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PHYSICAL REVIEW D 110, 092011 (2024)

First measurement of the total inelastic cross section of positively charged
kaons on argon at energies between 5.0 and 7.5 GeV

A. Abed Abud et al.”
(DUNE Collaboration)

® (Received 2 August 2024; accepted 20 September 2024; published 14 November 2024)

ProtoDUNE Single-Phase (ProtoDUNE-SP) is a 770-ton liquid argon time projection chamber that
operated in a hadron test beam at the CERN Neutrino Platform in 2018. We present a measurement of the
total inelastic cross section of charged kaons on argon as a function of kaon energy using 6 and 7 GeV/c
beam momentum settings. The flux-weighted average of the extracted inelastic cross section at each beam
momentum setting was measured to be 380 + 26 mbarns for the 6 GeV /¢ setting and 379 + 35 mbarns for

the 7 GeV/c setting.

DOI: 10.1103/PhysRevD.110.092011

I. INTRODUCTION

Liquid argon time projection chambers (LArTPCs) may
be used to measure the trajectories of charged particles with
millimeter resolution. This capability makes the detectors,
like those of the Deep Underground Neutrino Experiment
(DUNE) far detector modules, sensitive to studying GeV-
scale and MeV-scale neutrinos and searching for physics
beyond the Standard Model [1]. An example of important
physics that can be done using the DUNE far detector
modules is a search for proton decay to a final state with a
neutrino and a charged kaon (p — v+ K™), which is
predicted to be dominant in a broad class of supersymmetric
grand unified theories [2-6]. Unlike searches in water
Cherenkov detectors [7], DUNE can detect the final-state
kaon, which has a momentum of 330 MeV/c absent final-
state interactions. The efficiency of observing this signature
is sensitive to modeling kaon transport in the LAr medium,
which is limited by the dearth of kaon-argon scattering
data. This search for nucleon decay requires a representa-
tive model of kaon transport and interactions in liquid
argon to ensure an accurate simulation of signal events.
Without reliable data and simulations, the relevant uncer-
tainties for the kaon cross section on argon cannot be
constrained. This can lead to large systematic uncertainties
in nucleon decay searches with a potentially biased cross-
section model.

As a first step toward collecting high-quality kaon-
argon interaction data, the ProtoDUNE Single-Phase
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(ProtoDUNE-SP) large-scale prototype of a DUNE far
detector module was exposed to a test beam from the
H4-VLE beamline at CERN that included kaons at 6 and
7 GeV/c [8,9]. ProtoDUNE-SP is a 770-ton LArTPC with
the same drift distance and full-scale engineering parts as a
DUNE Far Detector Horizontal Drift module. It measures
the tracking and calorimetry of charged particles by
detecting the ionization electrons that drift toward three
layers of wire planes. The H4-VLE beamline, a tertiary
beam from the CERN Super Proton Synchrotron, is
referred to as simply the “beam” in many places in this
paper. ProtoDUNE-SP collected data from the beam, using
many beamline momentum settings, over two months from
September 2018 to November 2018.

The data from ProtoDUNE-SP can be used by event
generators that simulate hadron-nucleus interactions, like
the neutrino event generator GENIE [10-14] and the trans-
port and interaction simulation program GEANT4 [15-17],
to improve the modeling of kaon interactions on argon
nuclei. The kaon-argon cross section has never been
measured as a function of energy on argon. Therefore,
the purpose of this analysis is to provide the first meas-
urement of the total inelastic cross section of kaons on
argon at these high energies. Neither GENIE nor GEANT4 has
recommended uncertainties for kaon-argon interactions,
providing a unique opportunity for ProtoDUNE-SP to
inform inputs on associated modeling uncertainties.

In this work, the kaon-argon total inelastic cross section
is reported as a function of kaon energy within the limits of
the detection threshold, described in Sec. IV. Figure 1
shows the total inelastic and the elastic cross section
predicted by the GEANT4 Bertini cascade model [15-17].
Charged kaons produced by the beam with kinetic energies
of approximately 4.5 to 7 GeV are capable of reaching the
liquid argon of ProtoDUNE-SP. Using the GEANT4 pre-
diction from Fig. 1, the simulated total inelastic cross
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FIG. 1. GEANT4 predicted total inelastic cross section and

elastic cross section of positively charged kaons on argon as a
function of kinetic energy [15-17]. Predictions made using
interfaces in Ref. [18].

section at the relevant energies should be approximately
450 millibarns (mbarns).

Section II discusses ProtoDUNE-SP more broadly, and
Sec. III outlines the simulation and reconstruction of
ProtoDUNE-SP data. Section IV explains the thin slice
method used in this measurement. This method divides the
detector into thin targets, referred to as thin slices, using the
wires of the LArTPC to demarcate the slices. An incident
slice is counted if a particle reaches a particular wire.
Within that slice, it may also interact on the argon, which
means the slice contains both an incident and an interacting
slice. After an interacting slice is detected, the counting for
the event stops as the outgoing particles have unknown
identities and energies. The cross section is measured using
the counts of the incident and interacting slices as a
function of kinetic energy.

