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Abstract The Deep Underground Neutrino Experi-
ment (DUNE) will be a powerful tool for a variety of
physics topics. The high-intensity proton beams provide
a large neutrino flux, sampled by a near detector system
consisting of a combination of capable precision detec-
tors, and by the massive far detector system located
deep underground. This configuration sets up DUNE
as a machine for discovery, as it enables opportunities
not only to perform precision neutrino measurements
that may uncover deviations from the present three-
flavor mixing paradigm, but also to discover new par-
ticles and unveil new interactions and symmetries be-
yond those predicted in the Standard Model (SM). Of
the many potential beyond the Standard Model (BSM)
topics DUNE will probe, this paper presents a selection
of studies quantifying DUNE’s sensitivities to sterile
neutrino mixing, heavy neutral leptons, non-standard
interactions, CPT symmetry violation, Lorentz invari-
ance violation, neutrino trident production, dark mat-
ter from both beam induced and cosmogenic sources,
baryon number violation, and other new physics top-
ics that complement those at high-energy colliders and
significantly extend the present reach.

1 Introduction

The Deep Underground Neutrino Experiment (DUNE)
is a next-generation, long-baseline (LBL) neutrino os-
cillation experiment, designed to be sensitive to v, to
v, oscillation. The experiment consists of a high-power,
broadband neutrino beam, a powerful precision near de-
tector (ND) complex located at Fermi National Acceler-
ator Laboratory, in Batavia, Illinois, USA, and a mas-
sive liquid argon time-projection chamber (LArTPC)
far detector (FD) located at the 4850 ft level of Sanford
Underground Research Facility (SURF), in Lead, South
Dakota, USA. The baseline of 1285 km provides sensi-
tivity, in a single experiment, to all parameters govern-
ing LBL neutrino oscillation. The deep underground lo-
cation of the FD facilitates sensitivity to nucleon decay
and other rare processes including low-energy neutrino
detection enabling, for instance, observation of neutri-
nos from a core-collapse supernova.

Owing to the high-power proton beam facility, the
ND consists of precision detectors capable of off-axis
data taking and the massive FD, DUNE provides enor-
mous opportunities to probe phenomena beyond the
SM traditionally difficult to reach in neutrino experi-
ments. Of such vast, rich physics topics that profoundly
expand those probed in the past neutrino experiments,
this paper reports a selection of studies of DUNE’s sen-
sitivity to a variety of BSM particles and effects, ini-
tially presented in the physics volume of the DUNE

Technical Design Report (TDR) [1] recently made avail-
able. Some of these phenomena impact the LBL oscil-
lation measurement, while others may be detected by
DUNE using specific analyses.

Section 2 describes some of the common assump-
tions and tools used in these analyses. Section 3 dis-
cusses sensitivity to sterile neutrinos, Section 4 looks
into the effect of non-unitary of the neutrino mixing
matrix, Section 5 describes sensitivity to non-standard
neutrino interactions, Section 6 discusses sensitivity to
CPT and Lorentz violation, Section 7 describes the
sensitivity to new physics by measuring neutrino tri-
dent production, Section 8 discusses various dark mat-
ter searches that could be performed by DUNE, Sec-
tion 9 describes sensitivity to baryon number violation
by one and two units, and Section 10 lists some other
possible avenues for BSM physics searches.

These studies reveal that DUNE can probe a rich
and diverse BSM phenomenology at the discovery level,
as in the case of searches for dark matter created in
the high-power proton beam interactions and from cos-
mogenic sources, or by significantly improving existing
constraints, as in the cases of sterile neutrino mixing,
nonstandard neutrino interacions, CPT violation, new
physics enhancing neutrino trident production, and nu-
cleon decay.

2 Analysis Details

The BSM searches presented in this paper span a wide
variety of physics topics and techniques. The analyses
rely on neutrino beam data taken at the ND and/or FD,
atmospheric or other astrophysical sources of neutrinos,
or signal from the detector material itself, as in nucleon
decay searches. This section summarizes some of the
common assumptions and tools used in the analyses,
with more details provided in the following sections.

2.1 Detector Assumptions

The DUNE FD will consist of four 10kt active mass
LArTPC modules with integrated photon detection sys-
tems (PD systems) [2-4]. In these analyses, we assume
all four modules have identical responses. All of the
analyses described will use data from the FD, except
for the analyses presented in Sections 7, 8.1, and 10.3,
which use data exclusively from the ND.

The ND will be located at a distance of 574m
from the target. The ND concept consists of a modular
LArTPC, a magnetized high-pressure gas argon TPC
and a beam monitor. The combination of the first two



detectors is planned to be movable to sample the off-
axis neutrino spectrum to reduce flux uncertainties, a
concept called DUNE-PRISM [1]. Since the ND config-
uration, however, was not yet finalized at the time these
studies were performed, we adopted only the LArTPC
component of the detector and its fiducial volume. In
the analyses presented here, the LArTPC is assumed to
be 7m wide, 3m high, and 5m long. The fiducial vol-
ume is assumed to include the detector volume up to 50
cm of each face of the detector. The ND properties are
given in Table 1. The signal and background efficiencies
vary with the physics model being studied. Detailed sig-
nal and background efficiencies for each physics topic
are discussed along with each analysis.

Table 1 LArTPC ND properties used in some of the BSM
physics analyses.

Properties ‘ Values

Active volume
Fiducial volume

7m wide, 3m high, 5m long
6 m wide, 2m high, 4m long

Total mass 147 ton
Fiducial mass 67.2 ton
Distance from target 574m

2.2 Neutrino Beam Assumptions

The analyses described in Sections 3, 4, 5, and 6 are
based on analysis of neutrino beam data at both the
ND and FD. The DUNE neutrino beam is produced
using protons from Fermilab’s Main Injector and a
traditional horn-focusing system [5]. The polarity of
the focusing magnets may be reversed to produce a
neutrino- or antineutrino-dominated beam. This opti-
mized beam configuration includes a three-horn focus-
ing system with a 1 m long target embedded within the
first horn and a decay pipe with 194 m length and 4m
diameter. The neutrino flux produced by this beam-
line is simulated at a distance of 574 m downstream of
the neutrino target for the ND and 1285 km for the FD.
Fluxes have been generated for both neutrino mode and
antineutrino mode using G4LBNF [1, 6], a GEANT4-
based simulation [7-9].

Results based on beam neutrino data are given for a
300 kt - MW - year exposure. With the current deploy-
ment plan [1], this exposure will be achieved in approxi-
mately 7 years once the beam is operational. For results
not based on beam data, the exposure is given in units
of kt - year in each relevant section.

2.3 Tools

In the analyses presented in Sections 3, 4, 5, and 6,
the simulation of the DUNE experimental setup was
performed with the General Long-Baseline Experiment
Simulator (GLoBES) software [10,11]. Unless otherwise
noted, the neutrino fluxes used in the BSM physics
analysis are the same as those used in the DUNE LBL
three-flavor analysis [1]. The configuration of the beam
used in ND analyses is assumed to be a 120 GeV proton
beam with 1.2 MW beam power at 56% uptime, provid-
ing 1.1 x 102! POT /year. Cross-section files describing
neutral current (NC) and charged current (CC) interac-
tions with argon are generated using Generates Events
for Neutrino Interaction Experiments (GENIE) [12,13]
version 2.8.4. The true-to-reconstructed smearing ma-
trices and the selection efficiency as a function of en-
ergy for various signal and background modes are gen-
erated using nominal DUNE MC simulation. A 40kt
fiducial mass is assumed for the FD, exposed to a
120 GeV, 1.2 MW beam. The v, and 7, appearance sig-
nal modes have independent normalization uncertain-
ties of 2% each, while v, and 7, disappearance signal
modes have independent normalization uncertainties of
5%. The background normalization uncertainties range
from 5% to 20% and include correlations among vari-
ous sources of background. More details can be found
in Ref. [14]. The single-particle detector responses used
for the analyses are listed in Table 2.

Table 2 FD properties used in the BSM physics analyses.

Particle | Threshold Energy Angular
Type Resolution Resolution
ut 30 MeV Contained: 1°
track length
et 30 MeV 2% 1°
nt 100 MeV 30% 5°

The neutrino tridents search presented in Section 7,
and the baryon number violation analyses presented in
Section 9 use samples of simulated and reconstructed
signal and background events, produced using standard
DUNE detection simulation and reconstruction soft-
ware. Further details are given in those sections.

For analyses that use neither GLoBES nor the stan-
dard DUNE simulation and reconstruction software,
such as the Dark Matter analyses described in Section 8
and several of the analyses described in Section 10, de-
tails are given in the relevant sections.



3 Sterile Neutrino Mixing

Experimental results in tension with the three-
neutrino-flavor paradigm, which may be interpreted as
mixing between the known active neutrinos and one
or more sterile states, have led to a rich and diverse
program of searches for oscillations into sterile neutri-
nos [15,16]. DUNE is sensitive over a broad range of
potential sterile neutrino mass splittings by looking for
disappearance of CC and NC interactions over the long
distance separating the ND and FD, as well as over
the short baseline of the ND. With a longer baseline,
a more intense beam, and a high-resolution large-mass
FD, compared to previous experiments, DUNE provides
a unique opportunity to improve significantly on the
sensitivities of the existing probes, and greatly enhance
the ability to map the extended parameter space if a
sterile neutrino is discovered. In the sterile neutrino
mixing studies presented here, we assume a minimal
3+1 oscillation scenario with three active neutrinos and
one sterile neutrino, which includes a new independent
neutrino mass-squared difference, Am3,, and for which
the mixing matrix is extended with three new mixing
angles, 614, 024, 034, and two additional phases d14 and
024.

Disappearance of the beam neutrino flux between
the ND and FD results from the quadratic suppres-
sion of the sterile mixing angle measured in appear-
ance experiments, 0,., with respect to its disappear-
ance counterparts, 0, = 24 for LBL experiments, and
O.c = 614 for reactor experiments. These disappearance
effects have not yet been observed and are in tension
with appearance results [15,16] when global fits of all
available data are carried out. The exposure of DUNE’s
high-resolution FD to the high-intensity LBNF beam
will also allow direct probes of nonstandard electron
(anti)neutrino appearance.

DUNE will look for active-to-sterile neutrino mix-
ing using the reconstructed energy spectra of both NC
and CC neutrino interactions in the FD, and their com-
parison to the extrapolated predictions from the ND
measurement. Since NC cross sections and interaction
topologies are the same for all three active neutrino fla-
vors, the NC spectrum is insensitive to standard neu-
trino mixing. However, should there be oscillations into
a fourth light neutrino, an energy-dependent depletion
of the neutrino flux would be observed at the FD, as the
sterile neutrino would not interact in the detector vol-
ume. Furthermore, if sterile neutrino mixing is driven
by a large mass-square difference Am3?, ~1eV?, the CC
spectrum will be distorted at energies higher than the
energy corresponding to the standard oscillation max-

imum. Therefore, CC disappearance is also a powerful
probe of sterile neutrino mixing at long baselines.

We assume the mixing matrix augmented
with one sterile state is parametrized by
U = R34SQ4514R23513R12 [17}, where Rij is the
rotational matrix for the mixing angle 6;;, and S;;
represents a complex rotation by the mixing angle 0;;
and the C'P-violating phase J;;. At long baselines the
NC disappearance probability to first order for small
mixing angles is then approximated by:

1-Ply, = vs)=1— cos? 014 cos? O34 sin® 2094 sin® Ay

— SiIl2 934 sin2 2923 Sin2 A31

1
+ 5 sin 524 sin 924 sin 2023 sin Agl,
(1)

AmZ,L T s .
where Aj; = Z{; . The relevant oscillation probabil-
ity for v, CC disappearance is the v, survival proba-

bility, similarly approximated by:

Py, —»v,)~1- sin? 26,3 sin? As;
+ 25in? 2045 sin® 054 sin? Ag; (2)

— SiIl2 2924 Sin2 A41.

Finally, the disappearance of (12 CC is described by:

=) =)

P(ve— ve)~1—sin?203sin? Asy @)

- Sil’l2 2914 SiIl2 A41.

Figure 1 shows how the standard three-flavor oscillation
probability is distorted at neutrino energies above the
standard oscillation peak when oscillations into sterile
neutrinos are included.

The sterile neutrino effects have been implemented
in GLoBES via the existing plug-in for sterile neutrinos
and nonstandard interactions (INSI) [18]. As described
above, the ND will play a very important role in the
sensitivity to sterile neutrinos both directly, for rapid
oscillations with Am3; > 1 eV? where the sterile os-
cillation matches the ND baseline, and indirectly, at
smaller values of Am3?, where the ND is crucial to re-
duce the systematic uncertainties affecting the FD to
increase its sensitivity. To include these ND effects in
these studies, the most recent GLoBES DUNE configu-
ration files describing the FD were modified by adding
a ND with correlated systematic errors with the FD. As
a first approximation, the ND is assumed to be an iden-
tical scaled-down version of the TDR FD, with identi-
cal efficiencies, backgrounds and energy reconstruction.
The systematic uncertainties originally defined in the



10

Neutrino Energy (GeV) Neutrino Energy (GeV)

10° 10 1 107" 107 10 1 107
1.47 AR LA T T L L
- ND ' FD 1
1= : —
> 0.8~ : =
5 | am?=005ev? E
é 0.6: J— gt(d_ Osc). POu—vy) h
a [ — P(v,-vV, '
0.4 — P, -v,) !
[ — Pv,-vy) '
02— 1-P(v, - V) !
E L I I . AR =< l
102 107 1 10 102 10° 10
L/E (km/GeV)
Neutrino Energy (GeV) Neutrino Energy (GeV)
1;02 10 1 107 107 10 1 10"
B [P U iy T T I ™
B ND ' FD 8
1= T -
0.8F ' =
= C ' ]
3 F AmZ,=0.50 eV? ' B
% 0.6 F— gt(d Osc). P(v,—v,) E ]
o F — PV, -V, ll u
0.4 — P(v:avz) !
[ — P,-vy) '
0.2~ — 1-P(v,-Vy) !
E L | U A nonsme—n l
102 107 1 10 102 10° 10
L/E (km/GeV)
Neutrino Energy (GeV) Neutrino Energy (GeV)
10° 10 1 107" 107 10 1 10"
1. 2 prrr — ™
o ND i FD .
A= T ]
> %% ' ]
3 F am?2,=50.00 eV? i B
g 06 gt(d, Osc). P~V E
o [ — P(v, -V, ' ]
0.4F— P(uy-vy) : >
[ — P,-vo) '
0.2 — 1-P(, V) :
0;___./\.. . f

102 10 102 10° 10*

1 10
L/E (km/GeV)
Fig. 1 Regions of L/FE probed by the DUNE detector com-
pared to 3-flavor and 3+1-flavor neutrino disappearance and
appearance probabilities. The gray-shaded areas show the
range of true neutrino energies probed by the ND and FD.
The top axis shows true neutrino energy, increasing from right
to left. The top plot shows the probabilities assuming mix-
ing with one sterile neutrino with Am?2, = 0.05 eV2, corre-
sponding to the slow oscillations regime. The middle plot as-
sumes mixing with one sterile neutrino with Am2; = 0.5 eV2,
corresponding to the intermediate oscillations regime. The
bottom plot includes mixing with one sterile neutrino with
Amil = 50 eV?, corresponding to the rapid oscillations
regime. As an example, the slow sterile oscillations cause visi-
ble distortions in the three-flavor v, survival probability (blue
curve) for neutrino energies ~ 10 GeV, well above the three-
flavor oscillation minimum.

GLoBES DUNE conceptual design report (CDR) con-
figuration already took into account the effect of the
ND constraint. Thus, since we are now explicitly simu-
lating the ND, larger uncertainties have been adopted
but partially correlated between the different channels

in the ND and FD, so that their impact is reduced by
the combination of both data sets. The full set of sys-
tematic uncertainties employed in the sterile neutrino
studies is listed in Table 3.

Finally, for oscillations observed at the ND, the
uncertainty on the production point of the neutrinos
can play an important role. We have included an ad-
ditional 20% energy smearing, which produces a simi-
lar effect given the L/E dependence of oscillations. We
implemented this smearing in the ND through multi-
plication of the migration matrices provided with the
GLoBES files by an additional matrix with the 20%
energy smearing obtained by integrating the Gaussian

1 _(E7E1)2
RY(E,E) = ————¢ 202 4
(B.E) =~ (4)

with o(E) = 0.2F in reconstructed energy E’, where F
is the true neutrino energy from simulation.

