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The Deep Underground Neutrino Experiment (DUNE) is a next-generation neutrino experiment with a
rich physics program that includes searches for the hypothetical phenomenon of proton decay. Utilizing
liquid-argon time-projection chamber technology, DUNE is expected to achieve world-leading sensitivity
in the proton decay channels that involve charged kaons in their final states. The first DUNE demonstrator,
ProtoDUNE Single-Phase, was a 0.77 kt detector that operated from 2018 to 2020 at the CERN Neutrino
Platform, exposed to a mixed hadron and electron test-beam with momenta ranging from 0.3 to 7 GeV/c.
We present a selection of low-energy kaons among the secondary particles produced in hadronic reactions,
using data from the 6 and 7 GeV /c beam runs. The selection efficiency is 1% and the sample purity 92%.
The initial energies of the selected kaon candidates encompass the expected energy range of kaons
originating from proton decay events in DUNE (below ~200 MeV). In addition, we demonstrate the
capability of this detector technology to discriminate between kaons and other particles such as protons and
muons, and provide a comprehensive description of their energy loss in liquid argon, which shows good
agreement with the simulation. These results pave the way for future proton decay searches at DUNE.
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I. INTRODUCTION

The Standard Model (SM) of particle physics is the most
successful and precise framework for describing particle
interactions and has been confirmed by numerous exper-
imental observations. However, it remains an incomplete
theory of nature. In particular, it fails to fully explain key
fundamental phenomena, including the neutrino masses,
the matter-antimatter asymmetry of the Universe, the
quantization of electric charge, and the existence of dark
matter [1]. Grand unification theories (GUTSs) extend the
SM to predict the unification of electromagnetic, weak and
strong interactions at very high energies (~10'® GeV)
[2,3], presenting a rich phenomenology that can lead to
solutions for the issues above [4,5]. Most GUTs allow
leptons and quarks to transform into each other, inducing
baryon-number violation processes with very long lifetimes
such as proton decay [6—8], an observation of which would
constitute an experimental proof of GUTs.

Proton lifetime and decay channels depend on the GUT
model. The most favoured decay channels are p — [*7°
(I =e, u)and p - K*D [6]. Due to its large fiducial mass
and long data-taking period, the Super-Kamiokande (SK)
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water Cherenkov detector has been able to set the strongest
lower limits for several channels. In the case of channels
with a pion in the final state, SK set a limit at 90% CL of
1.6 x 10** years for p — u*z% and 2.4 x 103 years for
p — et 7% [9]. SK has also set a limiton p — K*7 of 5.9 x
103 years [10], which is not as strong as in the previous
channels. This is due to the fact that, in this two-body decay
of a stationary proton, the K™ momentum (340 MeV/c¢) is
below the Cherenkov threshold in SK, and therefore it can
only be detected via the decay products of the kaon. On the
contrary, the Deep Underground Neutrino Experiment
(DUNE) [11] has the capability to reconstruct the full
decay chain—kaon and its decay products—for this proc-
ess by exploiting the liquid-argon time projection chamber
(LArTPC) technology.

DUNE is a future long-baseline neutrino experiment
aiming to provide the most comprehensive study of the
neutrino oscillation phenomenon. It consists of a power-
ful neutrino beam, a near detector (ND) complex to
characterize the initial, unoscillated neutrino flux [12],
and a far detector (FD) complex to measure the effect
of neutrino oscillations [11]. The FD will be located
1.5 km underground and 1300 km away from the ND at
the Sanford Underground Research Facility, which will
provide a powerful shielding against cosmic rays. This,
combined with its large fiducial mass (~40 kt), makes
DUNE FD sensitive to different rare events such as
baryon-number-violating processes, particularly to pro-
ton decay channels with positively charged kaons in the
final state [13,14].

Published by the American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/q21l-pl7s&domain=pdf&date_stamp=2026-03-09
https://doi.org/10.1103/q21l-pl7s
https://doi.org/10.1103/q21l-pl7s
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

S. ABBASLU et al.

PHYS. REV. D 113, 052004 (2026)

The most likely decay channel for charged kaons is
K* — u*v, (64% branching ratio). The proton decay
signature would consist of a low momentum kaon
(px <340 MeV/c due to intranuclear effects) originating
in the active volume of the TPC followed by a low
momentum muon (p, ~ 237 MeV/c, due to the two-body
decay kinematics). The dominant background for this
process is generated by atmospheric neutrino charged-
current quasielastic scattering, v,n — pu~, as it presents
a similar topology to that of K™y (a vertex originating in
the active volume of the detector with a muon track and a
short, highly ionizing track corresponding to the proton). If
the muon has a momentum similar to the 237 MeV/c
expected from the K™ decay, the identification of the proton
decay process depends on the ability to differentiate
between kaons and protons. Assuming a 30% signal
efficiency, a background acceptance of one event per
Mt - year, and no observed signal over ten years of running
with a total of 40 kt of fiducial mass, DUNE studies
indicate that the 90% CL sensitivity to the proton lifetime in
the p — K+ channel reaches 1.3 x 10** years.

