
0.72+1.73

≠0.72 (NuTeV)

The high-intensity muon-neutrino beam at the DUNE ND will lead to a sizable production rate of2

trident events (see Table 1.8), o�ering excellent prospects to improve the above measurements [22,3

23, 24]. A deviation from the event rate predicted by the SM could be an indication of new4

interactions mediated by the corresponding new gauge bosons [144].5

The main challenge in obtaining a precise measurement of the muonic trident cross section will be6

the copious backgrounds, mainly consisting of CC single-pion production events, ‹µN æ µfiN Õ, as7

muon and pion tracks can be easily confused in LArTPC detectors. The discrimination power of8

the DUNE ND LArTPC was evaluated using large simulation datasets of signal and background.9

Each simulation event represents a di�erent neutrino-argon interaction in the active volume of the10

detector. Signal events were generated using a standalone code [22] that simulates trident produc-11

tion of muons and electrons through the scattering of ‹µ and ‹e on argon nuclei (or iron nuclei,12

DUNE Physics The DUNE Technical Design Report
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Figure 7. Projected 95% C.L. sensitivity of a measurement of the ⌫µN ! ⌫µµ+µ�N cross section at the

DUNE near detector to modifications of the vector and axial-vector couplings of muon-neutrinos to muons

(blue hashed regions). The gray regions are excluded at 95% C.L. by existing measurements of the cross

section by the CCFR collaboration. The intersection of the dashed lines indicates the SM point.

the SM prediction. We see that the DUNE measurement could extend the coverage of new physics390

parameter space substantially.391

B. Z 0 model based on gauged Lµ � L⌧392

A class of example models that modify the trident cross section are models that contain an393

additional neutral gauge boson, Z 0, that couples to neutrinos and charged leptons. A consistent394

way of introducing such a Z 0 is to gauge an anomaly free global symmetry of the SM. Of particular395

interest is the Z 0 that is based on gauging the di↵erence of muon-number and tau-number, Lµ �396

L⌧ [31, 32]. Such a Z 0 is relatively weakly constrained and can for example address the longstanding397

discrepancy between SM prediction and measurement of the anomalous magnetic moment of the398

muon, (g � 2)µ [33, 34]. The Lµ � L⌧ Z 0 has also been used in models to explain B physics399

anomalies [35] and as a portal to dark matter [36, 37]. The ⌫µN ! ⌫µµ+µ�N trident process has400

20

WORK IN 
PROGRESS

Very rare process: cross section ~7 orders of 
magnitude smaller than CC one. A few tens of events 
observed in previous experiments. 
Trident rate sensitive to the existence of new forces 
forces mediated by a light vector boson that could 
explain the muon g–2 anomaly.

(arXiv:1903.10505)
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Figure 1.17: Expected DUNE On-axis (solid red) and PRISM (dashed red) sensitivity using ‰e≠ æ ‰e≠

scattering. We assume –D = 0.5 in both panels, and MV = 3M‰ (M‰ = 20 MeV) in the left (right)
panel, respectively. Existing constraints are shown in grey, and the relic density target is shown as
a black line. We also show for comparison the sensitivity curve expected for LDMX-Phase I (solid
blue) [177].

MV = 2M‰ = 40 MeV, while the second is the source for the slight kink around MV = mfi0 (which1

appears also in the left panel).2

1.8.3 Inelastic Boosted Dark Matter Search at the DUNE FD3

1.8.3.1 BDM Flux from the Galactic Halo4

As we mentioned in Section 1.1, we look at an annihilating two-component DM scenario [31] in5

this study. The heavier DM (denoted ‰0) plays a role of cosmological DM and pair-annihilates6

to a pair of lighter DM particles (denoted ‰1) in the universe today. The expected flux near the7

Earth is given by [30, 173, 36]8

F1 = 1.6 ◊ 10≠6cm≠2s≠1 ◊
1

È‡vÍ0æ1
5◊10≠26cm3s≠1

2
◊

1
10 GeV

m‰0

22

, (1.20)

where m‰0 is the mass of ‰0 and È‡vÍ0æ1 stands for the velocity-averaged annihilation cross section9

of ‰0‰̄0 æ ‰1‰̄1 in the current universe. To evaluate the reference value shown as the first prefactor,10

we take m‰0 = 10 GeV and È‡vÍ0æ1 = 5 ◊ 10≠26cm3s≠1, the latter of which is consistent with the11

current observation of DM relic density assuming ‰0 and its anti-particle ‰̄0 are distinguishable.12

To integrate all relevant contributions over the entire galaxy, we assume the Navarro-Frenk-White13
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V
V

Figure 1.16: Production of fermionic DM via two-body pseudoscalar meson decay m æ “V , when
MV < mm (left) or via three-body decay m æ “‰‰ (center) and DM-electron elastic scattering (right
panel).