By default, GLoBES treats all systematic uncertain-
ties included in the fit as normalization shifts. How-
ever, depending on the value of Am?2,, sterile mix-
ing will induce shape distortions in the measured en-
ergy spectrum beyond simple normalization shifts. As
a consequence, shape uncertainties are very relevant
for sterile neutrino searches, particularly in regions of
parameter space where the ND, with virtually infi-
nite statistics, has a dominant contribution. The cor-
rect inclusion of systematic uncertainties affecting the
shape of the energy spectrum in the two-detector fit
GLoBES framework used for this analysis posed tech-
nical and computational challenges beyond the scope
of the study. Therefore, for each limit plot, we present
two limits bracketing the expected DUNE sensitivity
limit, namely: the black limit line, a best-case sce-
nario, where only normalization shifts are considered
in a ND+FD fit, where the ND statistics and shape
have the strongest impact; and the grey limit line, cor-
responding to a worst-case scenario where only the FD
is considered in the fit, together with a rate constraint
from the ND.

Studying the sensitivity to 014, the dominant chan-
nels are those regarding v, disappearance. Therefore,
only the v, CC sample is analyzed and the channels for
NC and v, CC disappearance are not taken into ac-
count, as they do not influence greatly the sensitivity
and they slow down the simulations. The sensitivity at
the 90% confidence level (CL), taking into account the
systematic uncertainties mentioned above, is shown in
Fig. 2, along with a comparison to current constraints.

For the 024 mixing angle, we analyze the v, CC
disappearance and the NC samples, which are the main
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Table 3 List of systematic errors assumed in the sterile neutrino studies.

Type of error Value affects ND/FD correlated?
ND fiducial volume 0.01 all ND events no
FD fiducial volume 0.01 all FD events no
flux signal component 0.08 all events from signal comp. yes
flux background component 0.15 all events from bckg comp. yes
flux signal component n/f 0.004 all events from signal comp. in ND no
flux background component n/f 0.02  all events from bckg comp. in ND no
CC cross section (each flav.) 0.15 all events of that flavour yes
NC cross section 0.25 all NC events yes
CC cross section (each flav.) n/f 0.02 all events of that flavour in ND no
NC cross section n/f 0.02 all NC events in ND no

contributors to the sensitivity. The results are shown in
Fig. 2, along with comparisons with present constraints.

In the case of the 634 mixing angle, we look for dis-
appearance in the NC sample, the only contributor to
this sensitivity. The results are shown in Fig. 3. Further,
a comparison with previous experiments sensitive to v,
v, mixing with large mass-squared splitting is possible
by considering an effective mixing angle 6,,,, such that

sin? 20, = AU-4*|Upal* = cos? 014 sin? 2094 sin® 04,
and assuming conservatively that cos*6;4 = 1, and
sin? 20y, = 1. This comparison with previous exper-

iments is also shown in Fig. 3. The sensitivity to
034 is largely independent of Am3,, since the term
with sin® f34 in the expression describing P(v, — vs)
Eq. (1), depends solely on the Am2; mass splitting.
Another quantitative comparison of our results for
024 and f#34 with existing constraints can be made for
projected upper limits on the sterile mixing angles as-
suming no evidence for sterile oscillations is found, and
picking the value of Am3; = 0.5 eV? corresponding to
the simpler counting experiment regime. For the 3 + 1
model, upper limits of 24 < 1.8° (15.1°) and 634 < 15.0°
(25.5°) are obtained at the 90% CL from the pre-
sented best(worst)-case scenario DUNE sensitivities. If
expressed in terms of the relevant matrix elements

|Uu4|2 = 08?014 sin? Oy )
|Ura)? = cos® 014 cos? fay sin? Oy,
these limits become |U,4|? <0.001 (0.068) and

|U-4]? <0.067 (0.186) at the 90% CL, where we
conservatively assume cos? 6,4 =1 in both cases, and
additionally cos? 634 =1 in the second case.

Finally, sensitivity to the 0,,. effective mixing angle,
defined as sin® 20, = 4|Ue4|2\U#4|2 = sin? 2014 sin® 64,
is shown in Fig. 4, which also displays a comparison

with the allowed regions from the Liquid Scintilator
Neutrino Detector (LSND) and MiniBooNE, as well as

with present constraints and projected constraints from
the Fermilab Short-Baseline Neutrino (SBN) program.
As an illustration, Fig. 4 also shows DUNE’s dis-
covery potential for a scenario with one sterile neutrino
governed by the LSND best-fit parameters:
(Am3, = 1.2 eV?; sin® 26, = 0.003) [20]. A small 90%
CL allowed region is obtained, which can be compared
with the LSND allowed region in the same figure.

4 Non-Unitarity of the Neutrino Mixing Matrix

A generic characteristic of most models explaining the
neutrino mass pattern is the presence of heavy neu-
trino states, additional to the three light states of the
SM of particle physics [21-23]. These types of mod-
els imply that the 3 x 3 Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix is not unitary due to mixing
with additional states. Besides the type-I seesaw mech-
anism [24-27], different low-scale seesaw models include
right-handed neutrinos that are relatively not-so-heavy,
with mass of 1-10 TeV [28], and perhaps detectable at
collider experiments.

These additional heavy leptons would mix with the
light neutrino states and, as a result, the complete uni-
tary mixing matrix would be a squared n x n matrix,
with n the total number of neutrino states. Therefore,
the usual 3 x 3 PMNS matrix, which we dub IV to stress
its non-standard nature, will be non-unitary. One pos-
sible general way to parameterize these unitarity devi-
ations in N is through a triangular matrix [29]!

1 — e 0 0
N=| aup l-au 0 U, (6)
Qre a‘ru 1 — Orr

1For a similar parameterization corresponding to a (3 + 1)
and a (3 + 3)-dimensional mixing matrix, see Refs. [30,31]
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Fig. 2 The top plot shows the DUNE sensitivities to 614
from the v. 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. [19] an
displays sensitivities to 624 using the v, 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.

with U representing the unitary PMNS matrix, and the
ay; representing the non-unitary parameters.? In the
limit where a;; = 0, N becomes the usual PMNS mix-
ing matrix.

The triangular matrix in this equation accounts for
the non-unitarity of the 3 x 3 matrix for any num-
ber of extra neutrino species. This parametrization has
been shown to be particularly well-suited for oscillation

2The original parameterization in Ref. [29] uses a;; instead of
ag~. The equivalence between the two notations is as follows:
Qg5 — 1- agp and Qjj = Qg~.
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Fig. 3 Comparison of the DUNE sensitivity to 634 using the
NC samples at the ND and FD with previous and existing
experiments. Regions to the right of the contour are excluded.

searches [29, 32] since, compared to other alternatives,
it minimizes the departures of its unitary component U
from the mixing angles that are directly measured in
neutrino oscillation experiments when unitarity is as-
sumed.

The phenomenological implications of a non-unitary
leptonic mixing matrix have been extensively studied in
flavor and electroweak precision observables as well as
in the neutrino oscillation phenomenon [27,29, 33-53].
For recent global fits to all flavor and electroweak preci-
sion data summarizing present bounds on non-unitarity
see Refs. [47,54].

Recent studies have shown that DUNE can con-
strain the non-unitarity parameters [32,53]. The sum-
mary of the 90% CL bounds on the different «;; el-
ements profiled over all other parameters is given in
Table 4.

Table 4 Expected 90% CL constraints on the non-unitarity
parameters o from DUNE.

Parameter ‘ Constraint

Qee 0.3
Qup 0.2
Qrr 0.8
Qe 0.04
Qre 0.7
Qry 0.2

These bounds are comparable with other constraints
from present oscillation experiments, although they
are not competitive with those obtained from flavor
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Fig. 4 DUNE sensitivities to 6,. from the appearance and
disappearance samples at the ND and FD is shown on the
top plot, along with a comparison with previous existing ex-
periments and the sensitivity from the future SBN program.
Regions to the right of the DUNE contours are excluded.
The plot is adapted from Ref. [19]. In the bottom plot, the
ellipse displays the DUNE discovery potential assuming 6,
and Am3, set at the best-fit point determined by LSND [20]
(represented by the star) for the best-case scenario referenced
in the text.

and electroweak precision data. For this analysis, and
those presented below, we have used the GLoBES soft-
ware [10,11] with the DUNE CDR configuration pre-
sented in Ref. [14], and assuming a data exposure of
300 kt - MW - year. The standard (unitary) oscillation
parameters have also been treated as in [14]. The uni-
tarity deviations have been included both by an in-
dependent code (used to obtain the results shown in
Ref. [53]) and via the Monte Carlo Utility Based Exper-
iment Simulator (MonteCUBES) [55] plug-in to cross
validate our results.

Conversely, the presence of non-unitarity may af-
fect the determination of the Dirac charge parity (CP)-
violating phase dcp in LBL experiments [51,53,54]. In-

deed, when allowing for unitarity deviations, the ex-
pected CP discovery potential for DUNE could be sig-
nificantly reduced. However, the situation is alleviated
when a combined analysis with the constraints on non-
unitarity from other experiments is considered. This is
illustrated in Fig. 5. In the left panel, the discovery
potential for charge-parity symmetry violation (CPV)
is computed when the non-unitarity parameters intro-
duced in Eq. (6) are allowed in the fit. While for the
Asimov data all o;; = 0, the non-unitary parameters
are allowed to vary in the fit with 1o priors of 1071,
1072 and 1073 for the dotted green, dashed blue and
solid black lines respectively. For the dot-dashed red
line no prior information on the non-unitarity param-
eters has been assumed. As can be observed, without
additional priors on the non-unitarity parameters, the
capabilities of DUNE to discover CPV from dcp would
be seriously compromised [53]. However, with priors of
order 10~2 matching the present constraints from other
neutrino oscillation experiments [32,53], the sensitivity
expected in the three-flavor model is almost recovered.
If the more stringent priors of order 1072 stemming
from flavor and electroweak precision observables are
added [47,54], the standard sensitivity is obtained.

The right panel of Fig. 5 concentrates on the impact
of the phase of the element o, in the discovery poten-
tial of CPV from dcp, since this element has a very
important impact in the v, appearance channel. In this
plot the modulus of ae, oy, and «, have been fixed to
1071, 1072, 103 and 0 for the dot-dashed red, dotted
green, dashed blue and solid black lines respectively. All
other non-unitarity parameters have been set to zero
and the phase of «y,. has been allowed to vary both
in the fit and in the Asimov data, showing the most
conservative curve obtained. As for the right panel, it
can be seen that a strong deterioration of the CP dis-
covery potential could be induced by the phase of o,
(see Ref. [53]). However, for unitarity deviations of or-
der 1072, as required by present neutrino oscillation
data constraints, the effect is not too significant in the
range of o p for which a 30 exclusion of CP conserva-
tion would be possible and it becomes negligible if the
stronger 10~2 constraints from flavor and electroweak
precision data are taken into account.

Similarly, the presence of non-unitarity worsens de-
generacies involving 63, making the determination of
the octant or even its maximality challenging. This
situation is shown in Fig. 6 where an input value of
f23 = 42.3° was assumed. As can be seen, the fit in
presence of non-unitarity (solid lines) introduces degen-
eracies for the wrong octant and even for maximal mix-
ing [32]. However, these degeneracies are resolved upon
the inclusion of present priors on the non-unitarity pa-
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rameters from other oscillation data (dashed lines) and
a clean determination of the standard oscillation pa-
rameters following DUNE expectations is again recov-
ered.

The sensitivity that DUNE would provide to the
non-unitarity parameters is comparable to that from
present oscillation experiments, while not competitive
to that from flavor and electroweak precision observ-
ables, which are roughly an order of magnitude more
stringent. On the other hand, the capability of DUNE
to determine the standard oscillation parameters such
as CPV from dcp or the octant or maximality of a3
would be seriously compromised by unitarity deviations
in the PMNS matrix. This negative impact is however
significantly reduced when priors on the size of these
deviations from other oscillation experiments are con-
sidered, and disappears altogether if the more stringent
constraints from flavor and electroweak precision data
are added instead.

5 Non-Standard Neutrino Interactions

Non-standard neutrino interactions (NSI), affecting
neutrino propagation through the Earth, can signifi-
cantly modify the data to be collected by DUNE as long
as the new physics parameters are large enough [56].
Leveraging its very long baseline and wide-band beam,
DUNE is uniquely sensitive to these probes. NSI may
impact the determination of current unknowns such
as CPV [57,58], mass hierarchy [59,60] and octant of
f23 [61]. If the DUNE data are consistent with the
standard oscillation for three massive neutrinos, off-
diagonal NC NSI effects of order 0.1 G, considering 68
to 95% CL affecting neutrino propagation through the
Earth, can be ruled out. [62,63]. We note that DUNE
might improve current constraints on [ef| and e}, |,
the electron flavor-changing NSI intensity parameters
(see Eq. 8), by a factor 2-5 [56, 64, 65]. New CC inter-
actions can also lead to modifications in the produc-
tion, at the beam source, and the detection of neutri-
nos. The findings on source and detector NSI studies at
DUNE are presented in [66,67], in which DUNE does
not have sensitivity to discover or to improve bounds
on source/detector NSI. In particular, the simultaneous
impact on the measurement of dcp and 63 is investi-
gated in detail. Depending on the assumptions, such as
the use of the ND and whether NSI at production and
detection are the same, the impact of source/detector
NSI at DUNE may be relevant. We focus our attention
on the propagation, based on the results from [66].
NC NSI can be understood as non-standard matter
effects that are visible only in a FD at a sufficiently

long baseline. They can be parameterized as new con-
tributions to the matter potential in the Mikheyev-
Smirnov-Wolfenstein effect (MSW) [68-73] matrix in
the neutrino-propagation Hamiltonian:

0
H=U| Am3 /2E U'+Vausw, (7)
Am3,/2E
with
B 1+ece €0, €or
VMSW - \/ﬁGFNe EZL* EZL 6/T‘r (8)
A

Here, U is the standard PMNS leptonic mixing matrix,
for which we use the standard parameterization found,
e.g., in [74], and the e-parameters give the magnitude
of the NSI relative to standard weak interactions. For
new physics scales of a few hundred GeV, a value of
le] of the order 0.01 or less is expected [75-77]. The
DUNE baseline provides an advantage in the detec-
tion of NSI relative to existing beam-based experiments
with shorter baselines. Only atmospheric-neutrino ex-
periments have longer baselines, but the sensitivity of
these experiments to NSI is limited by systematic ef-
fects [78].

In this analysis, we use GLoBES with the Mon-
teCUBES C library, a plugin that replaces the deter-
ministic GLoBES minimizer by a Markov Chain Monte
Carlo (MCMC) method that is able to handle higher di-
mensional parameter spaces. In the simulations we use
the configuration for the DUNE CDR [14]. Each point
scanned by the MCMC is stored and a frequentist x?
analysis is performed with the results. The analysis as-
sumes an exposure of 300 kt - MW - year.

In an analysis with all the NSI parameters free to
vary, we obtain the sensitivity regions in Fig. 7. We omit
the superscript m that appears in Eq. (8). The credible
regions are shown for different confidence levels. We
note, however, that constraints on e, — €., coming
from global fit analysis [56, 65,79, 80] can remove the
left and right solutions of €, — €, in Fig. 7.

In order to constrain the standard oscillation pa-
rameters when NSI are present, we use the fit for three-
neutrino mixing from [79] and implement prior con-
straints to restrict the region sampled by the MCMC.
The sampling of the parameter space is explained in [63]
and the priors that we use can be found in table 5.

The effects of NSI on the measurements of the stan-
dard oscillation parameters at DUNE are explicit in
Fig. 8, where we superpose the allowed regions with
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Table 5 Oscillation parameters and priors implemented in
MCMC for calculation of Fig. 7.

Parameter | Nominal | 1o Range (+)
012 0.197 2.29%
sinZ(2013) 0.08470 0.00292
sin?(2023) 0.9860 0.0123
Am3, 7.5 x10~%eV? 2.53%
Am3, 2.524 x10~3eV? free
dcp 1.45m free

non-negligible NSI and the standard-only credible re-
gions at 90% CL. In the blue filled areas we assume
only standard oscillation. In the regions delimited by

the red, black dashed, and green dotted lines we con-

strain standard oscillation parameters allowing NSI to
vary freely.

An important degeneracy appears in the measure-
ment of the mixing angle 3. Notice that this degen-
eracy appears because of the constraints obtained for
€rr — €4 shown in Fig. 7. We also see that the sensi-
tivity of the CP phase is strongly affected.