As a first step towards proton decay searches in DUNE,
this work uses ProtoDUNE-Single Phase (SP) data to
demonstrate the capabilities of the LArTPC technology
to identify low-energy kaons (pg < 340 MeV/c) and to
characterize their energy loss in liquid argon. The
ProtoDUNE-SP detector is described in detail in
Secs. II, III outlines the simulation and reconstruction of
ProtoDUNE-SP data. Section IV presents the event selec-
tion developed to isolate low-energy kaons in the detector
and Sec. V describes the methodology to evaluate their
energy loss in LAr. Section VI evaluates the systematic
uncertainties considered in this analysis, Sec. VII shows the
obtained results and Sec. VIII concludes.

II. THE PROTODUNE-SP DETECTOR AT CERN

ProtoDUNE-SP was the first DUNE FD demonstrator
[15]. Located at CERN’s Neutrino Platform [16,17], it was
a LArTPC experiment which prototyped full-sized
DUNE’s FD single—phase] detector components using
about 5% of the DUNE FD argon mass. It constituted
the largest monolithic LArTPC ever built and operated,
with a total LAr mass of 0.77 kt. Its installation was
completed in summer 2018, and it was commissioned and
exposed to a test-beam from September to November 2018.
The beam provided particles of different types and
momenta so that the detector could be calibrated and its
performance validated [18,19].

ProtoDUNE-SP was housed in a cryostat with outer
dimensions of 11.4 m x 10.8 x 11.4 m? (X x Y x Z) that
kept the LAr at 87 K. A diagram of the detector with the
coordinate axis can be seen in Fig. 1. The TPC had active
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FIG. 1. Schematic top view of the ProtoDUNE-SP experiment
with the approximate direction of the beam. The Y axis points out
of the page, and its origin coincides with the bottom of the TPC.
The notches in the anode planes represent the separation between
APAs. Not to scale.

dimensions of 7.2 m x 6.0 m x 6.9 m, separated into two
volumes by a central cathode plane located at X = 0 and
parallel to the Z axis. The Y axis was vertical. Each volume
had a drift length of 3.6 m and was exposed to an electric
field of 500 V/cm, generated by a —180 kV bias applied to
the shared cathode plane. The electric field homogeneity
was ensured by a field cage enclosing the active volume on
the nonanode faces of the detector. The anode planes were
formed of three anode plane assemblies (APA) each,
supported by a stainless-steel frame of 6.1 m high,
2.3 m wide and 76 mm thick. Four copper-beryllium wire
planes were bonded directly over both sides of the APA
frame, the first one of which served as ground plane (G),
the next two were induction planes (U and V), and the last
one was a collection plane (X). U wires were set at 35.7°
with respect to the vertical axis, V wires at —35.7°, and X
and G wires parallel to it. The selected wire angles made
induction wires cross only once a given collection wire,
reducing reconstruction ambiguities. Voltages of the wire
planes were staggered (Vg = —-665V, V,;=-370V,
Vy =0V and Vy =820 V) such that electrons could
flow through the induction wires towards the collection
plane. Photon detection modules were embedded in the
stainless-steel frame, behind the highly transparent wire
planes. More details about the APAs can be found in
Refs. [15,20]. Electron diverters were installed in the
nonsensitive gap between APAs to reduce the amount of
charge reaching this region. These were formed by two
electrode strips mounted on an insulating board, which
after being biased by an external voltage, modified the local
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drift field in such a way that electrons were redirected
towards the active regions of the APAs and away from the
gaps [15]. During the operation of the detector, the electron
diverters developed short circuits that produced high
currents in the active volume of the detector, and were
therefore grounded. This caused a loss of collected charge
that ultimately led to reconstruction errors, in which a
single track crossing two APAs was reconstructed as two
separated tracks, with the second segment incorrectly
associated as a daughter of the first [18,19].

In order to minimize the energy loss of particles from the
test beam crossing the cryostat, a beam plug was installed at
the front face of the detector at the beam entry point. It
consisted of a cylindrical pressure vessel filled with nitro-
gen gas that penetrated inside the TPC (up to 5 cm inside
the field cage), so that the interaction of beam particles and
inactive material was minimized. The beam entry point was
approximately located at midheight and about 30 cm away
from the cathode. It was roughly aligned with the positive-z
direction, deviating by approximately 15° towards the
negative-x and negative-y directions, in such a way that
beam particles crossed only one drift volume [15].

The test beam was provided by the CERN H4 beamline.
The proton beam extracted from the Super Proton
Synchrotron is shot onto a beryllium target generating a
mixed hadron beam of about 80 GeV/c of momentum.
This secondary beam is sent once more towards another
target (made of copper or tungsten), providing a mixed
tertiary beam of protons, positrons, and positively charged
kaons, pions and muons, the momenta of which were set at
0.3,0.5, 1, 2, 3, 6 and 7 GeV/c by downstream magnets.
The tungsten target is used to increase the hadron content of
the beam at low momentum (below 4 GeV/c), however it
was unintentionally not used for the 2 GeV/c runs, sub-
stantially decreasing the hadron abundance of the 2 GeV /c
runs. The tertiary beam, instrumented with a sequence of
monitors for particle identification [21,22], provided test-
beam particles with a frequency of 25 Hz, which allowed
particles to be characterized one at a time as the TPC
readout time window was 5 ms [15].