electrons, depicted in the right panel of Figure 1.16. The di�erential cross section of this scattering,
as a function of the recoil energy of the electron Ee, is

d‡‰e

dEe

= 4fi‘2–D–EM

2meE2

‰
≠ (2meE‰ + m2

‰
)(Ee ≠ me)

(E2
e

≠ m2
‰
)(m2

V
+ 2meEe ≠ 2m2

e
)2

, (1.17)

where E‰ is the incoming DM ‰ energy. The signal is an event with only one recoil electron in1

the final state. We may use the scattering angle and energy of the electron to distinguish between2

signal and background (discussed in the following) events.3

1.8.2.2 Background Considerations4

The background to the process shown in the right panel of Figure 1.16 consists of any processes5

involving an electron recoil. As the ND is located near the surface, background events, in general,6

can be induced by cosmic rays as well as by neutrinos generated from the beam. Since majority7

of cosmic-induced, however, will be vetoed by triggers and timing information, the dominant8

background will be from neutrinos coming in the DUNE beam.9

The two neutrino-related backgrounds are ‹µ ≠ e≠ scattering, which looks nearly identical to the10

signal, and ‹e CCQE scattering, which does not. The latter has a much larger rate (≥ 10 times11

higher) than the former, however, we expect that using the kinematical variable Ee◊2

e
of the final12

state, where ◊e is the direction of the outgoing electron relative to the beam direction, will allow13

the ‹e CCQE background to be vetoed e�ectively.14

While spectral information regarding Ee could allow a search to distinguish between ‰e and ‹µe15

scattering, we expect that uncertainties in the ‹µ flux (both in terms of overall normalization16

and shape as a function of neutrino energy) will make such an analysis very complicated. For17

this reason, we include a normalization uncertainty of 10% on the expected background rate and18

perform a counting analysis. Studies are ongoing to determine how such an analysis may be19

improved.20

For this analysis we have assumed 3.5 years of data collection each in neutrino and antineutrino21

modes, analyzing events that occur within the fiducial volume of the DUNE near detector. We22

compare results assuming either all data is collected with the ND on-axis, or data collection23

is divided equally among all o�-axis positions, 0.7 yr at each position i, between 0 and 24 m24

transverse to the beam direction (in steps of 6 meters). We assume three sources of uncertainty:25
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Dark matter particles produced in the decay of 
light mesons reach the DUNE ND, where they are 
detected via electron scattering. 
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a 7-year (50% neutrino beam, 50% antineutrino) 
run.
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Figure 1.23: Angular distribution of the BDM signal events for a BDM mass of 10 GeV and di�erent
boosted factors, “, and of the atmospheric neutrino NC background events. ◊ represents the angle
of the sum over all the stable final state particles as detailed in the text. The amount of background
represents one-year data collection, magnified by a factor 100, while the amount of signal reflects the
detection e�ciency of 10,000 Monte Carlo (MC) events, as described in this note. The left plot shows
the scenario where neutrons can be reconstructed, while the right plot represents the scenario without
neutrons.

Figure 1.24: Expected 5‡ discovery reach with one year of DUNE livetime for one 10 kt module including
neutrons in reconstruction (left) and excluding neutrons (right).

mZÕ = 1 GeV. We assume a DUNE livetime of one year for one 10 kt module. The models presented1

here are currently unconstrained by direct detection searches if the thermal relic abundance of the2

DM is chosen to fit current observations. Figure 1.25 compares the sensitivity of 10 years of data3

collected in DUNE (40 kton) to re-analyses of the results from other experiments, including Super4

Kamiokande [207] and DM direct detection, PICO-60 [208] and PandaX [209].5

1.8.5 Discussion and Conclusions6

In this work, we have conducted simulation studies of the dark matter models described in7

eqs. (1.14) and (1.15) in terms of their detection prospects at the DUNE ND and FD. Thanks8

to its relatively low threshold and strong particle identification capabilities, DUNE presents an9

opportunity to significantly advance the search for LDM and BDM beyond what has been possible10
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Figure 1.18: The inelastic BDM signal under consideration.

(NFW) DM halo profile [187, 188]. In this section we assume the BDM flux with a m‰0 dependence1

given by eq. (1.20) for the phenomenological analysis.2

1.8.3.2 Experimental Signatures3

The BDM that is created, e.g., at the galactic center, reaches the DUNE FD detectors and scatters4

o� either electrons or protons energetically. In this study, we focus on electron scattering signatures5

for illustration, under Benchmark Model i) defined in eq. (1.14). The overall process is summarized6

as follows:7

‰1 + e≠ æ e≠ + ‰2(æ ‰1 + V (ú) æ ‰1 + e+ + e≠) , (1.21)

and a diagrammatic description is shown in Figure 1.18 where particles visible by the detector are8