Section V describes the selection of candidate kaon
interaction events, and Sec. VI shows energy-related
measurements using selected kaons. Section VII reports
the kaon-argon cross section with comparisons to models.
Section VIII discusses the evaluations of the statistical and
systematic uncertainties.

II. PROTODUNE-SP AND THE H4-VLE BEAMLINE

ProtoDUNE-SP is a 770-ton liquid argon detector that is
7.2 m wide, 6.1 m high, and 7 m long. It has two TPCs,
each with a drift distance of 3.6 m [9]. The detector
contains six readout wire planes called anode plane
assemblies (APAs), with three APAs for each drift volume.
Each APA contains three readout wire planes—the U, V,
and X wire planes—and are 6.2 m high, 2.3 m long, and
0.1 m thick [9]. The U and V wires are the first two planes
and detect drifting electrons via the currents induced on the
wires as the charges drift past them, creating bipolar
signals. The X wires, known as collection wires, have
unipolar signals where the drifting electrons collect on the

wires and stop drifting in the TPC [9]. The U, V, and X
wires are oriented 35.7°, —35.7°, and 0° relative to the
vertical direction, respectively. The pitch between wires is
0.467 cm for induction wires and 0.479 cm for collection
wires. Each APA has 960 X wires, 800 U wires, and
800 V wires.

Three APAs are installed in a 7 m line and sit in front of
one sidewall of the cryostat, and the other three APAs are
installed in a similar fashion in front of the opposite
sidewall of the cryostat. These APAs are 7.2 m away from
each other, and the cathode plane assembly (CPA) sits
midway between the two separate walls of APAs. The CPA
provides a high voltage of 180 kV, leading to a nominal
electric field strength of 500 V/cm across the 3.6 m
separating each APA from the CPA, which allows the
ionization electrons to drift to the APAs. The H4-VLE
beam pipe connects to the upstream face of LArTPC via a
low-density beam plug that allows the beam to enter
without scattering off the material in the cryostat [8,9].

The beam only enters one TPC of the detector. The beam
side of the detector has the vertical gap between APAs
instrumented with electron diverters that intend to improve
charge-collection efficiency for electrons drifting near the
gap between neighboring APAs. Unfortunately, these
electron diverters exhibited high-voltage shorts and were
left electrically grounded during operations, distorting the
track images and causing some loss of collected charge.

As a surface-based detector, ProtoDUNE-SP is exposed
to an intense flux of cosmic-ray muons, which create
electron-ion pairs in the detector. The argon ions drift
slower than the ionization electrons, leading to an excess of
ions around the surface of the detector. The excess of ions
creates a space charge effect that alters the local electric
field, leading to distorted calorimetry and tracking [19].

A calibration of the space charge effect is completed by
measuring the tracking distortions on the surfaces of the
detector, where the effect is maximal, with cosmic-ray
muon data [8]. The distortions measured are then used to
correct for local electric field fluctuations by using a
linearly interpolated three-dimensional map. An “inverted”
map using these data measurements is used to recreate the
space charge effect in simulation. The original three-
dimensional map is utilized to calibrate this effect in
simulation.

From September 2018 to early November 2018, the
H4-VLE beamline settings were adjusted to emit positively
charged particles at 0.3, 0.5, 1, 2, 3, 6, and 7 GeV/c
beamline momentum settings. The beamline trigger oper-
ates at a rate of 25 Hz, which qualitatively translates to
beam particles being observed one at a time within
ProtoDUNE-SP. The beam consists of positively charged
protons, positrons, kaons, pions, and muons. The beam
particle species is identified using a time-of-flight system
and Cherenkov detectors. The beam particle momentum is
measured from the bend of the particle’s trajectory through

092011-2



FIRST MEASUREMENT OF THE TOTAL INELASTIC CROSS ...

PHYS. REV. D 110, 092011 (2024)

a well-known magnetic field using data from tracking fibers
[8,20]. The 6 GeV/c and 7 GeV/c beam momentum
settings are the only settings that produce kaons that reach
ProtoDUNE-SP. The kaons are identified using only the
Cherenkov detectors, explicitly requiring a signal in the
high-pressure Cherenkov detector but no signal in the low-
pressure Cherenkov detector [8].

III. SIMULATION AND RECONSTRUCTION

A simulation of the beam, including its transport to and
through the LArTPC, is implemented using GEANT4
[15—17], with the entire CERN H4-VLE facility simulated
from the primary beam to the tertiary beam that reaches
ProtoDUNE-SP [20]. The selection of kaon inelastic
scattering events starts with the beamline instrumentation
discussed in Sec. II. A kaon event is defined as any time the
beamline instrumentation has a signal recorded by the high-
pressure Cherenkov detector and the absence of a signal
recorded by the low-pressure Cherenkov detector [8].