The effects of matter density variation and its aver-
age along the beam path from Fermilab to SURF were
studied considering the standard neutrino oscillation
framework with three flavors [81,82]. In order to ob-
tain the results of Figs. 7 and 8, we use a high-precision
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calculation for the baseline of 1285 km and the average
density of 2.848 g/cm? [81].

The DUNE collaboration has been using the so-
called PREM [83,84] density profile to consider matter
density variation. With this assumption, the neutrino
beam crosses a few constant density layers. However,
a more detailed density map is available for the USA
with more than 50 layers and 0.25 x 0.25 degree cells
of latitude and longitude: The Shen-Ritzwoller or S.R.
profile [81, 85]. Comparing the S.R. with the PREM
profiles, Ref. [82] shows that in the standard oscillation
paradigm, DUNE is not highly sensitive to the density
profile and that the only oscillation parameter with its
measurement slightly impacted by the average density
true value is dcp. NSI, however, may be sensitive to
the profile, particularly considering the phase ¢, [86],
where €., = |ec-|e€'®e7, to which DUNE will have a high
sensitivity [56,62-65], as we also see in Fig. 7.

In order to compare the results of our analysis pre-
dictions for DUNE with the constraints from other ex-
periments, we use the results from [56]. There are differ-
ences in the nominal parameter values used for calculat-
ing the x? function and other assumptions. This is the
reason why the regions in Fig. 9 do not have the same
central values, but this comparison gives a good view of
how DUNE can substantially improve the bounds on,
for example, €7 — €4, Am3;, and the non-diagonal
NSI parameters.

NSI can significantly impact the determination of
current unknowns such as CPV and the octant of 053.
Clean determination of the intrinsic CP phase at LBL
experiments, such as DUNE, in the presence of NSI,
is a formidable task [87]. A feasible strategy to disam-
biguate physics scenarios at DUNE using high-energy
beams was suggested in [88]. The conclusion here is
that, using a tunable beam, it is possible to disentangle
scenarios with NSI. Constraints from other experiments
can also solve the NSI induced degeneracy on 6a3.

6 CPT and Lorentz Violation

Charge conjugation, parity, and time reversal symmetry
(CPT) is a cornerstone of our model-building strategy.
DUNE can improve the present limits on Lorentz and
charge, parity, and time reversal symmetry (CPT) vio-
lation by several orders of magnitude [89-96], contribut-
ing as a very important experiment to test these funda-
mental assumptions underlying quantum field theory.
CPT invariance is one of the predictions of major
importance of local, relativistic quantum field theory.
One of the predictions of CPT invariance is that parti-
cles and antiparticles have the same masses and, if un-
stable, the same lifetimes. To prove the CPT theorem

one needs only three ingredients [89]: Lorentz invari-
ance, hermiticity of the Hamiltonian, and locality.

Experimental bounds on CPT invariance can be de-
rived using the neutral kaon system [97]:

m(K°) —m(K")|

mg

<0.6x 10718, (9)

This result, however, should be interpreted very
carefully for two reasons. First, we do not have a com-
plete theory of CPT violation, and it is therefore arbi-
trary to take the kaon mass as a scale. Second, since
kaons are bosons, the term entering the Lagrangian
is the mass squared and not the mass itself. With
this in mind, we can rewrite the previous bound as:
Im2(K°) — m2(K")| < 0.3 V2. Modeling CPT viola-
tion as differences in the usual oscillation parameters
between neutrinos and antineutrinos, we see here that
neutrinos can test the predictions of the CPT theorem
to an unprecedented extent and could, therefore, pro-
vide stronger limits than the ones regarded as the most
stringent ones to date.?

In the absence of a solid model of flavor, not to
mention one of CPT violation, the spectrum of neu-
trinos and antineutrinos can differ both in the mass
eigenstates themselves as well as in the flavor compo-
sition of each of these states. It is important to no-
tice then that neutrino oscillation experiments can only
test CPT in the mass differences and mixing angles.
An overall shift between the neutrino and antineutrino
spectra will be missed by oscillation experiments. Nev-
ertheless, such a pattern can be bounded by cosmologi-
cal data [98]. Unfortunately direct searches for neutrino
mass (past, present, and future) involve only antineu-
trinos and hence cannot be used to draw any conclusion
on CPT invariance on the absolute mass scale, either.
Therefore, using neutrino oscillation data, we will com-
pare the mass splittings and mixing angles of neutrinos
with those of antineutrinos. Differences in the neutrino
and antineutrino spectrum would imply the violation
of the CPT theorem.

In Ref. [94] the authors derived the most up-to-date
bounds on CPT invariance from the neutrino sector
using the same data that was used in the global fit
to neutrino oscillations in Ref. [99]. Of course, exper-
iments that cannot distinguish between neutrinos and
antineutrinos, such as atmospheric data from Super—
Kamiokande [100], IceCube-DeepCore [101, 102] and
ANTARES [103] were not included. The complete data

3CPT was tested also using charged leptons. However, these
measurements involve a combination of mass and charge and
are not a direct CPT test. Only neutrinos can provide CPT
tests on an elementary mass not contaminated by charge.
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Fig. 9 One-dimensional DUNE constraints compared with current constraints calculated in Ref. [56]. The left half of the figure
shows constraints on the standard oscillation parameters, written in the bottom of each comparison. The five comparisons in
the right half show constraints on non-standard interaction parameters.

set used, as well as the parameters to which they are
sensitive, are (1) from solar neutrino data [104-113]:
612, AmZ,, and 6;3; (2) from neutrino mode in LBL ex-
periments K2K [114], MINOS [115,116], T2K [117,118],
and NOvA [119,120]: a3, AmZ,, and 6y3; (3) from
KamLAND reactor antineutrino data [121]: 615, A2,
and 63; (4) from short-baseline reactor antineutrino
experiments Daya Bay [122], RENO [123], and Dou-
ble Chooz [124]: 613 and Am3;; and (5) from antineu-
trino mode in LBL experiments MINOS [115,116] and
T2K [117,118]: 023, Am%,, and 013.4

From the analysis of all previous data samples, one
can derive the most up-to-date (3¢) bounds on CPT
violation:

|AmZ, — Amms,| < 4.7 x 107°eV?,
|AmZ, — Ama,| < 3.7 x 107 eV?,
|Sin2 619 — sin? 012 <0.14,
|sin? 613 — sin? @3] < 0.03,

| sin? 03 — sin? O3] < 0.32. (10)

At the moment it is not possible to set any bound
on |§ — 4], since all possible values of § or & are al-
lowed by data. The preferred intervals of § obtained
in Ref. [99] can only be obtained after combining the
neutrino and antineutrino data samples. The limits on
A(AmZ)) and A(Am3,) are already better than the
one derived from the neutral kaon system and should
be regarded as the best current bounds on CPT viola-
tion on the mass squared. Note that these results were
derived assuming the same mass ordering for neutrinos
and antineutrinos. If the ordering was different for neu-
trinos and antineutrinos, this would be an indication
for CPT violation on its own. In the following we show
how DUNE could improve this bound.

4The K2K experiment took data only in neutrino mode, while
the NOvA experiment had not published data in the antineu-
trino mode when these bounds were calculated.

Table 6 Oscillation parameters used to simulate neutrino
and antineutrino data for the DUNE CPT sensitivity analy-
sis.

Parameter ‘ Value
Am3, 7.56 x 10~ %eV?
AmZ, 2.55 x 10~3eV?2

sin? 612 0.321
sin? 023 0.43, 0.50, 0.60
sin? 013 0.02155

) 1.507

Sensitivity of the DUNE experiment to measure
CPT violation in the neutrino sector is studied by ana-
lyzing neutrino and antineutrino oscillation parameters
separately. We assume the neutrino oscillations being
parameterized by the usual PMNS matrix Uppmns,
with parameters 019,013,023, Am3;, Am3,,and 6,
while the antineutrino oscillations are
eterized by a matrix Upyng with parameters
512,513, ggg, Amgl, Amgl, and . Hence, antineu-
trino oscillation is described by the same probability
functions as neutrinos with the neutrino parameters re-
placed by their antineutrino counterparts.® To simulate
the expected neutrino data signal in DUNE, we assume
the true values for neutrinos and antineutrinos to be
as listed in Table 6. Then, in the statistical analysis,
we vary freely all the oscillation parameters, except
the solar ones, which are fixed to their best fit values
throughout the simulations. Given the great precision
in the determination of the reactor mixing angle by the
short-baseline reactor experiments [122-124], in our
analysis we use a prior on 13, but not on 6;3. We also
consider three different values for the atmospheric an-
gles, as indicated in Table 6. The exposure considered
in the analysis corresponds to 300 kt - MW - year.

Therefore, to test the sensitivity at DUNE we per-
form the simulations assuming Az = |z —7Z| = 0, where
x is any of the oscillation parameters. Then we estimate

param-

5Note that the antineutrino oscillation probabilities also in-
clude the standard change of sign in the CP phase.
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the sensitivity to Az # 0. To do so, we calculate two
x2-grids, one for neutrinos and one for antineutrinos,
varying the four parameters of interest, in this case the
atmospheric oscillation parameters. After minimizing
over all parameters except x and ¥, we calculate

X (Az) = X (lz — 7)) = X*(2) + (@), (11)

where we have considered all the possible combinations
of |x — Z|. The results are presented in Fig. 10, where
we plot three different lines, labelled as “high”, “max”
and “low.” These refer to the assumed value for the
atmospheric angle: in the lower octant (low), maximal
mixing (max) or in the upper octant (high). Here we
can see that there is sensitivity neither to A(sin®#63),
where the 30 bound would be of the same order as the
current measured value for sin? 6,3, nor to A, where
no single value of the parameter would be excluded at
more than 20.

On the contrary, interesting results for A(Am3;)
and A(sin® f3) are obtained. First, we see that DUNE
can put stronger bounds on the difference of the atmo-
spheric mass splittings, namely A(Am%;) < 8.1 x 1075,
improving the current neutrino bound by one order of
magnitude. For the atmospheric angle, we obtain dif-
ferent results depending on the true value assumed in
the simulation of DUNE data. In the lower right panel
of Fig. 10 we see the different behavior obtained for 653
with the values of sin? f3 from table 6, i.e., lying in the
lower octant, being maximal, and lying in the upper
octant. As one might expect, the sensitivity increases
with Asin? 6o3 in the case of maximal mixing. However,
if the true value lies in the lower or upper octant, a de-
generate solution appears in the complementary octant.

In some types of neutrino oscillation experiments,
e.g., accelerator experiments, neutrino and antineutrino
data are obtained in separate experimental runs. The
usual procedure followed by the experimental collabora-
tions, as well as the global oscillation fits as for example
Ref. [99], assumes CPT invariance and analyzes the full
data sample in a joint way. However, if CPT is violated
in nature, the outcome of the joint data analysis might
give rise to what we call an “imposter” solution, i.e.,
one that does not correspond to the true solution of
any channel.

Under the assumption of CPT conservation, the 2
functions are computed according to

Xiotal = X2 (V) +X2(©) (12)

and assuming that the same parameters describe neu-
trino and antineutrino flavor oscillations. In contrast,
in Eq. (11) we first profiled over the parameters in
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Fig. 10 The sensitivities of DUNE to the difference of neu-
trino and antineutrino parameters: A5, A(Am2,), A(sin? 613)
and A(sin? #23) for the atmospheric angle in the lower octant
(black line), in the upper octant (light gray line) and for max-
imal mixing (dark gray line).

neutrino and antineutrino mode separately and then
added the profiles. Here, we shall assume CPT to be
violated in nature, but perform our analysis as if it
were conserved. As an example, we assume that the true
value for the atmospheric neutrino mixing is sin? fo5 =
0.5, while the antineutrino mixing angle is given by
sin? fa3 = 0.43. The rest of the oscillation parameters
are set to the values in Table 6. Performing the statis-
tical analysis in the CPT-conserving way, as indicated
in Eq. (12), we obtain the profile of the atmospheric
mixing angle presented in Fig. 11. The profiles for the
individual reconstructed results (neutrino and antineu-
trino) are also shown in the figure for comparison. The
result is a new best fit value at sin® 953™" = 0.467, dis-
favoring the true values for neutrino and antineutrino
parameters at approximately 30 and more than 50, re-
spectively.

Atmospheric neutrinos are a unique tool for study-
ing neutrino oscillations: the oscillated flux contains all
flavors of neutrinos and antineutrinos, is very sensitive
to matter effects and to both Am? parameters, and
covers a wide range of L/E. In principle, all oscilla-
tion parameters could be measured, with high comple-
mentarity to measurements performed with a neutrino
beam. Studying DUNE atmospheric neutrinos is also a
promising approach to search for BSM effects such as
Lorentz and CPT violation. The DUNE FD, with its
large mass and the overburden to protect it from at-
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Fig. 11 DUNE sensitivity to the atmospheric angle for neu-
trinos (blue), antineutrinos (red), and to the combination of
both under the assumption of CPT conservation (black).

mospheric muon background, is an ideal tool for these
studies.

The effective field theory describing CPT violation
is the Standard-Model Extension (SME) [125], where
CPT violation is accompanied by Lorentz violation.
This approach introduces a large set of neutrino co-
efficients governing corrections to standard neutrino-
neutrino and antineutrino-antineutrino mixing proba-
bilities, oscillations between neutrinos and antineutri-
nos, and modifications of oscillation-free propagation,
all of which incorporate unconventional dependencies
on the magnitudes and directions of momenta and spin.
For DUNE atmospheric neutrinos, the long available
baselines, the comparatively high energies accessible,
and the broad range of momentum directions offer ad-
vantages that can make possible great improvements in
sensitivities to certain types of Lorentz and CPT vio-
lation [91-93,126-129]. To date, experimental searches
for Lorentz and CPT violation with atmospheric neu-
trinos have been published by the IceCube and Super—
Kamiokande collaborations [130-132]. Similar studies
are possible with DUNE, and many SME coefficients
can be measured that remain unconstrained to date.

An example of the potential reach of studies with
DUNE is shown in Fig. 12, which displays estimated
sensitivities from atmospheric neutrinos in DUNE to
a subset of coefficients controlling isotropic (rotation-
invariant) violations in the Sun-centered frame [133].
The sensitivities are estimated by requiring that the
Lorentz/CPT-violating effects are comparable in size
to those from conventional neutrino oscillations. The
eventual DUNE constraints will be determined by the
ultimate precision of the experiment (which is set in
part by the exposure). The gray bars in Fig. 12 show
existing limits. These conservative sensitivity estimates
show that DUNE can achieve first measurements (red)

on some coefficients that have never previously been
measured and improved measurements (green) on oth-
ers, that have already been constrained in previous ex-
periments but that can be measured with greater sen-
sitivity with DUNE.

To illustrate an SME modification of oscillation
probabilities, consider a measurement of the atmo-
spheric neutrino and antineutrino flux as a function of
energy. For definiteness, we adopt atmospheric neutrino
fluxes [134], evaluated using the NRLMSISE-00 global
atmospheric model [135], that result from a produc-
tion event at an altitude of 20 km. Assuming conven-
tional oscillations with standard three-flavor oscillation
parameter values from the PDG [136], the fluxes at the
FD are shown in Fig. 13. The sum of the v, and 7,
fluxes is shown as a function of energy as a red dashed
line, while the sum of the v, and v, fluxes is shown
as a blue dashed line. Adding an isotropic non-minimal
coeflicient for Lorentz violation of magnitude 5(6? =
1 x 1072 GeV~! changes the fluxes from the dashed
lines to the solid ones. This coefficient is many times
smaller than the current experimental limit. Nonethe-
less, the flux spectrum is predicted to change signifi-
cantly at energies over approximately 100 GeV, chang-
ing the expected number of events.
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Fig. 12 Estimated sensitivity to Lorentz and CPT viola-
tion with atmospheric neutrinos in the non-minimal isotropic
Standard Model Extension. The sensitivities are estimated by
requiring that the Lorentz/CPT-violating effects are compa-
rable in size to those from conventional neutrino oscillations.

7 Neutrino Tridents at the Near Detector

Neutrino trident production is a weak process in which
a neutrino, scattering off the Coulomb field of a heavy
nucleus, generates a pair of charged leptons [137-145],
as shown in Fig. 14.

Measurements of muonic neutrino tridents (v, —
vy i p7) were carried out at the CHARM-II [146],
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Fig. 13 Atmospheric fluxes of neutrinos and antineutrinos as
a function of energy for conventional oscillations (dashed line)
and in the non-minimal isotropic Standard Model Extension
(solid line).