As a surface detector, ProtoDUNE-SP was exposed to a
high flux of cosmic rays which continuously crossed the
detector thereby ionizing argon atoms. The ionization
electrons drift towards the anode at a velocity of
~1.6 mm/us, whereas the more massive Art ions drift
towards to the cathode at a much smaller velocity
(~5 mm/s) [23]. Slow drifting ions lead to buildup of
positive charge in the active volume, which modified the
electric field lines inside the TPC. This so-called space
charge effect (SCE) [24] had a significant impact on
ProtoDUNE-SP spatial and calorimetric reconstruction
due to the large dimensions of the detector [18]. SCE
calibration and simulation were performed by measuring
cosmic-ray tracks distortion near the boundaries of the
active volume, where the SCE was maximal. However,

significant differences were still observed between data and
simulation in the boundaries of the active volume, includ-
ing the front face of the detector where the test-beam
particles were injected. Thus, a fiducial volume cut
excluding the first 33 cm of the TPC on the Z axis has
been adopted by ProtoDUNE-SP analyses to avoid sys-
tematic differences between data and simulation [25]. The
high flux of cosmic rays also significantly limited the use of
the photon detection system in high level physics analysis.

II1. SIMULATION, RECONSTRUCTION AND
CALIBRATION

The simulation of particle transport and particle inter-
actions in ProtoDUNE-SP is performed using GEANT4
[26-28], and encompasses the entire beamline facility.
The primary particles considered are those originating
from the beam itself, from the surrounding beam halo,
and from cosmic rays. Beam and beam halo particles are
generated using the G4Beamline event generator [29],
FLUKA [30,31] and MAD-X [32], while cosmic rays are
simulated with CORSIKA [33]. The propagation of these
particles and the signal simulation was done within LArSoft
[34] and it is described in detail in Ref. [18].

After an event is read out, the waveforms recorded by the
induction and collection wires of the TPC are deconvolved
and noise filtered, and then analyzed to identify hits. A hitis
an ionization charge deposited in space and time by a
charged particle and detected by the three sensing planes
of wires. These appear as peaks in the waveforms and are
fitted to Gaussian functions to extract their characteristics.
Using those hits as input, Pandora [35,36], a multialgorithm
reconstruction package, is used to reconstruct the different
particle interactions and the relationships between particles
(namely, particle hierarchies). The hits are first processed
separately in different drift volumes assuming the cosmic-
ray hypothesis, and the reconstructed tracks are stitched
together across volumes. Tracks that can be clearly ascribed
to cosmicrays are tagged as such and put aside. The remaining
hits are separated into groups, with the aim of containing all
hits from the same interaction or cosmic ray in the same group.
Each group of hits is reconstructed again with both the cosmic
and the test-beam hypothesis, and the best outcome (cosmic or
test-beam interaction) is then chosen via a boosted decision
tree. The result of this process is a hierarchy of particles, in
which daughters and parents are associated, and each particle
is formed by a set of hits. A detailed description of the
reconstruction is presented in Refs. [18,36,37].

The deposited energy per unit length (dE/dx) is the main
handle used to identify particles in a LArTPC. The energy
loss pattern along the trajectory is different for each particle
type, especially near the Bragg peak region, where the
energy deposition is maximum before the particle stops. In
general, the larger the mass difference between particle
types, the easier it is to differentiate them. Thus, it is
essential to understand the relationship between the
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deposited energy and the response of the detector. A
detailed description of the calorimetric calibration of the
ProtoDUNE-SP TPC can be found in Ref. [18]. The dE/dx
of each hit is computed by

(1) Converting digitizer counts to number of electrons.
The pitch of the hit is computed based on the angle
of the track with respect to the wire planes, providing
the collected charge per unit length dQ/dx.

(2) Correcting the collected charge for the SCE and
attenuation due to impurities, obtaining the depos-
ited charge.

(3) Correcting the deposited charge for residual detector
nonuniformities (such as nonworking wires, electron
diverters, etc.).

(4) Converting the deposited charge to deposited energy
considering electron recombination effects [38—42].
In ProtoDUNE-SP, the recombination effect is de-
scribed using the modified box model [43].

IV. EVENT SELECTION

In ProtoDUNE-SP, most beam kaons of the 1 GeV/c
beam runs decay before reaching the detector, while those
of the 3 GeV/c beam runs or above typically undergo
inelastic interactions when reaching the TPC. Hence,
2 GeV/c beam runs were considered optimal for producing
stopping kaons. These could have been selected in rela-
tively clean topologies, allowing for detailed studies of the
energy profile and of the reconstruction efficiency as a
function of the kaon’s initial energy and/or other kinematic
variables. Furthermore, tracks could have been artificially
truncated to resemble those expected from proton decay
events. Unfortunately, the tungsten target of the secondary
beam was not used in the 2 GeV/c runs, significantly
reducing the fraction of hadrons and making isolating
primary stopping kaons more challenging.

As kaon production in hadronic interactions increases
with the energy of the incoming hadron [44], 6 and
7 GeV/c beam runs were therefore used in this
study to isolate stopping—and potentially low-energy,
Pk < 340 MeV/c—kaons among the secondary particles
generated in beam-hadron interactions in the active volume
of the detector. However, even at these momenta, kaons are
only marginally produced in hadronic interactions in
comparison with other hadrons such as z* and protons,
which dominate the backgrounds in this study and therefore
require a very restrictive event selection. The dataset used
in this analysis comprises 334882 and 269317 beam events
at 6 and 7 GeV/c, respectively, of which 83.0% are
identified as z/u*/e™, 11.5% as protons, and 5.5% as
kaons by the beam instrumentation. As 7z /u*/e™ cannot
be distinguished by the beam instrumentation at these
momenta, electron or muon beam events cannot be vetoed.