The rest of the selection steps rely on information from
the reconstruction of tracks and showers in the TPC to
select relevant events. Additionally, the beamline instru-
mentation also has tracking fibers to reconstruct a beam
track that can be extrapolated to the TPC [8,20]. These
steps will be described in Sec. V.

ProtoDUNE-SP uses the Pandora multialgorithm
reconstruction package to identify the beam particle,
reconstructing particle hierarchies using pattern recognition
[8,21,22]. It then employs a boosted decision tree to select
beam particle candidates that enter through the beam pipe
and beam plug into the liquid argon detector. A full
description of the software used in ProtoDUNE-SP is
given in Refs. [8,22].

Figure 2 shows the observed and simulated distributions
of the reconstructed track lengths for events with a beam
kaon, as determined by the beamline instrumentation, for
the 6 GeV/c samples. The corresponding distributions
for the reconstructed track lengths and all other event
selection distributions for the 7 GeV/c samples showed
similar agreement and are included in the Appendix. The
spikes in Fig. 2 at around 230 cm and 460 cm correspond
to broken tracks caused by the electron diverters that sit in
the gaps between the APAs, as discussed in the previous
section, with the last spike at around 700 cm correspond-
ing to the end of the active volume. Most TPC tracks are
secondary particles without any TPC-related selection
steps. An excess of short reconstructed track lengths is
observed in the data, likely driven by background sec-
ondary particles.

The interaction point—or track endpoint—is determined
using clustering and vertex-finding algorithms that are
almost identical to those from the MicroBooNE
reconstruction and are described in detail in Ref. [23].
The initial clustering aims to make small clusters that
contain energy depositions from a single particle and avoid
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FIG. 2. Reconstructed track length for simulation and data
without any TPC-related selection steps at the 6 GeV/c beamline
setting. Events in simulation are classified by the true identities
and fates of the reconstructed TPC tracks, including secondary
particles (sec.) from kaon interactions that are misidentified as the
beam particle. Only statistical uncertainties from the statistics in
data are shown. The statistics of the simulation are scaled to
match the normalization of all data events, including those
without a reconstructed track in the TPC.

erroneously clustering energy from multiple particles into a
single cluster. Numerous algorithms then associate these
pure clusters together, aiming to produce a single cluster
containing all energy depositions from a single particle. In
addition, algorithms are applied to split clusters if kinks are
found or where the topology suggests that there may be
contributions from multiple particles. These clusters are
classified as either tracks or showers based on their
topologies. Candidate 3D interaction points are produced
by comparing pairs of clusters from two 2D views and
reconstructing their start and end points as candidate
interaction points. Pandora uses a boosted decision tree
to select the vertex candidate most likely to correspond to
the interaction point of the beam particle. The signal
process is an inelastic interaction of the incident kaon.
An inelastic interaction in this analysis is defined as any
process where either:

(i) the angle between the beam kaon and leading

outgoing particle is greater than 11 degrees

(i) two or more particles emerge from the interac-

tion point.

The kinetic energy threshold for observing a final-state
proton or charged kaon in the detector is 40 MeV, and for a
charged pion it is 20 MeV. We apply these restrictions to
our signal definition.

IV. METHODOLOGY

The cross-section measurements presented in this
paper use the thin slice method pioneered by the LATIAT
experiment [24,25]. The approach treats the detector as a
series of thin argon targets (slices). The number of surviv-
ing particles (Ng,.) is:
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Nsurv (d> = Ninc eXp (_d/l) = Ninc eXp (—Gdl’l), (1)

where N;,. is the number of incident particles, d is the
distance traveled, and [ = (no)~! is the interaction length
of a kaon in argon, where n is the number density and o is
the cross section.

A natural way to develop slices in a LArTPC with a
wire readout is to use the individual wires to demarcate
thin target slices from one another. Therefore, a slice is a
three-dimensional box of argon between wires. For each
particle, the incident energy at each thin slice is esti-
mated. The total number of particles at each incident
energy (N;,.) is counted, as are the total number of
interactions (N;,.). Regardless of whether or not there was
an interaction, if an energy deposit from the kaon is
registered in a thin target slice, then the slice is counted in
the bin corresponding to the kinetic energy of the kaon in
that slice (V;,.). The cross section, using Eq. (1), is:

M
U(Ekin) = NA/?”rp In

Ninc (Ekin)
Nine(Exin) = Nind(Ein) ]’

(2)

where Ey;, is the kinetic energy of the particle, N, is the
Avogadro constant, M 4, is the atomic mass of argon, p is
the density of liquid argon, and r is the three-dimensional
distance the particle travels from one wire to the next
[24,25]. The value of r is 0.498 cm, given the wire
spacing between the collection plane wires of 0.479 cm
and that the beam travels at a 16-degree angle in the
detector.