CCFR [147] and NuTeV [148] experiments:

1.58 £ 0.64
=40.82+£0.28
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(CHARMLII)
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The high-intensity muon-neutrino flux at the DUNE
ND will lead to a sizable production rate of trident
events (see Table 7), offering excellent prospects to im-
prove the above measurements [149-151]. A deviation
from the event rate predicted by the SM could be an
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Fig. 14 Example diagrams for muon-neutrino-induced tri-
dent processes in the Standard Model. A second set of di-
agrams where the photon couples to the negatively charged
leptons is not shown. Analogous diagrams exist for processes
induced by different neutrino flavors and by antineutrinos. A
diagram illustrating trident interactions mediated by a new
Z' gauge boson, discussed in the text, is shown on the top
right.

I

Table 7 Expected number of SM v, and 7,-induced trident
events at the LArTPC of the DUNE ND per metric ton of
argon and year of operation.

Process Coherent Incoherent
vy = vpptp™  1.1740.07  0.4940.15
vy = vpete~ 2844017 0.18+0.06
vy — veet = 9.8+ 0.6 1.2+04

vy — vepte™ 0 0

Uy — vuptpT  0.724£0.04  0.32+£0.10
Uy — vpete” 2.21+£0.13 0.13+0.04
Uy — veet ™ 0 0

Uy — Vepte™ 7.0+04 0.9+0.3

indication of new interactions mediated by the corre-
sponding new gauge bosons [152].

The main challenge in obtaining a precise measure-
ment of the muonic trident cross section will be the co-
pious backgrounds, mainly consisting of CC single-pion
production events, v, N — pwN’, as muon and pion
tracks can be easily confused in LArTPC detectors. The
discrimination power of the DUNE ND LArTPC was
evaluated using large simulation datasets of signal and
background. Each simulated event represents a differ-
ent neutrino-argon interaction in the active volume of
the detector. Signal events were generated using a stan-
dalone code [149] that simulates trident production of
muons and electrons through the scattering of v, and
ve on argon nuclei. The generator considers both the
coherent scattering on the full nucleus (the dominant
contribution) and the incoherent scattering on individ-
ual nucleons. Background events, consisting of several
SM neutrino interactions, were generated using GENIE.
Roughly 38% of the generated events have a charged
pion in the final state, leading to two charged tracks
with muon-like energy deposition pattern (dE/dz), as
in the trident signal. All final-state particles produced
in the interactions were propagated through the detec-
tor geometry using the GEANT4-based simulation of
the DUNE ND. Charge collection and readout were
not simulated, and possible inefficiencies due to mis-
reconstruction effects or event pile-up were disregarded
for simplicity.

Figure 15 shows the distribution (area normalized)
for signal and background of the different kinematic
variables used in our analysis for the discrimination be-
tween signal and background. As expected, background
events tend to contain a higher number of tracks than
the signal. The other distributions also show a clear dis-
criminating power: the angle between the two tracks is
typically much smaller in the signal than in the back-
ground. Moreover, the signal tracks (two muons) tend
to be longer than tracks in the background (mainly one
muon plus one pion).
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Fig. 15 Event kinematic distributions of signal and background considered for the selection of muonic trident interactions
in the ND LArTPC: number of tracks (top left), angle between the two main tracks (top right), length of the shortest track
(bottom left), and the difference in length between the two main tracks (bottom right). The dashed, black vertical lines indicate

the optimal cut values used in the analysis.

The sensitivity of neutrino tridents to heavy new
physics (i.e., heavy compared to the momentum trans-
fer in the process) can be parameterized in a model-
independent way using a modification of the effective
four-fermion interaction Hamiltonian. Focusing on the
case of muon-neutrinos interacting with muons, the vec-

tor and axial-vector couplings can be written as
G = 1+ 4sin® Oy + Ag), . and (13)
A _ A
Ypppp = -1+ Aguuw )

where Agl‘fﬂw and Agl’?ﬂw represent possible new
physics contributions. Couplings involving other com-
binations of lepton flavors can be modified analogously.
Note, however, that for interactions that involve elec-
trons, very strong constraints can be derived from LEP
bounds on electron contact interactions [153]. The mod-
ified interactions of the muon-neutrinos with muons al-
ter the cross section of the v, N — v,u"pu~ N trident
process. In Fig. 16 we show the regions in the Ag;‘z/uuu
vs. Agﬁ‘uw plane that are excluded by the existing
CCFR measurement JCCFR/U%%[FR = 0.82 £+ 0.28 [147]

at the 95% CL in gray. A measurement of the v, N —
vt T N cross section with 40% uncertainty (obtained
after running for ~ 6 years in neutrino mode or, equiv-
alently, 3 years in neutrino mode and 3 years in an-
tineutrino mode) at the DUNE ND could cover the blue
hashed regions (95% CL). These numbers show that a
measurement of the SM di-muon trident production at
the 40% level could be possible. Our baseline analy-
sis does not extend the sensitivity into parameter space
that is unconstrained by the CCFR measurement. How-
ever, it is likely that the use of a magnetized spectrom-
eter, as it is being considered for the DUNE ND, able
to identify the charge signal of the trident final state,
along with a more sophisticated event selection (e.g.,
deep-learning-based), will significantly improve separa-
tion between neutrino trident interactions and back-
grounds. Therefore, we also present the region (blue
dashed line) that could be probed by a 25% measure-
ment of the neutrino trident cross section at DUNE,
which would extend the coverage of new physics pa-
rameter space substantially.
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Fig. 16 95% CL. sensitivity of a 40% (blue hashed regions)
and a 25% (dashed contours) uncertainty measurement of the
vuN — v,utp™ N cross section at the DUNE near detector
to modifications of the vector and axial-vector couplings of
muon-neutrinos to muons. The gray regions are excluded at
95% CL by existing measurements of the cross section by the
CCFR Collaboration. The intersection of the thin black lines
indicates the SM point. A 40% precision measurement could
be possible with 6 years of data taking in neutrino mode.

We consider a class of models that modify the tri-
dent cross section through the presence of an additional
neutral gauge boson, Z’, that couples to neutrinos and
charged leptons. A consistent way of introducing such
a Z' is to gauge an anomaly-free global symmetry of
the SM. Of particular interest is the Z’ that is based
on gauging the difference of muon-number and tau-
number, L, — L, [154,155]. Such a Z' is relatively
weakly constrained and can for example address the
longstanding discrepancy between SM prediction and
measurement of the anomalous magnetic moment of the
muon, (g—2), [156,157]. The L, — L, Z’ has also been
used in models to explain B physics anomalies [158]
and as a portal to dark matter (DM) [159, 160]. The
vuN — v,pu"pu~ N trident process has been identified
as important probe of gauged L, — L, models over a
broad range of Z’' masses [152,158].

In Fig. 17 we show the existing CCFR constraint
on the model parameter space in the mz: vs. ¢’ plane
and compare it to the region of parameter space where
the anomaly in (¢ — 2), = 2a, can be explained.
The green region shows the lo and 20 preferred pa-
rameter space corresponding to a shift Aa,, = aj® —
aiM = (2.71 £0.73) x 1072 [169]. In addition, con-
straints from LHC searches for the Z’ in the pp —
ptu=Z" — ptu~ptp~ process [161] (see also [152]),
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Fig. 17 Existing constraints and projected DUNE sensitiv-
ity in the L, — L; parameter space. Shown in green is the
region where the (g — 2),, anomaly can be explained at the
20 level. The parameter regions already excluded by exist-
ing constraints are shaded in gray and correspond to a CMS
search for pp — ptp= 2" — ptp~ptp~ [161] (“LHC”), a
BaBar search for ete™ — ptp=2' — ptp—ptp= [162]
(“BaBar”), precision measurements of Z — ¢t¢~ and Z — viv
couplings [158,163] (“LEP”), a previous measurement of the
trident cross section [147,152] (“CCFR”), a measurement of
the scattering rate of solar neutrinos on electrons [164—-166]
(“Borexino”), and bounds from Big Bang Nucleosynthe-
sis [167,168] (“BBN”). The DUNE sensitivity shown by the
solid blue line assumes 6 years of data running in neutrino
mode, leading to a measurement of the trident cross section
with 40% precision.

direct searches for the Z’ at BaBar using the eTe™ —
ptp~Z" — ptpuTpTpT process [162], and constraints
from LEP precision measurements of leptonic Z cou-
plings [158, 163] are shown. A Borexino bound on
non-standard contributions to neutrino-electron scat-
tering [164-166] has also been used to constrain the
L, — L. gauge boson [168,170,171]. Our reproduc-
tion of the Borexino constraint is shown in Fig. 17.
For very light Z' masses of O(few MeV) and below,
strong constraints from measurements of the effective
number of relativistic degrees of freedom during Big
Bang Nucleosynthesis (BBN) apply [167, 168]. Taking
into account all relevant constraints, parameter space
to explain (g — 2),, is left below the di-muon threshold
mz < 210 MeV. The DUNE sensitivity shown by the
solid blue line assumes a measurement of the trident
cross section with 40% precision.

8 Dark Matter Probes

Dark matter is a crucial ingredient to understand the
cosmological history of the universe, and the most up-
to-date measurements suggests the existence of DM
with a density parameter (£2.) of 0.264 [172]. In light
of this situation, a tremendous amount of experimental
effort has gone into the search for DM-induced signa-
tures, for example, DM direct and indirect detections
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and collider searches. However, no “smoking-gun” sig-
nals have been discovered thus far while more parame-
ter space in relevant DM models is simply ruled out.
It is noteworthy that most conventional DM search
strategies are designed to be sensitive to signals from
the weakly-interacting massive particle (WIMP), one of
the well-motivated DM candidates, whose mass range
is from a few GeV to tens of TeV. The non-observation
of DM via non-gravitational interactions actually moti-
vates unconventional or alternative DM search schemes.
One such possibility is a search for experimental signa-
tures induced by boosted, hence relativistic, DM for
which a mass range smaller than that of the weak scale
is often motivated.

One of the possible ways to produce and then de-
tect relativistic DM particles can be through acceler-
ator experiments, for example, neutrino beam exper-
iments [3, 173-176]. Due to highly intensified beam
sources, large signal statistics is usually expected so
that this sort of search strategy can allow for significant
sensitivity to DM-induced signals despite the feeble in-
teraction of DM with SM particles. DUNE will perform
a search for the relativistic scattering of light-mass dark
matter (LDM) at the ND, as it is close enough to the
beam source to sample a substantial level of DM flux,
assuming that DM is produced.

Alternatively, it is possible that boosted dark matter
(BDM) particles are created in the universe under non-
minimal dark-sector scenarios [177,178], and can reach
terrestrial detectors. For example, one can imagine a
two-component DM scenario in which a lighter compo-
nent is usually a subdominant relic with direct coupling
to SM particles, while the heavier is the cosmological
DM that pair-annihilates directly to a lighter DM pair,
not to SM particles. Other mechanisms such as semi-
annihilation in which a DM particle pair-annihilates to
a (lighter) DM particle and a dark sector particle that
may decay away are also possible [179-181]. In typical
cases, the BDM flux is not large and thus large-volume
neutrino detectors are desirable to overcome the chal-
lenge in statistics (for an exception, see [182-185]).

Indeed, a (full-fledged) DUNE FD with a fiducial
mass of 40kt and quality detector performance is ex-
pected to possess competitive sensitivity to BDM sig-
nals from various sources in the current universe such as
the galactic halo [177,183,186-190], the sun [180, 181,
186,189,191], and dwarf spheroidal galaxies [190]. Fur-
thermore, the ProtoDUNE detectors are operational,
and we anticipate preliminary studies with their cos-
mic data. Interactions of BDM with electrons [177]
and with hadrons (protons) [181], were investigated
for Cherenkov detectors, such as Super—Kamiokande,
which recently published a dedicated search for BDM

in the electron channel [192]. However, in such detectors
the BDM signal rate is shown to often be significantly
attenuated due to Cherenkov threshold, in particular
for hadronic channels. LAr detectors, such as DUNE’s,
have the potential to greatly improve the sensitivity for
BDM compared to Cherenkov detectors. This is due to
improved particle identification techniques, as well as
a significantly lower energy threshold for proton detec-
tion. Earlier studies have shown an improvement with
DUNE for BDM-electron interaction [190].

We consider several benchmark “DM models”.
These describe only couplings of dark-sector states in-
cluding LDM particles. We consider two example mod-
els: i) a vector portal-type scenario where a (massive)
dark-sector photon V mixes with the SM photon and
ii) a leptophobic Z’ scenario. DM and other dark-sector
particles are assumed to be fermionic for convenience.

Benchmark Model i) The relevant interaction La-
grangian is given by [187]

['int D) _gv,uVFHV +9D>Z’YMXVN (14)
+9pX' "XV, + h.c.,

where V#* and F*" are the field strength tensors for
the dark-sector photon and the SM photon, respec-
tively. Here we have introduced the kinetic mixing pa-
rameter €, while gp and ¢}, parameterize the interac-
tion strengths for flavor-conserving (second operator)
and flavor-changing (third operator) couplings, respec-
tively. Here y and x’ denote a dark matter particle and
a heavier, unstable dark-sector state, respectively (i.e.,
M, > M,), and the third term allows (boosted) x
transition to x’ after a scattering (i.e., an “inelastic”
scattering process).

This model introduces six new free parameters that
may be varied for our sensitivity analysis: dark photon
mass My, DM mass M, , heavier dark-sector state mass
M, kinetic mixing parameter €, dark-sector couplings
gp and g,. We shall perform our analyses with some of
the parameters fixed to certain values for illustration.

Benchmark Model ii) This model employs a leptopho-
bic Z' mediator for interactions with the nucleons. The
interaction Lagrangian for this model is [181]

Line O — 922 Y 2,457V’ a5 — 920 Z|X7"7°X (15)
7
—Qugz Z, "y

Here, all couplings are taken to be axial. f denotes the
quark flavors in the SM sector. The dark matter states
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are denoted by x and ¢ with M, < M. The coupling
gz and the masses of the dark matter states are free
parameters. The DM flux abundance parameter, @ is
taken to be less than 1 and determines the abundance of
dark matter in the universe. The hadronic interaction
model study presented here is complementary to and
has different phenomenology compared to others such
as Benchmark Model i).

Table 8 A summary of the three different studies in this
section.

| 8.1 | 8.2 | 83
Model i) i) ii)
X source Beam Galaxy Sun
Detector ND FD FD
Detection _ _ | xem(p) = x'e (p),
channel e 7Xxe x' — xeTe™ XN =X

We summarize key information for the three differ-
ent studies in this section in Table 8. The e~ (p) outside
(inside) the parentheses in the third column imply the
electron (proton) scattering channel. N in the last col-
umn denotes a nucleon, while X stands for particle(s)
created via the y — N scattering process.

8.1 Search for Low-Mass Dark Matter at the Near
Detector

Here, we focus on Benchmark Model i) from Eq. (14),
specifically where only one DM particle x is relevant.
We also define the dark fine structure constant ap =
g%/ (4m). We assume that x is a fermionic thermal relic
— in this case, the DM/dark photon masses and cou-
plings will provide a target for which the relic abun-
dance matches the observed abundance in the universe.
Here, the largest flux of dark photons V and DM to
reach the DUNE ND will come from the decays of light
pseudoscalar mesons (specifically 7° and 7 mesons) that
are produced in the DUNE target, as well as proton
bremsstrahlung processes p + p — p 4+ p + V. For the
entirety of this analysis, we will fix ap = 0.5 and as-
sume that the DM mass M, is lighter than half the
mass of a pseudoscalar meson m that is produced in
the DUNE target. In this scenario, x is produced via
two decays, those of on-shell V' and those of off-shell V.
This production is depicted in Fig. 18.

The flux of DM produced via meson decays — via
on-shell V — may be estimated by®

Ny = 2Nporcm{Br(m — vv) (16)
M2\*?
x2e? ( — ;/)
mm

xBr(V = xx)}g(My, My),

where Npor is the number of protons on target deliv-
ered by the beam, ¢, is the average number of meson
m produced per POT, the term in braces is the rela-
tive branching fraction of m — ~V relative to v, and
g(z,y) characterizes the geometrical acceptance frac-
tion of DM reaching the DUNE ND. g(z,y) is deter-
mined given model parameters using Monte Carlo tech-
niques. For the range of dark photon and DM masses in
which DUNE will set a competitive limit, the DM flux
due to meson decays will dominate over the flux due
to proton bremsstrahlung. Considering DM masses in
the ~1-300 MeV range, this will require production via
the 7° and 1 mesons. Our simulations using PYTHIA
determine that c o ~ 4.5 and ¢, ~ 0.5.

v
el
Vv

Fig. 18 Production of fermionic DM via two-body pseu-
doscalar meson decay m — vV, when My < mm (top) or via
three-body decay m — vxx (center) and DM-electron elastic
scattering (bottom).