circled in blue. In the final state, there exist three visible particles that usually leave sizable (e-like)9

tracks in the detectors. Note that we can replace e≠ in the left-hand side and the first e≠ in the10

right-hand side of the above process to p for the p-scattering case. In the basic model, eq. (1.14),11

and given the source of BDM at the Galactic Center, the primary signature is quasi-elastic proton12

recoiling [189] in this case.13

1.8.3.3 Background Estimation14

As we have identified a possible iBDM signature, we are now in a position to discuss potential SM15

background events.16

For the DUNE detector modules located ≥ 1480 m deep underground, the cosmic-induced back-17

ground discussed earlier is not an issue. The most plausible scenario for background production18

is the creation of multiple pions that subsequently decay to electrons, positrons, and neutrinos.19

Relevant channels are the resonance production and/or deep inelastic scattering (DIS) by the CC20

‹e or ‹̄e scattering with a nucleon in the LAr target. Summing up all the resonance production21

and DIS events that are not only induced by ‹e or ‹̄e but relevant to production of a few pions, we22

find that the total number of multi-pion production events is at most ≥ 12 kt≠1yr≠1 based on the23

neutrino flux in Ref. [190] and the cross section in Ref. [191]. In addition, the charged pions often24

leave appreciable tracks inside the detector so that the probability of misidentifying the e± from25

the decays of fi± with the iBDM signal events would be very small. Hence, we conclude that it is26

fairly reasonable to assume that almost no background events exist.27
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Figure 1.19: The experimental sensitivities in terms of reference model parameters mV ≠‘ for m‰0 = 0.4
GeV, m‰1 = 5 MeV, and ”m = m‰2 ≠ m‰1 = 10 MeV (upper-left panel) and m‰0 = 2 GeV, m‰1 = 50
MeV, and ”m = 10 MeV (upper-right panel). The left panels are for Scenario 1 and the right ones are
for Scenario 2. The lower panels compare di�erent reference points in the p-scattering channel. See
the text for the details.

1.8.3.4 Phenomenology1

We finally present the expected experimental sensitivities at DUNE, in the searches for iBDM.2

We closely follow the strategies illustrated in Refs. [173, 32, 36] to represent phenomenological3

interpretations.4

In displaying the results, we separate the signal categories into5

• Scenario 1: mV > 2m‰1 , experimental limits for V æ invisible applied.6

• Scenario 2: mV Æ 2m‰1 , experimental limits for V æ e+e≠ invisible applied.7

The brown-shaded region shows the latest limits set by various experiments such as the fixed-target8

experiment NA64 at the CERN SPS and the B-factory experiment BaBar [192]. The blue solid line9

describes the experimental sensitivity7 at DUNE FD under a zero background assumption. The10

associated exposure is 40 kt · yr, i.e., a total fiducial volume of 40 kilo-ton times 1-year running11

time. For comparison, we also show the sensitivities of DUNE to the p-scattering signal as a green12

7This is defined as the boundary of parameter space that can be probed by the dedicated search in a given experiment
at 90% CL, practically obtained from eq. (1.23).
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Figure 1.21: The chain of processes leading to boosted DM signal from the sun. The semi-annihilation
and two-component DM models refer to the two examples of the non-minimal dark-sector scenarios
introduced in the beginning of Section 1.8. DM’ denotes the lighter DM in the two-component DM
model. X is a lighter dark sector particle that may decay away.

that BDM particles cannot lose energy and potentially be recaptured by scattering with the solar1

material when they escape from the core region after production. Rescattering is found to be2

rare for the benchmark models considered in this study and we consider the BDM flux to be3

monochromatic at its production energy.4

The event rate to be observed at DUNE is

R = � ◊ ‡SM≠‰ ◊ Á ◊ N, (1.25)

where � is the flux given by Eq. (1.24), ‡SM≠‰ is the scattering cross section of the BDM o� of5

SM particles, Á is the e�ciency of the detection of such a process, and N is the number of target6

particles in DUNE. The computation of the flux of BDM from the sun can be found in [34].7

The processes of typical BDM scattering in argon are illustrated in Fig. 1.22. We generate the8

signal events and calculate interaction cross sections in the detector using a newly developed9

BDM module [201, 202, 203] that includes elastic and deep inelastic scattering, as well as a range10

of nuclear e�ects. This conservative event generation neglects the dominant contributions from11

baryon resonances in the final state hadronic invariant mass range of 1.2 to 1.8 GeV, which should12

not have a major e�ect on our main results. The interactions are taken to be mediated by an axial,13

flavor-universal Z Õ coupling to both the BDM and with the quarks. The axial charge is taken to14

be 1. The events are generated for the 10 kt DUNE detector module [204], though we only study15

the dominant scattering o� of the 40Ar atoms therein. The method for determining the e�ciency16