The kinetic energy at a given slice (Eyy,;) is recon-
structed as:

J=1

Exinj = Exinbeam — Z AE;, (3)
i=0

where Ey;, peam 1S the initial beam particle kinetic energy
and AE; is the measured energy lost in slice i. The total AE
is summed from all slices up to slice j.

Background subtractions, unsmearing, and efficiency
corrections are required to convert the measured inter-
action and incident spectra into a cross section. These
corrections are applied via RooUnfold with unfolding
done using a Bayesianlike unfolding algorithm imple-
mented based on Richardson-Lucy deconvolution
[26-30]. The process includes background subtraction,
unsmearing, and efficiency corrections. These correc-
tions are applied on the incident and interacting slice
distributions separately, an approach similar to that
previously used by LArIAT [25]. These unfolded dis-
tributions of the incident and interacting slices are then
used in Eq. (2) to measure the cross section as a function
of kinetic energy.

V. EVENT SELECTION

There are three event selection steps to select candidate
kaons and an additional step to select a candidate kaon with
an inelastic interaction. They include the following selec-
tion steps for events where the beamline trigger reports a
kaon candidate:

(i) the event must have a reconstructed TPC track.

(i) the endpoint of the TPC track must enter the
fiducial volume by being at least 30 cm down-
stream of the start of the active volume of
the detector. This selection step is motivated by
significant inefficiencies and impurities in cor-
rectly identifying and reconstructing the beam
particle with a TPC track in the first 30 cm of
the detector.

(iii) the TPC track must be matched to the trajectory of
the beam track from the beamline instrumentation. A
match requires that their positions and angles agree
within three times the standard deviations of the
distributions for these measurements at the start of
the fiducial volume.

Because the electron diverters tend to break tracks, as
discussed in Sec. II, only the interaction and incident
slices contained before the point of 220 cm across the
detector length, which corresponds to collection plane
wire 464, are considered in the cross section measure-
ment. This is the final step. At each collection wire, the
kaon energy is estimated per Eq. (3), and the kaon either
undergoes an interaction or does not. Thus, for each
incident particle, we observe many “slices” and record
the interaction as a function of energy. The interaction
point—or vertex—identification occurs through Pandora
as described in Sec. III. Event displays of some selected
kaon inelastic interaction candidates are shown in Fig. 3.
In these events, the beam enters the TPC at time tick 4750,
where a time tick represents the 500 ns sampling intervals
of the analog-to-digital converters for the wires, and then
it travels over 50 cm before interacting with the argon. The
beam particles, highlighted by the black ovals, travel in
approximately straight lines from the left to the right
before scattering, creating complicated final states with
many showers. The top two event displays show little
shower activity, indicating they may be candidate events
with a final state with one positively charged kaon and
other nonstrange hadrons. The third event display shows a
complex interaction with many showers and tracks in the
final state.

Figure 4 shows the distributions of reconstructed track
lengths for selected TPC tracks that will form the incident
and interacting slice spectra from the 6 GeV/c beamline
setting. Secondary kaons, which are byproducts of true
beam kaons interacting off the argon and traveling with
some unknown kinetic energies, are the most significant
background for the event selection. As these secondary
kaons will have similar characteristics to beam kaons, they
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FIG. 3. Three candidate event displays of selected beam kaons,

highlighted in black, that inelastically interact on the argon from
data taken in early November 2018. The beam travels from the
left to the right at an angle of approximately 16 degrees. Cosmic-
ray muons can be seen in the foreground and background of the
beam event, and a nonfunctioning wire can be observed
near wire 370.

are an irreducible background. The breakdown of the data
and simulation samples through each selection step are
shown in Table I.

The selection efficiency and purity are evaluated as a
function of kinetic energy from simulation. An inefficiency
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FIG. 4. Reconstructed track length for simulation and data of
the 6 GeV/c beamline setting for selected kaons (top) and for
selected kaons that interact within the fiducial volume (bottom).
Only statistical uncertainties are shown for the data, and the
statistics from the simulation are scaled to match those from
the data.

in measuring a slice of kinetic energy occurs when no TPC
track corresponds to the beam particle in the slice. A
background slice occurs when there is a TPC track in a slice
that the true kaon does not reach. The definition for a
background slice is used regardless of whether the TPC
track is from a true kaon or not, which allows the analysis to
fully recover the truth-level distributions when unfolding
reconstruction information taken from the nominal simu-
lation. Results are shown in Fig. 5. The purity is close to
95% for interacting slices and 85% for incident slices. The
lower purity is because a single background particle
entering the detector contributes to many noninteracting
slices, but only a single inelastic interaction can occur per
particle. The efficiency varies between 35 and 40% as a
function of energy. The inefficiencies are dominated by
events with a true kaon in the fiducial volume, but the event
did not have a TPC track identified as the beam particle.