The event selection is based on the kaon’s main decay
channel, which is K™ — u*v,. The true signal is defined as
kaons decaying via K™ — ;ﬁyﬂ, with a minimum kinetic

energy threshold for the K™ of 30 MeV—in order to
account for detection thresholds. From the reconstruction
point of view, as neutrinos are very unlikely to interact near
the kaon decay point, the reconstructed signal is a track
originating from a beam particle interaction, and with a
single daughter compatible with a stopping muon of
237 MeV /c momentum (which is indeed the same signature
that will be used in DUNE for proton decay searches).

On average, each 6-7 GeV/c beam particle produces
about six secondary particles, which in turn generate
further particle production. Thus, multiple tracks can be
compatible with the candidate topology in a single beam
event. Consequently, the selection presented here does not
work in a standard event-by-event basis, but in a candidate-
by-candidate basis, meaning that more than one candidate
in a beam event can pass the selection. We define the purity
of the selection after the cut i as

Signal candidat
Pur, — ignal candidates

(1)

~ Total candidates |;’

where “signal candidates” refers to the number of recon-
structed candidates associated with true signal objects, and
“total candidates” refers to the total number of recon-
structed candidates, both evaluated after cut i. Similarly, we
define the efficiency of the selection after the cut i as

_ True signal candidates
~ Total true signal candidates|,’

(2)

i

where “true signal candidates” refers to the number of true
signal events that are selected after cut i, and “total true
signal candidates” refers to the initial number of true signal
objects. Purity and efficiency are both calculated using the
simulation sample, and the selection has been optimized by
maximizing Pur x Eff for each cut.

As previously mentioned, the energy loss profile of the
tracks in the detector can be used for particle identification.
Here we quantify the agreement between a reconstructed
track and a particle hypothesis Part by means of the
parameter y3_./ndf, used in the selection and defined as

Sim>2
RecoY 12 dE
)] L

)(l%zm/ndf =

Reco
Nhies (@ —dE
9
Sim) ] 2
i

1 dx | dx
-2 :
Nhl[S i \/[6(%
(3)

where, i runs over all the collection plane hits of the track
within its last 26 cm,? o(4E|;) is the associated uncertainty

*We use the last 26 cm of the tracks since the Bragg peak
region of stopping particles is well contained there. For tracks
longer than 26 cm, only the final 26 cm are considered, whereas
shorter tracks are used in full.
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TABLE L

Event selection summary for data and simulation as a function of the selection cuts. The evolution of the number of signal

candidates and the respective efficiency and purity refer only to the simulation sample. No scaling applied. The mismatch in the number
of signal events between the Purity and Efficiency columns is due to the aforementioned reconstruction issues caused by the electron
diverters, which produced broken tracks: multiple reconstructed tracks in a single event can be associated to the same true object.

Selected candidates

Signal candidates

Selection cut Data Simulation Selected (Purity %) True (Efficiency %)
True candidates e e e 37792 (100.00)
Candidate reconstructed 310276 313423 4276 (1.36) 4090 (10.82)
Fiducial volume 192812 200690 3162 (1.58) 3009 (7.96)
Daughter tracklike 132010 143409 2574 (1.79) 2454 (6.49)
Daughter ;(ﬁ 21813 20781 1176 (5.66) 1170 (3.10)
Daughter momentum by range 2423 2280 663 (29.08) 663 (1.75)
Candidate-daughter angle 1335 1292 569 (44.04) 569 (1.51)
Candidate-daughter distance 1027 1023 539 (52.69) 539 (1.42)
Candidate y% 522 526 484 (92.02) 484 (1.28)

of the % for the ith hit, “Reco” refers to the reconstructed
track that is being evaluated, and “Sim” refers to the
expectation based on the simulation for a given particle
type. As in principle the background is composed by any
particle different from Part and thus a specific background
hypothesis cannot be made, this simple y? identification
method is preferred to those testing different hypothesis
such as a likelihood ratio or a y? difference.

Events containing at least one potential kaon are selected

following these steps:
(1) The event must have a reconstructed beam particle
inside the TPC.
(2) The event must have at least one particle compatible
with the candidate kaon topology presented above.
That is, a track (the kaon candidate) resulting from
the interaction of a test-beam particle in the active
volume of the detector, and with a single recon-
structed daughter.
(3) The kaon candidate track must start and end within
the fiducial volume of the detector, that is, after the
first 33 cm of the TPC on the Z axis.
(4) The kaon candidate track must be fully contained
within the fiducial volume, defined as the TPC
region after the first 33 cm along the Z axis.
(5) The daughter of the kaon candidate track must
(a) be a track (not a shower, as these are generated
by electrons and photons),

(b) have a reduced )(,% consistent with muon hypoth-
esis, y;/ndf < 6, and

(c) have a momentum derived from the track length
and assuming the muon hypothesis between 221
and 245 MeV/c. The momentum is computed
by applying the continuous slowing down
approximation [45].

(6) The cosine of the angle between the kaon candidate
track and its daughter must be smaller than 0.64. As
stopping kaons decay at rest, the angular distribution
of the muon with respect to the kaon is isotropic,

while that of the daughters of other interacting
hadrons is forward focused. Hence, rejecting the
forward distribution is a powerful background
rejection, similar to the approach followed
in Ref. [46].

(7) The distance between the endpoint of the kaon
candidate track and the starting point of its daughter
must be less than 10 cm. This reduces the back-
grounds originated from misreconstructions of in-
elastic interactions.