Á is described below. The number of target argon atoms is N = 1.5 ◊ 1032 assuming a target mass17

of 10 kt.18
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Figure 1.23: Angular distribution of the BDM signal events for a BDM mass of 10 GeV and di�erent
boosted factors, “, and of the atmospheric neutrino NC background events. ◊ represents the angle
of the sum over all the stable final state particles as detailed in the text. The amount of background
represents one-year data collection, magnified by a factor 100, while the amount of signal reflects the
detection e�ciency of 10,000 Monte Carlo (MC) events, as described in this note. The left plot shows
the scenario where neutrons can be reconstructed, while the right plot represents the scenario without
neutrons.
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Figure 1.24: Expected 5‡ discovery reach with one year of DUNE livetime for one 10 kt module including
neutrons in reconstruction (left) and excluding neutrons (right).

mZÕ = 1 GeV. We assume a DUNE livetime of one year for one 10 kt module. The models presented1

here are currently unconstrained by direct detection searches if the thermal relic abundance of the2

DM is chosen to fit current observations. Figure 1.25 compares the sensitivity of 10 years of data3

collected in DUNE (40 kton) to re-analyses of the results from other experiments, including Super4

Kamiokande [207] and DM direct detection, PICO-60 [208] and PandaX [209].5

1.8.5 Discussion and Conclusions6

In this work, we have conducted simulation studies of the dark matter models described in7

eqs. (1.14) and (1.15) in terms of their detection prospects at the DUNE ND and FD. Thanks8

to its relatively low threshold and strong particle identification capabilities, DUNE presents an9

opportunity to significantly advance the search for LDM and BDM beyond what has been possible10
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CONCLUSIONS �20

DUNE is gearing up: 
• More than 1000 collaborators in 175 institutions in 31 different countries. 
• Data taking starts in 2024. Neutrino beam available by 2026. 
• ProtoDUNE underway now at CERN. 

The capable DUNE detectors and the powerful LBNF beam enable a rich experimental 
program of (neutrino and non-neutrino) BSM physics searches, including 

• non-standard short-baseline and long-baseline oscillation phenomena; 
• searches for new phenomena/particles at the ND related to the beam and its 

interactions with the detector; 
• searches for new phenomena at the FD benefitting from its large mass; 

This is a very active and exciting area of collaboration between experimentalists and 
theorists/phenomenologists. New ideas welcome! 

Look for results from finalized studies in the upcoming DUNE Technical Design Report 
(TDR) later this year.
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FAR DETECTOR: SINGLE-PHASE LArTPC �22

Ionisation readout via Anode Plane Assemblies (APA) consisting of 3 wire planes (2 
induction views, 1 collection). Four 3.6-m drift regions per TPC. Scintillation light 
collected by SiPM-based photodetectors.

Single phase Dual phase 

Single phase (SP) and dual phase (DP) designs 

� Ionization readout via Anode Plane 
Assemblies (APA) 

� 3 wire planes (2 induction + 
1 collection views) 

� Four 3.6-m drift regions per TPC 
� Scintillation light collected by SiPMs 

� Ionization electrons extracted, 
amplified through gas phase 

� Charge readout by 2D segmented 
anode plane 

� Single 12-m drift volume per TPC 
� Scintillation light collected by PMTs 

 Ryan Patterson 17 DUNE 

Chapter 2: Detector components 2–16

Figure 2.2: Sketch of a ProtoDUNE-SP APA. This shows only portions of each of the three wire layers,
U (green), V (magenta), the induction layers; and X (blue), the collection layer, to accentuate their
angular relationships to the frame and to each other. The induction layers are connected electrically
across both sides of the APA. The grid layer (G) wires (not shown), run vertically, parallel to the X
layer wires; separate sets of G and X wires are strung on the two sides of the APA. The mesh is not
shown.

ProtoDUNE Single-Phase Technical Design Report



FAR DETECTOR: DUAL-PHASE LArTPC �23

Ionisation electrons extracted to and amplified in gas phase. Charge readout by 
segmented (strips) anode plane. Single 12-m drift volume per TPC. Scintillation light 
collected by PMTs.

Single phase Dual phase 

Single phase (SP) and dual phase (DP) designs 

� Ionization readout via Anode Plane 
Assemblies (APA) 

� 3 wire planes (2 induction + 
1 collection views) 

� Four 3.6-m drift regions per TPC 
� Scintillation light collected by SiPMs 

� Ionization electrons extracted, 
amplified through gas phase 

� Charge readout by 2D segmented 
anode plane 

� Single 12-m drift volume per TPC 
� Scintillation light collected by PMTs 

 Ryan Patterson 17 DUNE 
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STERILE NEUTRINO MIXING �25
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+ νµ CC disapp. NC disappearance 

DUNE sensitivities to a 3+1 mixing model for an exposure of 300 kton·MW·year.