VI. ENERGY MEASUREMENTS AND BINNING

As referenced in Eq. (3), the initial kinetic energy is
determined using measurements from the beamline
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TABLE I. Information on the fractions of the samples remaining for data and simulation after each selection step from the left
(beamline reports a candidate kaon) to the right (candidate kaon has an interaction in the fiducial volume). In this table, a beam kaon with
an inelastic interaction in the fiducial volume is defined as a signal event.

Selection step Beam (%) TPC track (%) Fiducial (%) Beam-TPC match (%) Contained interaction (%)
6 GeV/c data 100.0 58.0 46.0 254 18.6
7 GeV/c data 100.0 55.6 44.8 27.3 19.5
6 GeV/c sim total 100.0 55.0 44.7 29.1 23.2
6 GeV/c sim signal 24.9 24.4 24.0 21.8 20.9
6 GeV/c sim bkg 75.1 30.6 20.7 7.3 2.2
7 GeV/c sim total 100.0 45.1 36.5 24.0 19.1
7 GeV/c sim signal 20.9 20.4 20.0 18.3 17.5
7 GeV/c sim bkg 79.1 24.7 16.5 5.6 1.5

instrumentation. Figure 6 displays the beamline kinetic =~ was evaluated and done by measuring the difference

energy measurements of the selected beam kaons. The  between the true and reconstructed kinetic energies at the

impact of the systematic uncertajnty is found by shifting the interaction pOil’ltS in the simulation. The minimum resolu-

data distribution by the 1.2% kinetic energy modeling  tion is measured to be 124 MeV, as seen in Fig. 7.

uncertainty of the beamline simulation, which will be DUNE:ProtoDUNE-SP.
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FIG. 8. Reconstructed incident slice distributions between the

data and simulation for the 6 GeV /¢ beamline setting (top) and
the 7 GeV/c beamline setting (bottom). A calorimetric slice-by-
slice uncertainty of 3% and a beam kinetic energy scale
uncertainty of 1.2% are applied to the data. Statistics for the
simulation are scaled to match the normalization from the data.

However, there are systematic uncertainties associated
with the simulation of the detector response and limited
statistics, making this not the definitive resolution. For
example, there is a 3% uncertainty on the calorimetry
calibration and a 1.2% uncertainty on the beam momentum
measurement, which corresponds to a maximum energy
discrepancy of approximately 80 MeV. The binning of the
analysis ensures equal statistics in each bin for the
reconstructed interacting slice distributions in the data
sample for both beam momentum settings. The minimum
bin size is then 260 MeV, which is greater than the
resolution measured in simulation and the uncertainties
from calorimetry.

The reconstructed slice distributions, highlighting
both the binning and slice distributions as a function of
energy, are shown for incident slices in Fig. 8 and for
interacting slices in Fig. 9. Calorimetric-related uncer-
tainties, fully discussed in Sec. VIII, are applied to these
distributions.
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FIG. 9. Reconstructed interacting slice distributions between
the data and simulation for the 6 GeV/c sample (top) and the
7 GeV/c sample (bottom). A calorimetric slice-by-slice uncer-
tainty of 3% and a beam kinetic energy scale uncertainty of 1.2%
are applied to the data. Statistics for the simulation are scaled to
match the normalization of incident slices from the data.

VII. RESULTS

The kinetic energy distributions for all kaons—and for
interacting kaons—are separately unfolded using the
method of D’Agostini with four iterations [26-29]. The
smearing matrices are shown in Figs. 10 and 11. Studies
were done to test unfolding by altering the regularization,
not correcting for bin-to-bin smearing, and changing the
background subtraction and efficiency corrections. All had
an impact of less than a percent on the average cross section
compared to the nominal unfolding process described
above. The response matrix is obtained using only 66%
of the simulated data, which was done to use the remaining
33% as statistically independent fake data samples for
investigating systematic uncertainties.

The reconstructed slice spectra, shown in Figs. 8 and 9,
are unfolded and then used to measure the cross section
with Eq. (2) with uncertainties that will be described in
Sec. VIII. Figure 12 displays the result for the data of the
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6 GeV/c sample with comparisons to predicted cross
sections from GEANT4, GENIEv3.2.0 hA2018, and GENIEv3.2.0
hN2018 [10-12,14—-17,31]. GENIE calculates the total cross
section using data and partial wave analysis [32]. It
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simulates interactions with either an empirical model
(hA2018) or a fully simulated cascade (hN2018) [11,14].
GEANT4 applies alterations of the base model cross section
using data sets included in the Particle Data Group
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FIG. 12. Extracted total inelastic cross section from beam kaons at the momentum setting of 6 GeV /¢ (left) with comparisons to
GENIEv3.2.0 and GEANT4 [10-12,14-17,31]. The relative uncertainties of the measurements are also shown (right). The hA2018 and
hN2018 cascade simulations of GENIE provide nearly the same prediction, and their distributions overlap.
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TABLE II.  Total inelastic positively charged kaon cross section
with uncertainties for data from the 6 GeV/c momentum setting
beam. The total uncertainties (5,,) are broken down into the
systematic uncertainty (5, ), statistical uncertainty from limited
data statistics (5R2®), and statistical uncertainty from limited
simulation statistics (63™). All units for the cross section and
uncertainties are in millibarns.