6See Ref. [193] for a complete derivation of these expressions,
including those for meson decays via off-shell V.
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If the DM reaches the near detector, it may scatter
elastically off nucleons or electrons in the detector, via a
t-channel dark photon. Due to its smaller backgrounds,
we focus on scattering off electrons, depicted in the bot-
tom panel of Fig. 18. The differential cross section of
this scattering, as a function of the recoil energy of the
electron F,, is

doye
dE,

= 47T€2()zDOéEM (17)

y QmeEf< — (2mE, + Mi)(Ee —me)
(B2 — ME)(M‘Q/ +2m E, — 2m2)2’

where E, is the incoming DM x energy. The signal is an
event with only one recoil electron in the final state. We
can exploit the difference between the scattering angle
and the energy of the electron to distinguish between
signal and the background from neutrino-electron scat-
tering (discussed in the following) events.

The background to the process shown in the bot-
tom panel of Fig. 18 consists of any processes involving
an electron recoil. As the ND is located near the sur-
face, background events, in general, can be induced by
cosmic rays as well as by neutrinos generated from the
beam. Since majority of cosmic-induced, however, will
be vetoed by triggers and timing information, the dom-
inant background will be from neutrinos coming in the
DUNE beam.

The two neutrino-related backgrounds are v, — e~
scattering, which looks nearly identical to the signal,
and v, CCQE scattering, which does not. The latter
has a much larger rate (~ 10 times higher) than the
former, however, we expect that using the kinematical
variable E 62 of the final state, where 6, is the direc-
tion of the outgoing electron relative to the beam di-
rection, will enable us to exploit the differences in the
scattering angle of the electron from the DM interac-
tiond to reduce a substantial fraction of the v, CCQE
background [194].

While spectral information regarding E. could al-
low a search to distinguish between xe and v, e scatter-
ing, we expect that uncertainties in the v, flux (both
in terms of overall normalization and shape as a func-
tion of neutrino energy) will make such an analysis very
complicated. For this reason, we include a normaliza-
tion uncertainty of 10% on the expected background
rate and perform a counting analysis. Studies are ongo-
ing to determine how such an analysis may be improved.

For this analysis we have assumed 3.5 years of data
collection each in neutrino and antineutrino modes, an-
alyzing events that occur within the fiducial volume of
the DUNE near detector. We compare results assum-
ing either all data is collected with the ND on-axis, or

data collection is divided equally among all off-axis po-
sitions, 0.7 year at each position i, between 0 and 24 m
transverse to the beam direction (in steps of 6 meters).
We assume three sources of uncertainty: statistical, cor-
related systematic, and an uncorrelated systematic in
each bin. For a correlated systematic uncertainty, we
include a nuisance parameter A that modifies the num-
ber of neutrino-related background events in all bins —
an overall normalization uncertainty across all off-axis
locations.

We further include an additional term in our test
statistic for A, a Gaussian probability with width 04 =
10%. We also include an uncorrelated uncertainty in
each bin, which we assume to be much narrower than
0 4. We assume this uncertainty to be parameterized by
a Gaussian with width oy, = 1%. After marginalizing
over the corresponding uncorrelated nuisance parame-
ters, the test statistic reads

4 2
pm ((50) NX+ (A~ 1)N;’>
L= AN T e )

A-1)2
NEES
0A

(18)

In Eq. (18), N is the number of DM scattering
events, calculated assuming ¢ is equal to some refer-
ence value g < 1. N{ is the number of v,e™ scatter-
ing events expected in detector position ¢, and r}" is the
number of years of data collection in detector position 4
during beam mode m (neutrino or antineutrino mode).
If data are only collected on-axis, then this test statistic
will be dominated by the systematic uncertainty asso-
ciated with o4. If on- and off-axis measurements are
combined, then the resulting sensitivity will improve
significantly.

We present results in terms of the DM or dark pho-
ton mass and the parameter Y, where

Mo\
Y =%ap (]\/[:j> . (19)

Assuming My > M,, this parameter determines
the relic abundance of DM in the universe today, and
sets a theoretical goal in terms of sensitivity reach. We
present the 90% CL sensitivity reach of the DUNE ND
in Fig. 19. We assume ap = 0.5 in our simulations and
we display the results fixing My = 3M,, (left panel)
and M, = 20 MeV (right panel). We also compare the
sensitivity reach of this analysis with other existing ex-
periments, shown as grey shaded regions. We further
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show for comparison the sensitivity curve expected for
a proposed dedicated experiment to search for LDM,
LDMX-Phase I [195] (solid blue).

From our estimates, we see that DUNE can signifi-
cantly improve the constraints from LSND [196] and the
MiniBooNE-DM search [197], as well as BaBar [198] if
My < 200 MeV. We also show limits in the right panel
from beam-dump experiments (where the dark photon
is assumed to decay visibly if My < 2M,) [199-204],
as well as the lower limits obtained from matching the
thermal relic abundance of x with the observed one
(black).

The features in the sensitivity curve in the right
panel can be understood by looking at the DM produc-
tion mechanism. For a fixed x mass, as My grows, the
DM production goes from off-shell to on-shell and back
to off-shell. The first transition explains the strong fea-
ture near My = 2M, = 40 MeV, while the second is
the source for the slight kink around My = m o (which
appears also in the left panel).

8.2 Inelastic Boosted Dark Matter Search at the
DUNE FD

We consider an annihilating two-component DM sce-
nario [178] in this study. The heavier DM (denoted ¥)
plays a role of cosmological DM and pair-annihilates to
a pair of lighter DM particles (denoted x) in the uni-
verse today. The expected flux near the earth is given
by [177,183,189]

F1=16x10%m2s7! x ( lov)wox >

5 x 10~26cm3s—1

y (10GeV>27 (20)

My

where my is the mass of ¥ and (ov)w_,, stands for the
velocity-averaged annihilation cross section of W& —
xX in the current universe. To evaluate the reference
value shown as the first prefactor, we take My = 10
GeV and (0v)w—, = 5 x 10720 cm3s™!, the latter of
which is consistent with the current observation of DM
relic density assuming ¥ and its anti-particle ¥ are
distinguishable. To integrate all relevant contributions
over the entire galaxy, we assume the Navarro-Frenk-
White (NFW) DM halo profile [205,206]. In this section
we assume the BDM flux with a My dependence given
by Eq. (20) for the phenomenological analysis.

The BDM that is created, e.g., at the galactic cen-
ter, reaches the DUNE FD detectors and scatters off
either electrons or protons energetically. In this study,

we focus on electron scattering signatures for illustra-
tion, under Benchmark Model i) defined in Eq. (14).
The overall process is summarized as follows:

x+e (orp) — (21)
e (orp)+ X' (= x+VH = x+et +e),

where x’ is a dark-sector unstable particle that is heav-
ier than y as described earlier. A diagrammatic descrip-
tion is shown in Fig. 20 where particles visible by the
detector are circled in blue. In the final state of the e-
scattering case, there exist three visible particles that
usually leave sizable (e-like) tracks in the detectors. On
the other hand, for the p-scattering case we can re-
place e in the left-hand side and the first e~ in the
right-hand side of the above process by p. In the basic
model, Eq. (14), and given the source of BDM at the
galactic center, the resulting signature accompanies a
quasi-elastic proton recoil [207] together with a pair of
ete™ tracks.

As we have identified a possible inelastic BDM
(iBDM) signature, we are now in a position to discuss
potential SM background events. For the DUNE de-
tector modules located ~ 1480 m deep underground,
the cosmic-induced backgrounds are not an issue ex-
cept the background induced by atmospheric neutrinos.
The most plausible scenario for background produc-
tion is that an atmospheric neutrino event involves the
creation of multiple pions that subsequently decay to
electrons, positrons, photons, and neutrinos. Relevant
channels are the resonance production and/or deep in-
elastic scattering (DIS) by the CC v, or 7, scattering
with a nucleon in the LAr target. Summing up all the
resonance production and DIS events that are not only
induced by v, or 7, but relevant to production of a few
pions, we find that the total number of multi-pion pro-
duction events is at most ~ 20 kt - year ~! [208], based
on the neutrino flux calculated in Ref. [134] and the
cross section in Ref. [209]. In addition, the charged pi-
ons often leave long enough tracks inside the detector
so that the probability of misidentifying the e* from
the decays of 7% with the iBDM signal events would
be very small. Some quasi-elastic scattering events by
atmospheric neutrinos may involve a detectable proton
recoil together with a single e-like track, which might
behave like backgrounds in the proton scattering chan-
nel. However, this class of events can be rejected by re-
quiring two separated e-like tracks. Hence, we conclude
that it is fairly reasonable to assume that almost no
background events exist. See also Ref. [208] for a more
systematic background consideration for the iBDM sig-
nals.
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Fig. 19 Expected DUNE On-axis (solid red) and PRISM (dashed red) sensitivity using xe™ — xe™ scattering. We assume
ap = 0.5 in both panels, and My = 3M, (My = 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) [195].
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Fig. 20 The inelastic BDM signal under consideration.

We finally present the expected experimental sensi-
tivities of DUNE;, in the searches for iBDM. We closely
follow the strategies illustrated in Refs. [183,207] to rep-
resent phenomenological interpretations. In displaying
the results, we separate the signal categories into

— Scenario 1: My > 2M,, experimental limits for
V' — invisible applied.

— Scenario 2: My < 2M,, experimental limits for
V — ete™ applied.

We develop an event simulation code using the ROOT
package with the matrix elements for the x scattering
and the x’ decays implemented. Once an event is gener-
ated, we require that all the final state particles should
pass the (kinetic) energy threshold (30 MeV for elec-
trons and protons) and their angular separation from

the other particles should be greater than the angular
resolution (1° for electrons and 5° for protons) [208].

We first show the results for Scenario 1 in the left
panels of Fig. 21, taking a parameter set, My = 0.4
GeV, M, =5 MeV, 6M = M,» — M, = 10 MeV with
g = 1. The brown-shaded region shows the latest lim-
its set by various experiments such as the fixed-target
experiment NA64 [210] at the CERN SPS and the B-
factory experiment BaBar [211]. Note that some of
the limits are from ongoing experiments such as NA64
which will collect more data in the next years and im-
prove their sensitivity reaches. The blue solid and the
green solid lines describe the experimental sensitivity”
of DUNE FD to the e-scattering and p-scattering sig-
nals, respectively, under a zero background assumption.
The associated exposure is 40 kt - year, i.e., a total fidu-
cial volume of 40kt times one year of running time.

For Scenario 2 (the right panels of Fig. 21), we
choose a different reference parameter set: My = 2
GeV, M, = 50 MeV, 6M = 10 MeV with g}, = 1.
The current limits (brown shaded regions), from various
fixed target experiments, B-factory experiments, and
astrophysical observations, are taken from Refs. [212,
213].

"This 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. (23).



29
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Fig. 21 The experimental sensitivities in terms of reference model parameters My — e for My = 0.4 GeV, M, =5 MeV, and
OM = M, — My = 10 MeV (top-left panel) and My = 2 GeV, M,, = 50 MeV, and éM = 10 MeV (top-right panel). The left
panels are for Scenario 1 and the right ones are for Scenario 2. The bottom panels compare different reference points in the

p-scattering channel. See the text for the details.

In both scenarios, the proton scattering channel en-
ables us to explore different regions of parameter space
as it allows heavier x’ to be accessible which would be
kinematically forbidden to access in the electron scat-
tering channel. Inspired by this potential of the proton
scattering channel, we study other reference parame-
ters and compare them with the original ones in the
top panels of Fig. 21, and show the results in the bot-
tom panels. We see that different parameter choices in
the proton scattering channel allow us to cover a wider
or different range of parameter space.

We next discuss model-independent experimental
sensitivities. The experimental sensitivities are deter-
mined by the number of signal events excluded at 90%
CL in the absence of an observed signal. The expected
number of signal events, Ny, is given by

Nsig - UefA(glab)texpNT 5 (22)

where T stands for the target that x scatters off, o, is
the cross section of the primary scattering x1T' — x'T,
F is the flux of X, texp is the exposure time, and A(¢1a1,)
is the acceptance that is defined as 1 if the event oc-
curs within the fiducial volume and 0 otherwise. Here
we determine the acceptance for an iBDM signal by the
distance between the primary and secondary vertices in
the laboratory frame, £,p, s0 A(41ap) = 1 when both the
primary and secondary events occur inside the fiducial
volume. (Given this definition, obviously, A({,p) = 1
for elastic BDM.) Our notation o, includes additional
realistic effects from cuts, threshold energy, and the de-
tector response, hence it can be understood as the fidu-
cial cross section.
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The 90% CL exclusion limit, N°, can be obtained
with a modified frequentist construction [214,215]. We
follow the methods in Refs. [216-218] in which the Pois-
son likelihood is assumed. An experiment becomes sen-
sitive to the signal model independently if Ngq > NDO.
Plugging Eq. (22) here, we find the experimental sensi-

tivity expressed by

N90

o F>—"5 23
A(glab)tcxpNT ( )

Since /.1, differs event-by-event, we take the maximally
possible value of laboratory-frame mean decay length,
ie., Eﬁ;ﬁx = 'y;‘iaxfreﬁt where 7;‘,3" is the maximum boost
factor of x’ and f.. is the rest-frame mean decay
length. We emphasize that this is a rather conservative
approach, because the acceptance A is inversely pro-
portional to £1,,. We then show the experimental sensi-
tivity of any kind of experiment for a given background
expectation, exposure time, and number of targets, in
the plane of E_{gﬁx — 0¢ - F. The top panel of Fig. 22
demonstrates the expected model-independent sensitiv-
ities at the DUNE experiment. The green (blue) line is
for the DUNE FD with a background-free assumption
and 20 (40) kt - year exposure.

The bottom panel of Fig. 22 reports model-
dependent sensitivities for Zgg" = 0 m and 100 m
corresponding to the experiments in the top panel.
Note that this method of presentation is reminiscent of
the widely known scheme for showing the experimen-
tal reaches in various DM direct detection experiments,
i.e., MpMm — ODM—target Where Mpyy is the mass of DM
and opM—target 1S the cross section between the DM and
target. For the case of non-relativistic DM scattering in
the direct-detection experiments, Mpy determines the
kinetic energy scale of the incoming DM, just like My
sets out the incoming energy of boosted x in the iBDM
search.

8.3 Elastic Boosted Dark Matter from the Sun

In this section, we focus on Benchmark Model ii) de-
scribed by Eq. (15). This study uses DUNE’s full FD
event generation and detector simulation. We focus on
BDM flux sourced by DM annihilation in the core of
the sun. DM particles can be captured through their
scattering with the nuclei within the sun, mostly hy-
drogen and helium. This makes the core of the sun a
region with concentrated DM distribution. The BDM
flux is

A

=TI

(24)
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Fig. 22 Top: model-independent experimental sensitivities
of iBDM search in Z{g%x — o - F plane. The reference experi-
ments are DUNE 20kt (green), and DUNE 40kt (blue) with
zero-background assumption for 1-year time exposure. Bot-
tom: Experimental sensitivities of iBDM search in My — o
plane. The sensitivities for Z{ggx =0 m and 100 m are shown
as solid and dashed lines for each reference experiment in the
top panel.

where A is the annihilation rate, and D = 1 AU is the
distance from the sun. f is a model-dependent parame-
ter, where f = 2 for two-component DM as considered
here.

For the parameter space of interest, assuming that
the DM annihilation cross section is not too small, the
DM distribution in the sun has reached an equilibrium
between capture and annihilation. This helps to elim-
inate the annihilation cross section dependence in our
study. The chain of processes involved in giving rise to
the boosted DM signal from the sun is illustrated in
Fig. 23.

Two additional comments are in order. First, the
DM particles cannot be too light, i.e., lighter than
4 GeV [219,220], otherwise we will lose most of the cap-
tured DM through evaporation rather than annihila-
tion; this would dramatically reduce the BDM flux. Ad-
ditionally, one needs to check that BDM particles can-
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Fig. 28 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 8. DM’
denotes the lighter DM in the two-component DM model. X is a lighter dark sector particle that may decay away.

not lose energy and potentially be recaptured by scat-
tering with the solar material when they escape from
the core region after production. Rescattering is found
to be rare for the benchmark models considered in this
study and we consider the BDM flux to be monochro-
matic at its production energy.