(8) The kaon candidate track must have a reduced )ﬁ(
consistent with kaon hypothesis, y%/ndf < 50.

The final selected data sample of 522 kaon candidates
has a signal purity of 92%. Table I shows the evolution of
the purity and efficiency for the different steps of the
selection. For a true kaon to be selected it necessarily has to
be associated to a reconstructed candidate, meaning that the
kaon track and the muon track have to be reconstructed and
associated as parent-daughter. This requirement, combined
with the complicated topologies resulting from hadronic
interactions as the one shown in Fig. 2, explains the
significant drop in efficiency that is observed in the first
step of Table I.

As can also be observed, initially the kaon candidates
represent only 1.36% of the total candidates. After applying
the daughter cuts, the purity increases up to 29.08%, being
the narrow-band muon momentum cut presented in Fig. 3
the most effective rejecting background events. At this
point, the dominant background is formed by inelastically
interacting 7=. The use of geometric information in the
€08 O an—qau and the parent-daughter distance cuts increases
the purity up to 52.69%. Finally, the y% cut is applied to
separate kaons from the remaining z*. This cut is repre-
sented in Fig. 4, where two populations are clearly
distinguishable: one with low y%, corresponding to stop-
ping kaons and some proton contamination, and another
one with high y%, corresponding to the background. One
can see that a very relaxed cut is enough to get a very pure
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FIG. 2. Kaon candidate event display. A beam hadron track can
be seen in the left side of the image. It interacts and generates
secondary particles. One of these particles propagates in the
argon until it interacts again, generating a kaon candidate. The
white arrow points to the kaon track, which is followed by a muon
track, ultimately followed by a Michel electron. 50 wires
correspond approximately to 24 cm.

sample of kaons. After applying this last cut, the
remaining background is dominated by stopping protons,
and it constitutes approximately a 3% of the selected
sample.

x10° DUNE:ProtoDUNE-SP [integral 2.1810+04 |
B L I R B A B
- + —— Data -
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o [  K) 532%
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0.0 L
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Daughter Momentum by Range [MeV/c]
FIG. 3. Cut on the muon momentum distribution for the

daughters of the potential kaon candidates. Signal events
[under the label p* (K*)] accumulate around 230 MeV/c, and
a peak can be clearly seen in both data and simulation
samples. The muon momentum resolution is estimated to be
better than 1% using the simulation sample. The samples
displayed are obtained after applying the first four cuts of the
selection. Only statistical uncertainties of the data sample are
shown, and the simulation is scaled to the data sample based
on the number of candidates. The last bin of the histogram
contains all the overflow entries.

DUNE:ProtoDUNE-SP [Integral 1027

500 ——— — ]
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FIG. 4. Cut on the reduced »* distribution under kaon hypoth-
esis to isolate the kaons from the remaining backgrounds. This
sample is obtained after applying all but the last cut of the
selection. Only statistical uncertainties of the data sample are
shown, and the simulation is scaled to the data sample based on
the number of candidates.

V. ENERGY LOSS EVALUATION

Proton decay searches at DUNE ultimately rely on the
capabilities of the detector to identify kaons and to
confidently differentiate them from other particles, espe-
cially from protons, which have the most similar signatures.
This can be achieved by studying the energy loss profile
along the trajectory of stopping particles, particularly in the
Bragg peak region. Since future proton decay searches at
DUNE will be blinded, it is fundamental that the simulation
accurately reproduces this process. Here, we present the
methodology developed to characterize the energy loss of
kaons in LAr in detail.

In a LArTPC, the particle identification is usually based
on the dE/dx profile as a function of the residual range, as
shown in Refs. [47-49]. A particle track consists of a
collection of energy deposits (hits) in the three-dimensional
space, and for each hit the residual range is defined as the
distance from that particular hit to the endpoint of the track.
Thus, in the case of stopping particles, hits closer to the
track endpoint (low residual range) have larger energy
depositions than hits farther away (high residual range).
This effect can be seen in Fig. 5 for both data (top) and
simulation (bottom), where this two-dimensional plot is
presented for the sample shown in Fig. 4. Two populations
are clearly distinguishable for data and simulation. The
population in the bottom of the plot, which shows a flat
dE/dx distribution along the residual range, corresponds to
the interacting 7+ background. The other population,
corresponding to the stopping kaons, shows an
increase in the dE/dx—the Bragg peak—as residual range
decreases. Since the 3, is a dE/dx-based quantity, the last
step of the selection presented above is not applied here to
avoid any potential bias in the evaluation of kaons’ dE/dx.
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DUNE:ProtoDUNE-SP Data

(o]

dE/dx [MeV/cm]
Normalized Frequency

dE/dx [MeV/cm]
Normalized Frequency

Residual Range [cm]

FIG. 5. dE/dx distribution as a function of the residual range
for the sample presented in Fig. 4 for data (top) and simulation
(bottom).

Consequently, in order to separate the contributions of
kaons and background, we have developed a procedure to
characterize the energy loss of kaons similar to the one
developed by the ALICE (A Large Ion Collider Experiment)
Collaboration to measure the hadron composition in
charged jets from pp collisions [50,51], the so-called
coherent fit. We divide the two-dimensional plot into
residual range slices, generating one-dimensional dE/dx
distributions as the one presented in Fig. 6. As the region of
interest for this study is the Bragg peak, we limit our focus to
residual ranges between 1 to 61 cm. We use 2 cm-long slices
to find a compromise between resolution and statistics.