TABLE III. Total inelastic positively charged kaon cross
section with uncertainties for data from the 7 GeV/c momentum
setting beam. The total uncertainties (J,) are broken down into
the systematic uncertainty (y), Statistical uncertainty from
limited data statistics (552%), and statistical uncertainty from
limited simulation statistics (53I™). All units for the cross section
and uncertainties are in millibarns.

Oinel

Oinel

Energy bin (MeV) (mbarns) Siot Osyst shata 55&,‘{‘ Energy bin (MeV) (mbarns) Stot Osyst shata 63“{{1
4480-5080 369 47 44 13 10 5520-6320 386 42 38 11 15
5080-5340 435 63 60 16 12 6320-7120 367 61 59 10 14
5340-5610 368 51 48 13 10
5610-6170 366 54 50 15 10

summary cross-section measurements [33]. The reduced
chi-squared statistics between these models over four bins
are 11.26 for GEANT4 and 13.33 for GENIEv3.2.0 hA2018. The
6 GeV/c data sample flux-averaged cross section is mea-
sured at 380 = 26 mbarns. Table II shows the final results
with the breakdown of the uncertainties applied.

Figure 13 presents the cross section measured with data
at the 7 GeV/c beam setting. The reduced chi-square
statistic measured divided by the number of bins is
2.64/2 bins for GEANT4 and 4.05/2 bins for GENIEv3.2
hA2018. Table III displays the final result with uncertainties
broken down by category. The flux-averaged cross
section is 379 £ 35 mbarns for the 7 GeV/c¢ sample.
Encouragingly, the bin whose energy range overlaps with
the 6 GeV/c sample has a similar measured cross section,
which is within uncertainties.

VIII. TREATMENT OF UNCERTAINTIES

Uncertainties are propagated by randomly sampling
statistical and systematic parameters 1000 times within
their a priori uncertainties [34]. The impact of the statistical
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uncertainty on the individual kinetic energy bins of the
incident and interaction spectra is assessed by randomly
Poisson-fluctuating the number of entries in each bin
independently according to the measured counts. It is done
this way as the statistical uncertainty of the cross section is
not directly proportional to the statistical uncertainty of
interaction points given that the interaction and incident
distributions are inside a logarithm, as seen in Eq. (2).
However, there are enough statistics in the incident and
interacting distributions to assume both are Poisson-
distributed and uncorrelated; therefore, doing many inde-
pendent fluctuations of each bin can acquire the statistical
uncertainty on the cross section by remeasuring the cross
section with each Poisson-fluctuated sample. The resulting
uncertainty on the measured cross section is approximately
2.7%, as shown in Tables II and III.

The finite statistics of the simulation sample primarily
impact the analysis via the background subtraction,
unsmearing, and efficiency corrections. This effect is
propagated by varying the number of counts in each kinetic
energy bin for the backgrounds, inefficiencies, and within
the response matrix. Values from sampling a Poisson
distribution are used to regenerate the response matrices
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Extracted total inelastic cross section from beam kaons at the momentum setting of 7 GeV/c¢ (left) with comparisons to

GENIEV3.2.0 and GEANT4 [10-12,14-17,31]. The relative uncertainties of the measurements are also shown (right). The hA2018 and
hN2018 cascade simulations of GENIE provide nearly the same prediction, and their distributions overlap.
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and affiliated corrections, with each bin treated as inde-
pendent from the others. As statistics in the incident slices
are significantly larger than those of the interacting slices,
by a factor of around 200 as shown in Fig. 8, this
uncertainty is only applied to the response matrix and
affiliated corrections for interacting slices.

The systematic uncertainties considered in this
analysis are related to the simulation of the beamline
and beamline instrumentation, the TPC response, the
hadron transport model, and instances in which modeling
and reconstruction of the TPC data are ill-posed. The
results from unfolding with the new response matrices are
used to address the total impact of the systematic effects
on the analysis.

The systematic term associated with the beamline
momentum scale arises from uncertainties in terms of
the position of the fiber monitors and the magnetic field
strength in the beamline instrumentation. This value was
calculated as 1.2% [35] of the beam particle energy.
Therefore, the energy of the beam kaon is fluctuated
according to a Gaussian distribution with width of 1.2%,
resulting in an approximately 2% uncertainty on the
measured cross section.