The event rate to be observed at DUNE is

R=® X oggm—y X XN, (25)

where @ is the flux given by Eq. (24), osm—y is the
scattering cross section of the BDM off of SM particles,
¢ is the efficiency of the detection of such a process,
and N is the number of target particles in DUNE. The
computation of the flux of BDM from the sun can be
found in [181].

The processes of typical BDM scattering in argon
are illustrated in Fig. 24. We generate the signal events
and calculate interaction cross sections in the detector
using a newly developed BDM module [12,13,221] that
includes elastic and deep inelastic scattering, as well as
a range of nuclear effects. This conservative event gener-
ation neglects the dominant contributions from baryon
resonances in the final state hadronic invariant mass
range of 1.2 to 1.8 GeV, which should not have a major
effect on our main results. The interactions are taken to

be mediated by an axial, flavor-universal Z’ coupling to
both the BDM and with the quarks. The axial charge
is taken to be 1. The events are generated for the 10kt
DUNE detector module [222], though we only study the
dominant scattering off of the “°Ar atoms therein. The
method for determining the efficiency ¢ is described be-
low. The number of target argon atoms is N = 1.5x 1032
assuming a target mass of 10kt.

The main background in this process comes from
the NC interactions of atmospheric neutrinos and ar-
gon, as they share the features that the timing of events
is unknown in advance (unlike events of neutrinos pro-
duced by the accelerator), and that the interactions
with argon produce hadronic activity in the detector.
We use GENIE to generate the NC atmospheric neu-
trino events. This simulation predicts 845 events in a
10 kt module for one year of exposure.

The finite detector resolution is taken into account
by smearing the direction of the stable final state parti-
cles, including protons, neutrons, charged pions, muons,
electrons, and photons, with the expected angular reso-
lution, and by ignoring the ones with kinetic energy be-
low detector threshold, using the parameters reported
in the DUNE CDR [3]. We form as the observable the
total momentum from all the stable final state particles,
and obtain its angle with respect to the direction of the
sun. The sun position is simulated with the SolTrack
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Fig. 24 Diagram illustrating each of the three processes contributing to dark matter scattering in argon: elastic (left), baryon

resonance (middle), and deep inelastic (right).

package [223] including the geographical coordinates of
the DUNE FD. We consider both the scenarios in which
we can reconstruct neutrons, according to the param-
eters described in DUNE CDR, and in which neutrons
will not be reconstructed at all. Figure 25 shows the
angular distributions of the BDM signals with mass of
10 GeV and different boost factors, and of the back-
ground events.

To increase the signal fraction in our samples, we
select events with cosf > 0.6, and obtain the selection
efficiency ¢ for different BDM models. We predict that
104.0 £ 0.7 and 79.4 + 0.6 background events per year,
in the scenarios with and without neutrons respectively,
survive the selection in a DUNE 10kt module.

The resulting expected sensitivity is presented in
Fig. 26 in terms of the DM mass and the Z' gauge
coupling for potential DM boosts of ~ 1.25,2,10
and for a fixed mediator mass of Mz = 1 GeV. We
assume a DUNE livetime of one year for one 10kt
module. The models presented here are currently un-
constrained by direct detection searches if the ther-
mal relic abundance of the DM is chosen to fit cur-
rent observations. Figure 27 compares the sensitivity
of 10 years of data collected in DUNE (40kt) to re-
analyses of the results from other experiments, includ-
ing Super Kamiokande [224] and DM direct detection,
PICO-60 [225] and PandaX [226]. An extension to this
study can be found in Ref. [227].

8.4 Summary of Dark Matter Detection Prospects

We have conducted simulation studies of the dark mat-
ter models described in Eqgs. (14) and (15) in terms of
their detection prospects at the DUNE ND and FD.
Thanks to its relatively low threshold and strong par-
ticle identification capabilities, DUNE presents an op-
portunity to significantly advance the search for LDM
and BDM beyond what has been possible with water
Cherenkov detectors.
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Fig. 25 Angular distribution of the BDM signal events for a
BDM mass of 10 GeV and different boosted factors, v, and of
the atmospheric neutrino NC background events. 6 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 efficiency of 10,000
MC events, as described in this note. The top plot shows
the scenario where neutrons can be reconstructed, while the
bottom plot represents the scenario without neutrons.

In the case of the ND, we assumed that the rel-
ativistic DM is being produced directly at the target
and leaves an experimental signature through an elas-
tic electron scattering. Using two constrained parame-
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Fig. 26 Expected 50 discovery reach with one year of DUNE
livetime for one 10kt module including neutrons in recon-
struction (top) and excluding neutrons (bottom).

ters of the light DM model and a range of two free pa-
rameters, a sensitivity map was produced. Within the
context of the vector portal DM model and the chosen
parameter constraints along with the electron scatter-
ing as the signal event, this result sets stringent limits
on DM parameters that are comparable or even better
than recent experimental bounds in the sub-GeV mass
range.

By contrast, in the case of the FD modules, we as-
sumed that the signal events are due to DM coming
from the galactic halo and the sun with a significant
boost factor. For the inelastic scattering case, the DM
scatters off either an electron or proton in the detector
material into a heavier unstable dark-sector state. The
heavier state, by construction, decays back to DM and
an electron-positron pair via a dark-photon exchange.
Therefore, in the final state, a signal event comes with
an electron or proton recoil plus an electron-positron
pair. This distinctive signal feature enabled us to per-
form (almost) background-free analyses.

As ProtoDUNE detectors are prototypes of DUNE
FD modules, the same study was conducted [188] and
corresponding results were compared with the ones of
the DUNE FD modules. We first investigated the exper-
imental sensitivity in a dark-photon parameter space,
dark-photon mass My versus kinetic mixing parame-
ter €. The results are shown separately for Scenarios 1

[1DUNE sensitivity w/ 400 kt-year |
Super-K (10% eff.)
Super-K (100% eff.)

[_1PICO-60 (SD-p)

[1PandaX (SD-n)

v=10

V105

106 :
5 10 15 20 25 30 35 40

Mg (GeV)

Fig. 27 Comparison of sensitivity of DUNE for 10 years
of data collection and 40kt of detector mass with Super
Kamiokande, assuming 10% and 100% of the selection effi-
ciency on the atmospheric neutrino analysis in Ref. [224], and
with the reinterpretations of the current results from PICO-
60 [225] and PandaX [226]. The samples with two boosted
factors, v = 1.25 (top) and v = 10 (bottom), are also pre-
sented.

and 2 in Fig. 21. They suggest that DUNE FD modules
would probe a broad range of unexplored regions; they
would allow for reaching ~ 1 — 2 orders of magnitude
smaller € values than the current limits along MeV to
sub-GeV-range dark photons. We also examined model-
independent reaches at DUNE FD modules, providing
limits for models that assume the existence of iBDM (or
iBDM-like) signals (i.e., a target recoil and a fermion
pair).

For the elastic scattering case, we considered the
case in which BDM comes from the sun. With one year
of data, the 50 sensitivity is expected to reach a cou-
pling of g3, = 9.57 x 1071° for a boost of 1.25 and
g% = 1.49 x 10710 for a boost of 10 at a DM mass of
10 GeV without including neutrons in the reconstruc-
tion.
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9 Baryon Number Violating Processes

Unifying three of the fundamental forces in the uni-
verse, the strong, electromagnetic, and weak inter-
actions, is a shared goal for the current world-wide
program in particle physics. Grand unified theories
(GUTs), extending the SM to include a unified gauge
symmetry at very high energies (more than 10'° GeV),
predict a number of observable effects at low ener-
gies, such as nucleon decay [228-232]. Since the early
1980s, supersymmetric GUT models were preferred for
a number of reasons, including gauge-coupling unifica-
tion, natural embedding in superstring theories, and
their ability to solve the fine-tuning problem of the
SM. Supersymmetric GUT models [233-241] generi-
cally predict that the dominant proton decay mode is
p — KTU, in contrast to non-supersymmetric GUT
models, which typically predict the dominant decay
mode to be p — etnY. Although the LHC did not find
any evidence for supersymmetry (SUSY) at the elec-
troweak scale, as was expected if SUSY were to solve
the gauge hierarchy problem in the SM, the appeal
of a GUT still remains. In particular, gauge-coupling
unification can still be achieved in non-supersymmetric
GUT models by the introduction of one or more inter-
mediate scales (see, for example, [242]). Several exper-
iments have sought signatures of nucleon decay, with
the best limits for most decay modes set by the Super—
Kamiokande experiment [243-245], which features the
largest sensitive mass and exposure to date.

The excellent imaging, as well as calorimetric and
particle identification capabilities, of the LArTPC tech-
nology implemented for the DUNE FD will exploit a
number of complementary signatures for a broad range
of baryon-number violating processes. Should nucleon
decay rates lie just beyond current limits, observa-
tion of even one or two candidate events with negli-
gible background could constitute compelling evidence.
In the DUNE era, two other large detectors, Hyper—
Kamiokande [246] and JUNO [247] will be conducting
nucleon decay searches. Should a signal be observed in
any single experiment, confirmation from experiments
using different detector technologies and nuclear tar-
gets, and therefore subject to different backgrounds,
would be very powerful.

Neutron-antineutron (n — 7) oscillation is a baryon
number violating process that has never been observed
but is predicted by a number of BSM theories [248].
In this context, baryon number conservation is an ac-
cidental symmetry rather than a fundamental one,
which means baryon number violation does not stand
against the fundamental gauge symmetries. Discover-
ing baryon number violation would have implications

on the source of matter-antimatter symmetry in our
universe given Sakharov’s conditions for such asymme-
try to arise [249]. In particular, the neutron-antineutron
oscillation (n — n) process violates baryon number by
two units and, therefore, could also have further im-
plications for the smallness of neutrino masses [248].
Since the n — 7 transition operator is a six-quark oper-
ator, of dimension 9, with a coefficient function of di-
mension (mass)~°, while the proton decay operator is
a four-fermion operator, of dimension 6, with a coeffi-
cient function of dimension (mass) ™2, one might naively
assume that n — n oscillations would always be sup-
pressed relative to proton decay as a manifestation of
baryon number violation. However, this is not neces-
sarily the case; indeed, there are models [250-253] in
which proton decay is very strongly suppressed down
to an unobservably small level, while n — n oscilla-
tions occur at a level comparable to present limits. This
shows the value of a search for n — 7 transitions at
DUNE. Searches for this process using both free neu-
trons and nucleus-bound neutron states have been car-
ried out since the 1980s. The current best 90% CL limits
on the (free) neutron oscillation lifetime are 8.6 x 107 s
from free n — n searches and 2.7 x 108 s from nucleus-
bound n — 7 searches [254,255]. As with nucleon de-
cay, searches for n —n oscillations performed by DUNE
and those performed by Super—Kamiokande, Hyper—
Kamiokande, and the European Spallation Source [248§]
are highly complementary. Should a signal be observed
in any one experiment, confirmation from another ex-
periment with a different detector technology and back-
grounds would be very powerful.

9.1 Event Simulation and Reconstruction

To estimate the sensitivity to baryon number violation
in DUNE, simulation of both signal and background
events is performed using GENIE version 2.12.10. For
nucleon decay, a total of 68 single-nucleon exclusive de-
cay channels listed in the 2016 update of the PDG [136]
are available in GENIE. The list includes two-, three-,
and five-body decays. If a bound nucleon decays, the re-
maining nucleus can be in an excited state and will typ-
ically de-excite by emitting nuclear fission fragments,
nucleons, and photons. At present, de-excitation photon
emission is simulated only for oxygen. The simulation
of neutron-antineutron oscillation was developed [256]
and implemented in GENIE. Implementing this process
in GENIE used GENIE’s existing modeling of Fermi
momentum and binding energy for both the oscillating
neutron and the nucleon with which the resulting an-
tineutron annihilates. Once a neutron has oscillated to
an antineutron in a nucleus, the antineutron has a 18/39
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Table 9 Expected rate of atmospheric neutrino interactions
in 49Ar for a 10kt - year exposure (not including oscillations).

CC NC ‘ Total

Vu 1038 398 1436
Uy 280 169 449
Ve 597 206 803
Ve 126 72 198

Total 2041 845 | 2886

chance of annihilating with a proton in argon, and a
21/39 chance of annihilating with a neutron. The ener-
gies and momenta of the annihilation products are as-
signed randomly but consistently with four-momentum
conservation. The products of the annihilation process
follow the branching fractions (shown in Table 10) mea-
sured in low-energy antiproton annihilation on hydro-
gen [256].

The default model in GENIE for the propagation
of particles inside the nucleus is hA2015, an empirical,
data-driven model that does not simulate the cascade of
hadronic interactions step by step, but instead uses one
effective interaction to represent the effect of final-state
interactions (F'SI). Hadron-nucleus scattering data is
used to tune the predictions.

The dominant background for these searches is from
atmospheric neutrino interactions. Backgrounds from
neutrino interactions are simulated with GENIE, using
the Bartol model of atmospheric neutrino flux [257].
To estimate the event rate, we integrate the product of
the neutrino flux and interaction cross section. Table 9
shows the event rate for different neutrino species for
an exposure of 10 kt - year, where oscillation effects are
not included. To suppress atmospheric neutrino back-
ground to the level of one event per Mt - year, which
would yield 0.4 events after ten years of operation with
a 40kt fiducial volume, the necessary background re-
jection is 1 — (1/288600) = 1 — 3 x 1075 = 0.999997,
where background rejection is defined as the fraction of
background that is not selected.

These analyses assume that the detector is success-
fully triggered on all signal events, and that the PD
system correctly determines the event start time (o).
Two distinct methods of reconstruction and event se-
lection have been applied in these analyses. One em-
ploys 3D track and vertex reconstruction provided by
Projection Matching Algorithm (PMA) [1], a standard
DUNE reconstruction algorithm. PMA was designed to
address transformation from a set of independently re-
constructed 2D projections of objects into a 3D repre-
sentation. This algorithm uses clusters of hits from 2D
pattern recognition as its input. The other reconstruc-
tion method involves image classification of 2D images

of reconstructed hits using a Convolutional Neural Net-
work (CNN). The two methods, combined in the form
of a multivariate analysis, uses the image classification
score with other physical observables extracted from
traditional reconstruction.

9.2 Nucleon Decay

Because of the already stringent limits set by Super—
Kamiokande on p — etn® and the unique ability to
track and identify kaons in a LArTPC, the initial nu-
cleon decay studies in DUNE have focused on nucleon
decay modes featuring kaons, in particular p — KT7.
The experimental signature of this channel is a single
K™ originating inside the fiducial volume of the detec-
tor. The kaon typically stops and decays at rest with
a lifetime of 12 ns. The most common decay mode,
Kt — pty,, results in a monoenergetic muon with
momentum of 236 MeV/c. In the next most probable
decay, KT — 7770, the two pions are produced back to
back. In a water Cherenkov detector, the kaon is typ-
ically below Cherenkov threshold, and only the kaon
decay products are observed. In DUNE’s LArTPC, the
kaon can be detected and identified by its distinctive
dFE/dx signature, as well as by its decay [258].

For a proton decay at rest, the outgoing kaon is
monoenergetic with kinetic energy of 105 MeV and mo-
mentum of 339 MeV/c. In bound proton decay, the mo-
mentum of the kaon is smeared by the Fermi motion
of the protons inside the nucleus. FSI between the out-
going kaon and the residual nucleus may reduce the
kaon momentum, and may also modify the final state,
by ejecting nucleons for example. Protons ejected from
the nucleus can obscure the dE/dx measurement of the
kaon if the tracks overlap. The KT may also charge ex-
change, resulting in a K in the final state. The KT
cannot be absorbed due to strangeness conservation
and the lack of S = 1 baryons. The residual nucleus
may also be in an excited state, producing de-excitation
photons.

The main backgrounds in nucleon decay searches are
interactions of atmospheric neutrinos. For p — KT7,
the background is neutrino interactions that mimic a
single KT and its decay products. Because the kaon is
not detected in a water Cherenkov detector, neutrino
interactions that produce a single K+ and no other
particles above Cherenkov threshold are an irreducible
background. This includes charged-current reactions
like the Cabibbo-suppressed v,n — p~ K*n, where the
final-state muon and kaon are below threshold, as well
as neutral-current processes like vp — v K+ A followed
by A — pr~ where the A decay products are below
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threshold. Strangeness is always conserved in neutral-
currents, so kaons produced in NC interactions are al-
ways accompanied by a hyperon or another kaon. Wa-
ter Cherenkov detectors and liquid scintillator detec-
tors like JUNO can also detect neutron captures, which
provide an additional handle on backgrounds, many of
which have final-state neutrons. However, neutrons can
also be present in p — KT signal due to FSI, and the
rate of nucleon ejection in kaon-nucleus interactions is
not well understood. Nuclear de-excitation photons are
also typically produced, but these are similar in both
proton decay and atmospheric neutrino events. In the
Super—Kamiokande analysis of p — K7 the time dif-
ference between the de-excitation photons from the oxy-
gen nucleus and the muon from kaon decay was found
to be an effective way to reduce backgrounds [243].
In JUNO, the three-fold time coincidence between the
kaon, the muon from the kaon decay, and the electron
from the muon decay is expected to be an important
discriminant between signal and background [247].