The slices are modeled by a sum of Landau-Gaussian
convolutions £G. We choose this approach so that the
Landau describes the energy loss and the Gaussian
accounts for detector resolution and smearing produced
by the residual range slicing. Furthermore, as the dE/dx
presents different shapes along its range (being more
Landau-like for low dE/dx distributions and more
Gaussian for high dE/dx distributions [52]), the convolu-
tion can accommodate both shapes. We describe the
Landau distribution following Ref. [53], where three
parameters are used: the normalization N, a “location”

DUNE:ProtoDUNE-SP 17 <RR[cm] < 19
e T T

0.8 —— Data —
[ | other 1.88 % A

p 3.17%

| © 19.70 %

0.6 | © 18.10 %

K" (other) 1.96 %
Bl K>y 5519%

#events/(0.1 MeV/cm)
o
»

o
N

0.0

dE/dx [MeV/cm]

FIG. 6. dE/dx distribution for the residual range slice between
17 and 19 cm. Each entry corresponds to a hit of a selected
candidate. Data and simulation samples are normalized such that
their integrated area is 1. Only data statistical uncertainties
are shown.

parameter # and a “width” parameter o;, in such a way that
it transforms as L(r) — L(%) The Landau distribution is

convolved with a Gaussian distribution centered in u with a
standard deviation 65. Thus, the kth Landau-Gaussian
convolution £G of the sum is described by four parameters,
dy = (N, gy, 61, 661)- It is worth noticing that the param-
eter 4 does not exactly correspond to the most probable
value (MPV) of the Landau distribution, but this can be
recovered afterwards by obtaining the maximum value. In
the same way, o; and o5 are related to the spread of the
dE/dx distribution on each slice, being the former related
with the energy loss fluctuations and the later with the
detector resolution and residual range smearing.

We choose to describe each slice as a sum of three £G
functions. One is used to describe the signal peak S, which
is the one at high dE/dx in Fig. 6 (mostly populated by K+
hits). The other two are used to describe the background,
which constitutes the peak at low dE/dx (mostly formed by
n%) and the intermediate region between peaks (mostly
formed by misassociated hits and overlapping cosmic rays),
referred to as B1 and B2, respectively. Then, the number of
counts in the residual range slice i and dE/dx bin j is

modeled as
S.B1,B2
) 3 dE
J k dx

Assuming that these parameters vary continuously and
smoothly from one residual range slice to another, we
derive empiric functions to describe d, as functions of the

( dE
M(RR,,—
dx

;ak). 4)

J

residual range, namely a, = Zz'k(RR,l;k), where l;k is a
different set of parameters. Hence, we can describe the
model as
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M (RR,,

)8 (] ). s

In this way, instead of having a model per residual range
slice, we have a single model that describes all slices
simultaneously and hence it relies on a single minimization
procedure. By construction, this approach considers corre-
lations between slices, maximizes the use of information
and reduces the effect of the limited statistics. For the
optimization procedure we consider a maximum likelihood
method in which the function / is maximized, as follows:

U RICE

where f is the measured distribution and it is normalized in
every slice such that

Z f (RR,.,%E]) =1, (7)

and P represents the Poisson probability density function.

This optimization provides the set of parameters b_,Z making
the distribution M more likely to have generated the
measured distribution f slice by slice and bin by bin.

We find empirical functions to describe the parameters
d, as functions of the residual range by using the truth
information from the simulation. For the signal contribu-
tion these functions are

@R =, (Pretn)®)
or.5(RR) = % (g—; - 1) + P, )
065(RR) = ———+ . (10)

RR—|—1

where the different «, f# and y represent the parameters that
continuously describe g, 67 5 and o5 5. Normalization is
left constant across the slices, based on the observation that
the K* hit purity is approximately 55% and constant
between 0 and 200 cm of residual range. For the back-
ground contribution we use

kg1 (RR) = ag, + g RR, (11)

ap
RR—l—l

o1.52(RR) = + Ppa- (12)

All the other parameters are kept constant along the
slices. Hence, instead of describing the 30 residual range
slices with three Landau-Gaussian convolutions depending
on four different parameters each (total of 360 parameters),

this model attempts to describe all the data considering only
17 parameters.

The minimization procedure is done using MINUIT [54].
In order to guarantee an easier convergence, the following
steps are followed: a first estimation of the parameters is
done using the truth information from the simulation on
each slice, which allows us to study separately kaons and
background. Then, the simulation sample is fitted coher-
ently using the previous values as the seed. Finally, the data
sample is coherently fitted using the fit result of the
simulation as a seed.

VI. EVALUATION OF UNCERTAINTIES

While statistical uncertainties are calculated by the
MINOS algorithm [55,56] during the fit procedure, the main
sources of systematic uncertainties considered in this study
are the calorimetric calibration, the space-charge effect,
reconstruction effects related to the electron diverters, and
the normalization of the proton background. Their impact is
evaluated in the simulation sample using 1000 toy experi-
ments, in which each source is varied within its uncertainty
according to a Gaussian distribution. Observables derived
from or dependent on these sources are modified accord-
ingly prior to the event selection, resulting in 1000 different
pseudoexperiments. Each set is then processed through the
fitting procedure described above, providing the estimates
of systematic uncertainty on both the dE/dx characteriza-
tion and the event selection.