Furthermore, the particle itself can ‘“scrape” against
material upon entering the liquid argon, losing energy in
the process. These beam “scrapers” should appear in
selections if their position is greater than 1.5 times the
radius of the beam away from the beam center (ry.,m).
There are 3.15 times more selected events in data that
exceed this 1.5r.,, metric than in simulation. Therefore,
the systematic uncertainty treatment alters the frequency of
the beam “‘scrapers” with a central value weight of 3.15 and
a standard deviation of 2.15 to address the difference
between data and simulation. The weight upscales simu-
lation events whereby the beamline instrumentation system
momentum and truth information momentum at the TPC
differ by over 200 MeV, the estimated minimal energy lost
for a beam “‘scraper.”

A 3% calorimetric uncertainty from the TPC is assumed
in the energy determination. This value is taken from
evaluations of the calorimetry calibration uncertainty [36].
That study observed the spread in charge calibration results
from subsamples of cosmic-ray muons separated by their
trajectories in the detector, based on a similar analysis from
MicroBooNE [37]. Although the ProtoDUNE-SP study
measured 2% deviations in calibration values, a 3%
uncertainty is applied to address time-dependent fluctua-
tions in the spread of calibration results.

The space charge effect, as discussed in Sec. II, may alter
the reconstructed positions of particles. The fiducial vol-
ume is defined to reduce the impact of the space charge
effect on the track reconstruction efficiency. Mismodeling
of the space charge distribution in the TPC can be
effectively treated as shifts in the boundaries of the fiducial
volume. The impact of the uncertainty of the space charge

modeling is estimated using the spread in the mean
distortion at the surfaces of the detector over time. The
uncertainty on the spatial distortions from the space charge
effect was measured to be 8%.

The systematic uncertainty in this analysis arising from
mismodeling of charged kaon scattering is assessed by
using the GEANT4REWEIGHT package [18] to reweight
events based on the total signal cross section, which intends
to probe how the underlying simulated cross section
impacts the background subtraction and efficiency cor-
rections. The total inelastic cross section was varied by
20%. Additionally, differences in vertexing due to the
multiplicities and charges of kaons in the final state were
observed in the simulation. Therefore, the number of
interactions with one positively charged kaon and any
number of nonstrange hadrons in the final state, one of the
two dominant exclusive channels, is reweighted by 20%.
The weighting is done in a manner to hold the total cross
section constant. The other dominant channel, which
occurs as frequently, is a final state with a single neutral
kaon and any number of nonstrange hadrons. The impact
of all these modeling uncertainties is 2-6% on the cross
section per bin.

The impact of mismodeling the effect of the electron
diverter is determined by changing the frequency of
these events occurring in the incident response matrices.
The following uncertainty increases and decreases
the relative number of tracks broken by the electron
diverters. It only applies to tracks that do not end within
the fiducial volume, which means this weight only
impacts the incident slice spectrum. The uncertainty on
this effect is set to 100%, as the rate at which the electron
diverter breaks reconstructed tracks is not well simulated
and overpredicts the number of broken tracks, as seen
in Fig. 2.

While Pandora employs various algorithms to find the
end point of the beam particle, they may miss the vertex, as
Fig. 14 shows that the endpoint of the reconstructed track
may not exactly be the true endpoint. These events may still
have kaon inelastic scatters in the fiducial volume.
However, these events may underestimate or overestimate
the number of incident slices of the beam particle, biasing
the results. These tracks are called either broken or
extended tracks. An additional uncertainty term was
introduced to address the miscounting of incident slices
from inaccurate vertex positions, changing the “flux” in a
thin slice measurement. The uncertainty changes the
relative frequency of kaons in simulation with recon-
structed vertices that are more than 5 cm away from the
true interaction vertices. A 100% uncertainty on their
frequencies in simulation is assumed for both broken
and extended tracks, as data-driven constraints cannot be
provided on vertexing.

The fiducial volume is chosen to minimize the impact
of the tracking inefficiency. However, the TPC track
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FIG. 14. Difference in the endpoint along the detector length
(Z) between the truth-level information and the calibrated
reconstructed information for the 6 GeV/c simulation sample.
The mean offset measured in the 6 GeV/c¢ simulation sample is
0.539 cm with a standard deviation of 1.231 cm using a
Gaussian fit.

reconstruction may still have discrepancies in perfor-
mance between data and simulation not covered by the
space charge effect systematic uncertainty. Therefore, an
uncertainty of 6% is applied to events without a TPC
track, which is a conservative value from the measure-
ments of the efficiency for selecting a beam particle
in Ref. [22].