The possibility of using the time difference between
the kaon scintillation signal and the scintillation signal
from the muon from the kaon decay has been investi-
gated in DUNE. Studies indicate that measuring time
differences on the scale of the kaon lifetime (12 ns) is
difficult in DUNE, independent of photon detector ac-
ceptance and timing resolution, due to both the scin-
tillation process in argon - consisting of fast (ns-scale)
and slow (us-scale) components - and Rayleigh scatter-
ing over long distances.

In a LArTPC, a charged particle traveling just a few
cm can be detected, and the other particles produced
in association with a kaon by atmospheric neutrinos are
generally observed. However, with FSI the signal pro-
cess can also include final-state protons, so requiring no
other final-state particles will reject some signal events.
Furthermore, v, charged-current quasi-elastic scatter-
ing (CCQE), v,n — p~ p, can mimic the K+ — pty,
decay when the proton is misreconstructed as a kaon.

The kaon reconstruction is especially challenging for
very short tracks, which may traverse only a few wires.
The dE/dx signature in signal events can be obscured
by additional final-state protons that overlap with the
start of the kaon track. Without timing resolution suffi-
cient to resolve the 12 ns kaon lifetime, the dE/dx pro-
file is the only distinguishing feature. The background
from atmospheric neutrino events without true final-
state kaons, which is important given the presence of
FSI, was neglected in previous estimates of p — K7
sensitivity in LArTPC [259].

Other backgrounds, such as those initiated by
cosmic-ray muons, can be controlled by requiring no
activity close to the edges of the time projection cham-
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Fig. 28 Kinetic energy of kaons in simulated proton decay
events, p — K17, in DUNE. The kinetic energy distribution
is shown before and after final state interactions in the argon
nucleus.

bers (TPCs) and by stringent single kaon identification
within the energy range of interest [78,260].

FSI significantly modify the observable distributions
in the detector. For charged kaons, the hA2015 model
includes only elastic scattering and nucleon knock-out,
tuned to K+ —C data [261,262]. Charge exchange is not
included, nor are strong processes that produce kaons
inside the nucleus, such as 7™n — KT A. Figure 28
shows the kinetic energy of a kaon from p — K7 be-
fore and after FSI as simulated with hA2015. Kaon
interactions always reduce the kaon energy, and the
kaon spectrum becomes softer on average with FSI. Of
the kaons, 31.5% undergo elastic scattering resulting in
events with very low kinetic energy; 25% of kaons have a
kinetic energy of < 50 MeV. When the kaon undergoes
elastic scattering, a nucleon can be knocked out of the
nucleus. Of decays via this channel, 26.7% have one neu-
tron coming from FSI, 15.3% have at least one proton,
and 10.3% have two protons coming from FSI. These
secondary nucleons are detrimental to reconstructing
and selecting K.

Other FSI models include the full cascade, and pre-
dict slightly different final states, but existing data
lack power to favor one model over another. MINERvA
has measured the differential cross section for charged-
current K+ production by neutrinos on plastic scin-
tillator (CH) as a function of kaon energy, which is
sensitive to FSI, and shows a weak preference for the
GENIE hA2015 FSI model over a prediction with no
FSI [263]. Compared to the kaon energy spectrum mea-
sured by MINERVA, FSI have a much larger impact on
p — K17 in argon, and the differences between models
are less significant than the overall effect.

The kaon FSI in Super—-Kamiokande’s simulation of
p — K17 in oxygen seem to have a smaller effect on
the outgoing kaon momentum distribution [243] than is
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Fig. 29 Tracking efficiency for kaons in simulated proton de-
cay events, p — K17, as a function of kaon kinetic energy
(top) and true path length (bottom).

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 iden-
tify p — K¥vU events in DUNE. Track reconstruction
efficiency for a charged particle 2% is defined as

x+ particles with a reconstructed track

(26)

Cat = events with z* particle
The denominator includes events in which an z® par-
ticle was created and has deposited energy within any
of the TPCs. The numerator includes events in which
an rT particle was created and has deposited energy
within any of the TPCs, and a reconstructed track can
be associated to the z* 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
proton decay via p — K7 as a function of true ki-
netic energy and true path length. The overall track-
ing 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 the detec-
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Fig. 30 Particle identification using PIDA for muons and
kaons in simulated proton decay events, p — K17, and pro-
tons in simulated atmospheric neutrino background events.
The curves are normalized by area.

tor. From Fig. 29, the tracking threshold is approxi-
mately ~ 40 MeV of kinetic energy, which translates to
~ 4.0 cm in true path length. The biggest loss in track-
ing efficiency is due to kaons with < 40 MeV of kinetic
energy due to scattering inside the nucleus. The effi-
ciency 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 simulation 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+t inp — K7 is 90%.

Hits associated with a reconstructed track are used
to calculate 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 combination of dE/dx and the recon-
structed 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, PIDA, is defined
as [264]

PIDA = <<Zf) R?‘42> , (27)

where the median is taken over all track points 4 for
which the residual range R; is less than 30 cm.

Figure 30 shows the PIDA performance for kaons
(from proton decay), muons (from kaon decay), and
protons produced 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 de-
cay/stopping point causing higher values of dE/dz and
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resulting in higher values of PIDA. In addition, ioniza-
tion fluctuations smear out these distributions.

PID via dE/dx becomes complicated when the re-
constructed track direction is ambiguous, in particular
if additional energy is deposited at the vertex in events
where FSI is significant. The dominant background to
p — K+ in DUNE is atmospheric neutrino CC quasi-
elastic (QE) scattering, v,n — p~p. When the muon
happens to have very close to the 236 MeV/c momen-
tum expected from a KT decay at rest and is not cap-
tured, it is indistinguishable from the muon resulting
from p — KU followed by K™ — p*v,. When the
proton is also mis-reconstructed as a kaon, this back-
ground mimics the signal process.

The most important difference between signal and
this background source is the direction of the hadron
track. For an atmospheric neutrino, the proton and
muon originate from the same neutrino interaction
point, and the characteristic Bragg rise occurs at the
end of the proton track farthest from the muon-proton
vertex. In signal, the kaon-muon vertex is where the K+
stops and decays at rest, so its ionization energy deposit
is highest near the kaon-muon vertex. To take advan-
tage of this difference, a log-likelihood ratio discrim-
inator is used to distinguish signal from background.
Templates are formed by taking the reconstructed and
calibrated energy deposit as a function of the num-
ber of wires from both the start and end of the K
candidate hadron track. Two log-likelihood ratios are
computed separately for each track. The first begins at
the hadron-muon shared vertex and moves along the
hadron track (the “backward” direction). The second
begins at the other end of the track, farthest from the
hadron-muon shared vertex, moves along the hadron
track the other way (the “forward” direction). For sig-
nal events, this effectively looks for the absence of a
Bragg rise at the KT start, and the presence of one at
the end, and vice versa for background. At each point,
the probability density for signal and background, P5*
and P9 are determined from the templates. Forward
and backward log-likelihood ratios are computed as

P;ig
L fpwd(bkwd) = Z log phkg’ (28)

where the summation is over the wires of the track, in
either the forward or backward direction. Using either
the forward or backward log-likelihood ratio alone gives
some discrimination between signal and background,
but using the sum gives better discrimination. While
the probability densities are computed based on the
same samples, defining one end of the track instead of
the other as the vertex provides more information. The
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Fig. 31 Boosted Decision Tree response for p — KTv for
signal (blue) and background (red).

discriminator is the sum of the forward and backward
log-likelihood ratios:

L= Efwd + Lokwd- (29)

Applying this discriminator to tracks with at least ten
wires gives a signal efficiency of roughly 0.4 with a back-
ground rejection of 0.99.

A Boosted Decision Tree (BDT) classifier is used for
event selection in the analysis presented here. The soft-
ware package Toolkit for Multivariate Data Analysis
with ROOT (TMVA4) [265] is used with AdaBoost as
the boosted algorithm. The BDT is trained on a sample
of MC events (50,000 events for signal and background)
that is statistically independent from the sample of
MC events used in the analysis (approximately 100,000
events for signal and 600,000 events for background).
Image classification using a CNN is performed using 2D
images of DUNE MC events. The image classification
provides a single score value as a metric of whether any
given event is consistent with a proton decay, and this
score can be used as a powerful discriminant for event
identification. In the analysis presented here, the CNN
technique alone does not discriminate between signal
and background as well as a BDT, so the CNN score is
used as one of the input variables to the BDT in this
analysis. The other variables in the BDT include num-
bers of reconstructed objects (tracks, showers, vertices),
variables related to visible energy deposition, PID vari-
ables [PIDA, Eq. (27), and £, Eq. (29)], reconstructed
track length, and reconstructed momentum. Figure 31
shows the distribution of the BDT output for signal and
background. Backgrounds from atmospheric neutrinos
are weighted by the oscillation probability in the BDT
input distributions.

Figure 32 shows a p — K7 signal event. The event
display shows the reconstructed kaon track in green
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Fig. 32 Event display for an easily recognizable p — Ko
signal event. The vertical axis is TDC value, and the hor-
izontal 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.

and the reconstructed muon track from the kaon de-
cay in red; hits from the Michel electron coming from
the muon decay can be seen at the end of the muon
track. Figure 33 shows an event with a similar topol-
ogy produced by an atmospheric neutrino interaction,
vyn — pu~p. This type of event can be selected in
the p — K7 sample if the proton is misidentified as
a kaon. Hits associated with the reconstructed muon
track are shown in red, and hits associated with the re-
constructed 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
background events are processed using the same recon-
struction chain and subject to the same selection crite-
ria. There are two pre-selection 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 back-
grounds from high energy neutrino interactions. After
these cuts, 50% of the signal and 17.5% of the back-
ground remain in the sample. The signal inefficiency at
this stage of selection is due mainly to the kaon track-
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Fig. 33 Event display for an atmospheric neutrino interac-
tion, vun — u~p, which might be selected in the p -+ Ktv
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 in-
duction 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.

ing efficiency. Optimal lifetime sensitivity is achieved by
combining the pre-selection cuts with a BDT cut that
gives a signal efficiency of 0.15 and a background rejec-
tion 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 op-
timized, and the kaon tracking efficiency should in-
crease with improvements in the reconstruction algo-
rithms. To understand the potential improvement, a vi-
sual scan of simulated decays of kaons into muons was
performed. For this sample of events, with kaon mo-
mentum in the 150 MeV/c to 450 MeV /¢ range, scan-
ners achieved greater than 90% efficiency at recogniz-
ing the KT — u™ — et 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 approximately 80% with optimized
reconstruction algorithms, where the remaining inef-
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ficiency comes from low-energy kaons and kaons that
charge exchange, scatter, or decay in flight. Combining
this tracking performance improvement with some im-
provement in the K/p separation performance for short
tracks, the overall signal selection efficiency improves
from 15% to approximately 30%.

The analysis presented above is inclusive of all pos-
sible modes of kaon decay; however, the current version
of the BDT preferentially selects kaon decay to muons,
which has a branching fraction of roughly 64%. The sec-
ond most prominent kaon decay is K+ — 770, which
has a branching fraction of 21%. Preliminary studies
that focus on reconstructing a 7+ 7® pair with the ap-
propriate kinematics indicate that the signal efficiency
for kaons that decay via the KT — 7t 7% mode is ap-
proximately the same as the signal efficiency for kaons
that decay via the K* — pv, mode. This assumption
is included in our sensitivity estimates below.

Because the DUNE efficiency to reconstruct a kaon
track is strongly dependent on the kaon kinetic en-
ergy as seen in Fig. 29, the FSI model is an important
source of systematic uncertainty. To account for this un-
certainty, kaon-nucleon elastic scattering (K Tp(n) —
K*p(n)) is re-weighted by +50% in the simulation.
The absolute uncertainty on the efficiency with this
re-weighting is 2%, which is taken as the systematic
uncertainty on the signal efficiency. The dominant un-
certainty in the background is due to the absolute nor-
malization of the atmospheric neutrino rate. The Bartol
group has carried out a detailed study of the systematic
uncertainties, where the absolute neutrino fluxes have
uncertainties of approximately 15% [266]. The remain-
ing uncertainties are due to the cross section models
for neutrino interactions. The uncertainty on the CCOm
cross section in the energy range relevant for these back-
grounds is roughly 10% [267]. Based on these two ef-
fects, a conservative 20% systematic uncertainty in the
background is estimated.

With a 30% signal efficiency and an expected back-
ground of one event per Mt - year , a 90% CL lower
limit on the proton lifetime in the p — K7 channel
of 1.3 x 1034 years can be set, assuming no signal is ob-
served over ten years of running with a total of 40kt
of fiducial mass. This calculation assumes constant sig-
nal efficiency and background rejection over time and
for each of the FD modules. Additional running im-
proves the sensitivity proportionately if the experiment
remains background-free.

Another potential mode for a baryon number viola-
tion search is the decay of the neutron into a charged
lepton plus meson, i.e., n — e~ K. In this mode,
AB = — AL, where B is baryon number and L is lep-
ton number. The current best limit on this mode is

3.2 x 103! years from the FREJUS collaboration [268].
The reconstruction software for this analysis is the same
as for the p — K7 analysis; the analysis again uses a
BDT that includes an image classification score as an
input. To calculate the lifetime sensitivity for this decay
mode the same systematic uncertainties and procedure
is used. The selection efficiency for this channel includ-
ing the expected tracking improvements is 0.47 with a
background rejection of 0.99995, which corresponds to
15 background events per Mt - year . The lifetime sen-
sitivity for a 400kt - year exposure is 1.1 x 1034 years.

9.3 Neutron-Antineutron Oscillation

Neutron-antineutron oscillations can be detected via
the subsequent antineutron annihilation with a neu-
tron or a proton. Table 10 shows the effective branch-
ing ratios for the antineutron annihilation modes ap-
plicable to intranuclear searches, modified from [255].
It is known that other, more fundamentally consistent
branching fractions exist [269, 270], but the effects of
these on final states is believed to be minimal. The an-
nihilation event will have a distinct, roughly spherical
signature of a vertex with several emitted light hadrons
(a so-called “pion star”), with total energy of twice the
nucleon mass and roughly zero net momentum. Recon-
structing these hadrons correctly and measuring their
energies is key to identifying the signal event. The main
background for these n—n annihilation events is caused
by atmospheric neutrinos. As with nucleon decay, nu-
clear effects and FSI make the picture more compli-
cated. As shown in Table 10, every decay mode con-
tains at least one charged pion and one neutral pion.
The pion FSI in the hA42015 model in GENIE include
pion elastic and inelastic scattering, charge exchange
and absorption.

Figure 34 shows the momentum distributions for
charged and neutral pions before FSI and after FSI.
These distributions show the FSI makes both charged
and neutral pions less energetic. The effect of FSI on
pion multiplicity is also rather significant; 0.9% of the
events have no charged pions before FSI, whereas after
FSI 11.1% of the events have no charged pions. In the
case of the neutral pion, 11.0% of the events have no
neutral pions before FSI, whereas after FSI, 23.4% of
the events have no neutral pions. The decrease in pion
multiplicity is primarily due to pion absorption in the
nucleus. Another effect of F'SI is nucleon knockout from
pion elastic scattering. Of the events, 94% have at least
one proton from FSI and 95% of the events have at least
one neutron from FSI. Although the kinetic energy for
these nucleons peak at a few tens of MeV, the kinetic
energy can be as large as hundreds of MeV. In summary,
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Table 10 Effective branching ratios for antineutron annihi-
lation in 40Ar, as implemented in GENIE.

Channel ‘ Branching ratio
n + p:

w0 1.2%
w270 9.5%
wt3m0 11.9%
2nt =70 26.2%
2ntn—2x0 42.8%
2rtn— 2w 0.003%
3rt2r— 70 8.4%
n+n:

rta— 2.0%
270 1.5%
nta— 70 6.5%
mtn—2m0 11.0%
T n=3n0 28.0%
2rt2m— 7.1%
2rt 27— 70 24.0%
o w 10.0%
2rt 27— 270 10.0%

the effects of FSI in n—n become relevant because they
modify the kinematics and topology of the event. For
instance, even though the decay modes of Table 10 do
not include nucleons in their decay products, nucleons
appear with high probability after FSI.