As previously presented in Sec. III, the calorimetric
response of ProtoDUNE-SP’s TPC is affected by different
physics processes and thus needs to be calibrated.
Following the procedure developed by MicroBooNE
[48,57], the uncertainty of the calibration was estimated
to be 2% [58]; however, a 3% uncertainty is assumed to
account for variations in the LAr purity over time.

Even though the effect on the calorimetry is considered
in the previous uncertainty, the SCE also affects the spatial
reconstruction of the events. The overall spatial calibration
of the SCE has an uncertainty of 8%, which is estimated
using the spread in the mean distortion of cosmic rays at the
surfaces of the detector over time.

Malfunctioning electron diverters between APAs were
grounded during ProtoDUNE-SP operation, resulting in
charge loss. In consequence, some tracks spanning more
than one APA are misreconstructed: the track is split in two
in the region between the APAs, and the second half is
commonly assigned as a daughter of the first half [18,59].
This effect was included in the simulation, but was
overestimated, leading to an excess of shorter tracks.
This difference in data and simulation is measured by
quantifying the number of broken tracks using 1 GeV/c
muons from the beam at different angles with respect to the
APA plane. It is found that broken tracks in simulation need
to be weighted by a factor of 0.50 &+ 0.06.
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TABLE II.

Effect of different uncertainties on the d£/dx MPV.

The last column presents the effect of all the uncertainties
propagated simultaneously, in such a way that those affecting

other are applied first.

Source Relative uncertainty (%)
Statistical 1.1
Calorimetry 34
SCE 0.4
Electron diverters 0.1
p background 0.1
Total correlated 3.8

Protons and kaons present a similar dE/dx profile as a
function of the residual range. Although the proton pres-
ence in the sample presented in Fig. 4 is small (5%), a
difference in the proton contamination in the data and
simulation samples could potentially bias the dE/dx
characterization. To address this, we apply the event
selection to beam protons with a single reconstructed
daughter in 1, 2, and 3 GeV/c beam runs for data and
simulation. We observe that the proton background in the
simulation sample needs to be weighted by a factor of 2.3 4
1.0 in order to match that of the data sample.

Table II presents the effect of these individual contri-
butions on the total uncertainty considered in this study.

VII. RESULTS
A. dE/dx characterization

The result of the fit procedure presented in Sec. V
provides a continuous representation of K dE/dx as a

DUNE:ProtoDUNE-SP Data
T T [ T T T

4
[}

°
o

#events/(0.1 MeV/cm)

Pulls

73;\\\|\\\\‘\\\\‘\\\\‘\\\\E
2 3 4 5 6

dE/dx [MeV/cm]

FIG. 7.

function of residual range. Figure 7 shows an example of
the obtained description for the residual range slice
between 17 and 19 cm for data (left) and simulation (right).
The distribution of the pulls of the fit is presented in the
bottom panels of both plots. These are defined as the
difference between the histogram and the value reported by
the fit, divided by the uncertainty of the data points. The
obtained parameters for the signal distribution are pre-
sented in Table III. The continuous representation of o g,
oc.s and ug are presented in Fig. 8 (top left, top right and
bottom left, respectively), for data and simulation. While a
similar behavior is observed for ¢ in data and simulation, it
can be noticed that the simulation presents smaller values
for 6, ¢ and o5 than data. This is due to the energy
resolution in the data sample being worse than in the
simulation, and it is not surprising as it could be observed
already in Figs. 5 and 6. A kink can be observed in Fig. 8
(top left), that corresponds to the energy region where the
dE/dx distribution transitions from a Gaussian shape to a
Landau-like shape. We recover the dE/dx most probable
value by finding the maximum of the Landau for every
residual range. This is presented in Fig. 8 (bottom right), for
data and simulation, where both are in good agreement
within the estimated uncertainties.

B. Identification of low-energy kaons

Fig. 9 (top) shows the initial kinetic energy for the
selected kaon sample. As these kaons are stopping, their
kinetic energy can be estimated from their total deposited
energy, as follows:
DUNE:ProtoDUNE-SP

T T T I T L

Simulation
T ' T T T T ' T T T T ' T T T T I T

0.8 - —
g [ { i
o
306 — —
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St M ]
s t+ 4 ]
204 — ! ]
c L 3 4
S ) ;

s I ! ¢ .
£ [ A\ ; i
0.2 : _|
L } p
- RS N Y4 $ B

T

35 I L

Pulls

:g;\\\|\\\\‘\\\\‘\\\\‘\\\\|E

2 3 4 5 6
dE/dx [MeV/cm]

K*dE/dx distribution for residual ranges between 17 and 19 cm for data (left) and simulation (right). The red line represents

the complete model. The dashed lines represent the individual Landau-Gaussian convolution used: the one at higher dE/dx describing
the kaons’ energy loss, and the other two and lower dE/dx describing the energy loss of the backgrounds. The pulls are displayed in the

panel below each plot.
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TABLE III. Fit results for the data sample. Only the relevant
parameters describing the energy loss of kaons are presented.