A BDT classifier is used. Ten variables are used in
the BDT as input for event selection, including number
of reconstructed tracks and showers, variables related
to visible energy deposition, PIDA and dF/dx, recon-
structed momentum, and CNN score. Figure 35 shows
the distribution of the BDT output for signal and back-
ground.

Figure 36 shows an n — @ signal event, nn —
nrOn%7tn~. Hits associated with the back-to-back
tracks of the charged pions are shown in red. The re-
maining hits are from the showers from the neutral
pions, neutron scatters, and low-energy de-excitation
gammas. The topology of this event is consistent with
charged pion and neutral pion production. Figure 37
shows an event with a similar topology produced
by a NC DIS atmospheric neutrino interaction. This
background event mimics the signal topology by hav-
ing multi-particle production and an electromagnetic
shower.

The sensitivity to the n—n oscillation lifetime can be
calculated for a given exposure, the efficiency of select-
ing signal events, and the background rate along with
their uncertainties. The lifetime sensitivity is obtained
at 90% CL for the bound neutron. Then, the lifetime
sensitivity for a free neutron is acquired using the con-
version from nucleus bounded neutron to free neutron
n — 7 oscillation [271]. The uncertainties on the signal

4000
— primary

3000 — find state
2!
gooof-
i}
1000

G 1 1 1 1

1 1 1
0 01 02 03 04 05 06 07 08
Pion Momentum (GeV/c)

3000
— primary
— find state

2000

]

c

(9]

>

i}

1000

0 1 1 1

0 0.1 0.2 0.3 074 0.I5 076 0.I7 0.8

Neutral Pion Momentum (GeV/c)
Fig. 34 Top: momentum of an individual charged pion be-
fore and after final state interactions. Bottom: momentum of
an individual neutral pion before and after final state inter-
actions.

12}
=
c .
=) signal
>
=
<
3
=
a
2
<
R
s
PSXRXKY
Retetoteteles
R
R
sy
IStesetesetetototetetess
KSRREKAEKRKRKEL
RRRSIRRLREKS
XX RRKRKRKLRRXX
SORRREEKIR
XX KR KK KR KX
QRSEILIRLREELIR:
R 0NN
JRRRIIIRRL
[ X R KRR R KRKLKX
R IRREIIIRRLLEK
KX X R RRRRERKLKX
BRI
[ XX KR KRR K KRKRX
< IRRRREILELIIR:
KX KRR K KRR RKKRX
RIS
IR
sjelniaisteleiolatntnietilenss

BDT response

Fig. 35 Boosted Decision Tree response for n — n oscillation
for signal (blue) and background (red).

efficiency and background rejection are conservatively
estimated to be 25%. A detailed evaluation of the un-
certainties is in progress.

The free n — n oscillation lifetime, 7,_57, and
bounded n — 7 oscillation lifetime, T}, _;, are related to

each other through the intranuclear suppression factor
R as
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Fig. 36 Event display for an n — n signal event, nn —
naOnO7n+x—. The vertical axis is TDC value, and the hor-
izontal 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 back-to-back
tracks of the charged pions are shown in red. The remain-
ing hits are from the showers from the neutral pions, neutron
scatters, and low-energy de-excitation gammas.

The suppression factor R varies for different nuclei.
This suppression factor was calculated for %0 and
56Fe [271]. The R for Fe, 0.666 x 10?35 !, is used in
this analysis for “°Ar nuclei. More recent work [270]
gives a value of R for 4°Ar of 0.56 x 10?3s~!, which
will be applied in future analyses.

The best bound neutron lifetime limit is achieved
using a signal efficiency of 8.0% at the background
rejection probability of 99.98%, which corresponds to
approximately 23 atmospheric neutrino background
events for a 400kt - year exposure. The 90% CL limit
of a bound neutron lifetime is 6.45 x 1032 years for a
400kt - year exposure. The corresponding limit for the
oscillation time of free neutrons is calculated to be
5.53 x 108s. This is approximately an improvement by
a factor of two from the current best limit, which comes
from Super-Kamiokande [255].

10 Other BSM Physics Opportunities
10.1 BSM Constraints with Tau Neutrino Appearance

With only 19 v,-CC and 7,-CC candidates detected
with high purity, we have less direct experimental
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Fig. 37 Event display for a NC DIS interaction initiated by
an atmospheric neutrino. The vertical axis is TDC value, and
the horizontal axis is wire number. The bottom view is in-
duction plane one, the middle is induction plane two, and
the top is the collection plane. This event mimics the n — n
signal topology by having multi-particle production and elec-
tromagnetic showers.

knowledge of tau neutrinos than of any other SM
particle. Of these, nine v.-CC and 7,-CC candidate
events with a background of 1.5 events, observed by the
DONuT experiment [272,273], were directly produced
though Dg meson decays. The remaining 10 v,-CC
candidate events with an estimated background of two
events, observed by the OPERA experiment [274,275],
were produced through the oscillation of a muon neu-
trino beam. From this sample, a 20% measurement
of Am3, was performed under the assumption that
sin? 2095 = 1. The Super-Kamiokande and IceCube ex-
periments developed methods to statistically separate
samples of v,-CC and 7,.-CC events in atmospheric
neutrinos to exclude the no-tau-neutrino appearance
hypothesis at the 4.60 level and 3.20 level respec-
tively [276-278], but limitations of Cherenkov detectors
constrain the ability to select a high-purity sample and
perform precision measurements.

The DUNE experiment has the possibility of signifi-
cantly improving the experimental situation [279]. Tau-
neutrino appearance can potentially improve the dis-
covery potential for sterile neutrinos, NC NSI, and non-
unitarity. This channel could also be used as a probe of
secret couplings of neutrinos to new light bosons [280].
For model independence, the first goal should be mea-
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suring the atmospheric oscillation parameters in the
v, appearance channel and checking the consistency of
this measurement with those performed using the v,
disappearance channel. A truth-level study of v, selec-
tion in atmospheric neutrinos in a large, underground
LArTPC detector suggested that v.-CC interactions
with hadronically decaying 7-leptons, which make up
65% of total T-lepton decays [136], can be selected with
high purity [281]. This analysis suggests that it may
be possible to select up to 30% of v,-CC events with
hadronically decaying 7-leptons with minimal neutral-
current background. Under these assumptions, we ex-
pect to select ~25 v,-CC candidates per year using the
CPV optimized beam. The physics reach of this sam-
ple has been studied in Ref. [282] and [283]. As shown
in Fig. 38 (top), this sample is sufficient to simultane-
ously constrain Am3, and sin® 2053. Independent mea-
surements of Am%; and sin? 2055 in the v, appearance,
v,, disappearance, and v, appearance channels should
allow DUNE to constrain |Ues|? + |Uus|?> + |[Urs|? to
6% [282], a significant improvement over current con-
straints [50].

However, all of the events in the beam sample oc-
cur at energies higher than the first oscillation maxi-
mum due to kinematic constraints. Only seeing the tail
of the oscillation maximum creates a partial degener-
acy between the measurement of Am32; and sin? 26,3.
Atmospheric neutrinos, due to sampling a much larger
L/E range, allow for measuring both above and below
the first oscillation maximum with v, appearance. Al-
though we only expect to select ~70 v,.-CC and ©,-CC
candidates in 350 kt - year in the atmospheric sample,
as shown in Fig. 38 (bottom), a direct measurement
of the oscillation maximum breaks the degeneracy seen
in the beam sample. The complementary shapes of the
beam and atmospheric constraints combine to reduce
the uncertainty on sin? a3, directly leading to improved
unitarity constraints. Finally, a high-energy beam op-
tion optimized for v, appearance should produce ~150
selected v,-CC candidates in one year [3]. These higher
energy events are further in the tail of the first oscil-
lation maximum, but they will permit a simultaneous
measurement of the v, cross section. When analyzed
within the non-unitarity framework described in Sec-
tion 4, the high-energy beam significantly improves con-
straints on the parameter agsz due to increased matter
effects [282].

10.2 Large Extra-Dimensions

DUNE can search for or constrain the size of large
extra-dimensions (LED) by looking for distortions of
the oscillation pattern predicted by the three-flavor
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Fig. 88 The 1o (dashed) and 3o (solid) expected sensitivity
for measuring Amgl and sin? f23 using a variety of samples.
Top: The expected sensitivity for seven years of beam data
collection, assuming 3.5 years each in neutrino and antineu-
trino modes, measured independently using v. appearance
(blue), v, disappearance (red), and v, appearance (green).
Adapted from Ref. [282]. Bottom: The expected sensitivity
for the v, appearance channel using 350 kt - year of atmo-
spheric exposure.

paradigm. These distortions arise through mixing be-
tween the right-handed neutrino Kaluza-Klein modes,
which propagate in the compactified extra dimensions,
and the active neutrinos, which exist only in the four-
dimensional brane [284-286]. Such distortions are de-
termined by two parameters in the model, specifically
R, the radius of the circle where the extra-dimension
is compactified, and myg, defined as the lightest active
neutrino mass (m; for normal mass ordering, and ms
for inverted mass ordering). Searching for these distor-
tions in, for instance, the v, CC disappearance spec-
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trum, should provide significantly enhanced sensitivity
over existing results from the MINOS/MINOS+ exper-
iment [287].

10° T T T T T T
MINOS sensitivity 90% C.L, F/N, 10.56 x 102° POT - - - -
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Fig. 39 Sensitivity to the LED model in Ref. [284-286]
through its impact on the neutrino oscillations expected at
DUNE. For comparison, the MINOS sensitivity [287] is also
shown.

Figure 39 shows a comparison between the DUNE
and MINOS [287] sensitivities to LED at 90% CL
for 2 d.o.f represented by the solid and dashed lines,
respectively. In the case of DUNE, an exposure of
300 kt - MW - year was assumed and spectral informa-
tion from the four oscillation channels, (anti)neutrino
appearance and disappearance, were included in the
analysis. The muon (anti)neutrino fluxes, cross sec-
tions for the neutrino interactions in argon, detector
energy resolutions, efficiencies and systematical errors
were taken into account by the use of GLoBES files pre-
pared for the DUNE LBL studies. In the analysis, we
assumed DUNE simulated data as compatible with the
standard three neutrino hypothesis (which corresponds
to the limit R — 0) and we have tested the LED model.
The solar parameters were kept fixed, and also the re-
actor mixing angle, while the atmospheric parameters
were allowed to float free. In general, DUNE improves
over the MINOS sensitivity for all values of mg and this
is more noticeable for my ~ 1073 eV, where the most
conservative sensitivity limit to R is obtained.

10.3 Heavy Neutral Leptons

The high intensity of the LBNF neutrino beam and
the production of charm and bottom mesons in the
beam enables DUNE to search for a wide variety of
lightweight long-lived, exotic particles, by looking for
topologies of rare event interactions and decays in the
fiducial volume of the DUNE ND. These particles in-
clude weakly interacting heavy neutral leptons (HNLs),
such as right-handed partners of the active neutri-
nos, light super-symmetric particles, or vector, scalar,

and/or axion portals to a Hidden Sector containing new
interactions and new particles. Assuming these heavy
neutral leptons are the lighter particles of their hid-
den sector, they will only decay into SM particles. The
parameter space explored by the DUNE ND extends
into the cosmologically relevant region complementary
to the LHC heavy-mass dark-matter searches through
missing energy and mono-jets.

Thanks to small mixing angles, the particles can be
stable enough to travel from the baseline to the de-
tector and decay inside the active region. It is worth
noting that, differently from a light neutrino beam, an
HNL beam is not polarised, due to their large mass.
The correct description of the helicity components in
the beam is important for predicting the angular dis-
tributions of HNL decays, as they might depend on the
initial helicity state. More specifically, there is a differ-
ent phenomenology if the decaying HNL is a Majorana
or a Dirac fermion [288,289]. Typical decay channels are
two-body decays into a charged lepton and a pseudo-
scalar meson, or a vector meson if the mass allows it,
two-body decays into neutral mesons, and three-body
leptonic decays.

A recent study illustrates the potential sensitivity
for HNLs searches with the DUNE Near Detector [289).
The sensitivity for HNL particles with masses in the
range of 10 MeV to 2 GeV, from decays of mesons pro-
duced in the proton beam dump that produces the pi-
ons for the neutrino beam production, was studied. The
production of D, mesons leads to access to high mass
HNL production. The dominant HNL decay modes to
SM particles have been included, and basic detector
constraints as well as the dominant background process
have been taking into account.

The experimental signature for these decays is a
decay-in-flight event with no interaction vertex, typical
of neutrino—nucleon scattering, and a rather forward
direction with respect to the beam. The main back-
ground to this search comes from SM neutrino—nucleon
scattering events in which the hadronic activity at the
vertex is below threshold. Charged-current quasi-elastic
events with pion emission from resonances are back-
ground to the semi-leptonic decay channels, whereas
mis-identification of long pion tracks into muons can
constitute a background to three-body leptonic decays.
Neutral pions are often emitted in neutrino scattering
events and can be a challenge for decays into neutral
meson or channels with electrons in the final state.

We report in Fig. 40 the physics reach of the DUNE
ND in its current configuration without backgrounds
and for a Majorana and a Dirac HNL. The sensitivity
was estimated assuming a total of 1.32 x 10?2 POT, i.e.,
for a running scenario with 6 years with a 80 GeV pro-
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or extended see-saw scheme.

ton beam of 1.2 MW, followed by six years of a beam
with 2.4 MW, but using only the neutrino mode config-
uration, which corresponds to half of the total runtime.
As a result, HNLs with masses up to 2 GeV can be
searched for in all flavor-mixing channels.

The results show that DUNE will have an improved
sensitivity to small values of the mixing parameters
|Uan|?, where a = e, p, 7, compared to the presently
available experimental limits on mixing of HNLs with
the three lepton flavors. At 90% CL sensitivity, DUNE
can probe mixing parameters as low as 1072 — 10719
in the mass range of 300-500 MeV, for mixing with the
electron or muon neutrino flavors. In the region above
500 MeV the sensitivity is reduced to 108 for eN mix-
ing and 10~7 for N mixing. The 7N mixing sensitivity
is weaker but still covering a new unexplored regime. A
large fraction of the covered parameter space for all

neutrino flavors falls in the region that is relevant for
explaining the baryon asymmetry in the universe.

Studies are ongoing with full detector simulations
to validate these encouraging results.

10.4 Dark Matter Annihilation in the Sun

DUNE’s large FD LArTPC modules provide an excel-
lent setting to conduct searches for neutrinos arising
from DM annihilation in the core of the sun. These
would typically result in a high-energy neutrino signal
almost always accompanied by a low-energy neutrino
component, which has its origin in a hadronic cascade
that develops in the dense solar medium and produces
large numbers of light long-lived mesons, such as 7+
and KT that then stop and decay at rest. The decay
of each 7+ and K+ will produce monoenergetic neutri-
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nos with an energy 30 MeV or 236 MeV, respectively.
The 236 MeV flux can be measured with the DUNE
FD, thanks to its excellent energy resolution, and im-
portantly, will benefit from directional information. By
selecting neutrinos arriving from the direction of the
sun, large reduction in backgrounds can be achieved.
This directional resolution for sub-GeV neutrinos will
enable DUNE to be competitive with experiments with
even larger fiducial masses, but less precise angular in-
formation, such as Hyper-K [306].

11 Conclusions and Outlook

DUNE will be a powerful discovery tool for a vari-
ety of physics topics under very active exploration to-
day, from the potential discovery of new particles be-
yond those predicted in the SM, to precision neutrino
measurements that may uncover deviations from the
present three-flavor mixing paradigm and unveil new
interactions and symmetries. The ND alone will offer
excellent opportunities to search for light DM and to
measure rare processes such as neutrino trident inter-
actions. Besides enabling its potential to place leading
constraints on deviations from the three-flavor oscilla-
tion paradigm, such as light sterile neutrinos and non-
standard interactions, DUNE’s massive high-resolution
FD will probe the possible existence of baryon num-
ber violating processes and BDM. The flexibility of
the LBNF beamline opens prospects for high-energy
beam running, providing access to probing and measur-
ing tau neutrino physics with unprecedented precision.
Through the ample potential for BSM physics, DUNE
offers an opportunity for strong collaboration between
theorists and experimentalists and will provide signifi-
cant opportunities for breakthrough discoveries in the
coming decades.
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