@(RR. D) b Best fit + stat + syst
4 [MeV /cm] a [MeV /cm] 4.125 + 0.070 + 0.130
p 0.189 £ 0.006 + 0.003

y —1.420 £+ 0.006 + 0.003

o; [MeV/cm] a [MeV cm] 4.891 +0.200 £ 0.100
B [MeV /cm] 0.135 £ 0.003 £ 0.002

o [MeV/cm] a [MeV] 4.979 +0.160 £ 0.010

0.058 £ 0.009 + 0.005

Nhiss
dE
Ee=>(5) o

i

p [MeV/cm]

(13)

An overall good agreement between data and simulation
can be observed. A detail of the K™ energy spectrum in the
[0, 320] MeV energy range is shown in the top right panel
of the same plot, along with the energy distribution of K
resulting from proton decay in DUNE via p - K'7. As
can be observed, the selected data sample covers the
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ET T T T T T T T T ]
L [] simulation i
[ ]Data
e E
e u ]
o = ]
> o _
Q L 4
=
- F _
=l
6
107 e E
| | ! ! ! | ! ! ! |
0 20 40 60

Residual Range [cm]

DUNE:ProtoDUNE-SP
——

F—— — T
8 ‘ |:|Simulation —
- []Data 8
'g L i
S 6 n
) L i
=

o i
=Y L i
4 |
I T S N

0 20 40 60

Residual Range [cm]

FIG. 8.

expected energy range for this hypothetical phenomenon,
proving the capabilities of the LArTPC technology to study
the proton decay phenomenon.

Fig. 9 (bottom) shows the selection efficiency as a
function of the true kinetic energy of the kaon.
Although the selection conditions are different from
those of proton decay searches in the DUNE FD, making
the absolute efficiency scale less relevant here, several
features are still noteworthy. The selection efficiency
peaks between 150 and 500 MeV, corresponding to the
higher end of the energy spectrum of kaons produced in
proton decays. This is not surprising, as kaons in this
energy range produce long enough tracks to be recon-
structed, typically decaying at rest and passing the
geometric cuts of the selection. Above 500 MeV, the
efficiency decreases because kaons are less likely to
decay at rest and inelastic scattering processes become
more relevant. Below 150 MeV/c, the efficiency drops
due to the kaon tracks being too short for reliable
reconstruction or not passing the geometric cuts.
Finally, no kaons with true kinetic energy below
50 MeV were selected. These observations are similar
to the ones presented in Ref. [13], where kaon selection

DUNE:ProtoDUNE-SP
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or.s (top left), o5 ¢ (top right), and pg (bottom left) as a function of residual range with statistical uncertainties only, and

K*dE/dx most probable value (bottom right) as a function of residual range, with both statistical and systematic uncertainties.
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FIG. 9. Top: initial kinetic energy of the selected kaon sample.
A detailed view of the energy range of interest for proton decay
searches in DUNE is presented in the top right panel. It can be
seen that 322 kaon candidates, spanning the expected kinetic
energy resulting from proton decay, have been selected. Simu-
lation sample and proton decay prediction are scaled to data based
on the number of candidates. Bottom: selection efficiency as a
function of the true kinetic energy of the kaon. Statistical and
systematic uncertainties are shown, and the line is added as a
guide to the eye.

efficiency is very low below 40 MeV, and increases with
energy until saturation around 100 MeV.

This sample of stopping kaons is compared in Fig. 10
with other samples of stopping protons and muons by
means of the y? test assuming the proton hypothesis. As can
be noticed, three populations are clearly distinguishable in
data and simulation, each one of them corresponding to a
different particle type, demonstrating the particle identi-
fication capabilities of the LArTPC to confidently separate
kaons from other particles.

VIII. CONCLUSIONS

This paper presents the first identification of low-energy
kaons in LAr using ProtoDUNE-SP beam data. Analyzing

DUNE:ProtoDUNE-SP
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FIG. 10. Reduced y?> under proton hypothesis for protons,
kaons and muons. The samples have been normalized such that
the maximum frequency is 1. The samples of stopping protons
and muons are the ones presented in Ref. [19].

the 6 and 7 GeV /c momenta beam runs taken during 2018,
a selection of secondary stopping kaons produced in
hadronic reactions has been presented. As a result, a
population of 522 stopping kaons with a purity of 92%
has been obtained. This selection has been developed
without relying on the Photon Detection System (PDS),
highlighting the excellent performance of the charge read-
out of the detector. In DUNE FD, where the PDS will not be
as saturated as in ProtoDUNE-SP, including its information
is expected to further improve this identification by
enhancing the energy resolution and by detecting the
delayed flash of the Michel electron.

The selected events span the energy range of interest for
proton decay searches via p — K 7. Although the detec-
tor conditions differ from those of DUNE’s far detector,
these studies provide insight into the kaon detection
efficiency. In particular, no kaons with energies below
50 MeV were selected, highlighting the need for dedicated
approaches to identify these events, which account for
25% of the kaons resulting from proton decays. Finally,
this sample of stopping kaons has been compared with
other samples of stopping protons and muons, and it has
been shown that they can be distinguished and identified
by means of a y? test of the energy loss profile,
demonstrating the particle identification capabilities of
the LArTPC technology.

In addition to this, the first detailed study of the kaon
dE/dx profile as a function of the residual range in LAr has
been presented. The coherent fit approach has been used to
evaluate the most probable value of kaons’ dE/dx, which
was found to be in good agreement with the simulation.
However, some differences have been observed in the
energy resolution between data and simulation, highlight-
ing the need for further studies to achieve a more complete
understanding of calorimetric measurements.
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These results are of utmost importance, as they demon-
strate the potential of the future DUNE project to address
proton decay searches.
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