Table IV shows the +lo shifts for data from the
6 GeV/c beamline setting. Table V reveals the same shifts
for data from the 7 GeV /¢ beamline setting. The dominant
uncertainties are the vertex identification uncertainty and
the uncertainties on the GEANT4 model used in the
simulation. The former can be improved with in-depth
vertexing studies on how the reconstruction delineates

TABLE V. Percent deviations from central-value data results by
throwing positive one and negative one standard deviation shifts
of the uncertainty parameters for the 7 GeV/c sample.

Uncertainty 5520-6320 MeV  6320-7120 MeV
source (*|7 (%) (%)
Beam modeling e 21
dE/dx calibration _"(fgl (l):iili
Space charge effect —()%%6 (2)(7)2
GEANT4 modeling _“4}223 —215(35
Electron diverter effect 337}(, —3%4669
Vertex identification _57-?;4 _114;060
Events without a track P(-)‘?G J(fgo
Simulation statistics —21_6517 —3?(.)559
Data statistics :(5):(73 _3516
All uncertainties 181'.7183 }g:gi

vertices and how much energy is required to create a
vertex or to stitch the parent and secondary. The latter
could be improved with the reduction of the background
of secondary kaons reconstructed as the beam particle as
the uncertainty alters the frequency of all kaons in
simulation, even those in events where the background
is selected by the TPC track reconstruction. There is
currently no known way to reduce the TPC track selection
choosing a secondary kaons, as the dE/dx would be
nearly identical to that of beam kaons.

IX. CONCLUSIONS

This paper describes a measurement of the total inelastic
cross section of positively charged kaons on argon with the

TABLE IV. Percent deviations from central-value data results by throwing positive one and negative one standard deviation shifts of

the uncertainty parameters for the 6 GeV/c sample.

Uncertainty source (*%) 4480-5080 MeV (%)

5080-5340 MeV (%)

5340-5610 MeV (%) 5610-6170 MeV (%)

i -1.79

Beam modeling 1
dE/dx calibration ?gg
Space charge effect 128
i 6.84

GEANT4 modeling S8
Electron diverter effect _615;4
Vertex identification 565255
Events without a track }gé
Simulation statistics —003990
isti 2.65

Data statistics 20
All uncertainties 1838328

2.50 —0.74 4.01
-3.89 1.71 0.51
-0.71 —0.96 1.92
-0.76 —1.69 1.66
-1.18 —2.04 2.05
0.76 0.28 4.42

3.72 1.98 4.32
—5.60 =5.16 —0.64

3.11 1.64 2.42
—2.68 -2.73 3.43
9.37 7.93 13.44
-10.57 —10.18 —8.28
-0.29 -1.05 2.70
—1.40 —1.83 1.27
-1.81 —1.54 -2.27
2.12 1.76 2.48
—4.80 5.35 6.58
-9.77 —0.06 -0.56
12.08 10.35 16.88
16.38 12.25 10.56
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ProtoDUNE-SP detector using the thin slice method [25].
This measurement was done with data taken at the H4-
VLE at the CERN Neutrino Platform. A simple event
selection achieved a purity of approximately 85-90%
between kinetic energies of 4.5 and 7.0 GeV (Table I).
The results, at around 380 mbarns, have a precision of
approximately 14%, according to Tables II and IIl. The
total uncertainty almost entirely comes from systematic
uncertainties addressing the detector model and uncer-
tainties regarding the kaon cross-section model used in
GEANT4. The measurements translate to GEANT4 overesti-
mating the cross section by 16% and GENIE overestimating
the cross section by 19%. For the 6 GeV/c¢ data sample,
the reduced chi-square statistic measured is 11.26/4 bins
with GEANT4 and 13.33/4 bins with GENIEhA2018, sug-
gesting tension with both models.

Future studies can utilize the results for tuning
kaon reaction scattering models incorporated in various
hadron interaction event generators. The upcoming
ProtoDUNE Horizontal Drift detector will also exist in
the same detector hall with a wire-based readout and can
measure similar cross sections with nearly identical
methods. It may also run with the beam polarity reversed,
allowing for a cross section analysis of negatively
charged kaons.
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APPENDIX: DISTRIBUTIONS OF THE 7 GeV/c
BEAM EVENT SELECTION

This appendix contains the distributions for the 7 GeV/¢
samples for the event selection in simulation and data. The
distribution of tracks without the event selection are shown
in Fig. 15. The distribution for all selected kaons and
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FIG. 15. Reconstructed track length for simulation and data
without any selection steps for the 7 GeV/c samples. The
statistics are scaled to match the statistics of the data, regardless
of if the event had a TPC track. Only statistical uncertainties from
the data are shown.
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FIG. 16. Reconstructed track length for simulation and data for
the 7 GeV/c samples both for all selected kaons (top) and only
selected kaons with interacting slices in the fiducial volume
(bottom). The statistics are scaled to match the statistics of the
data. Only statistical uncertainties from the data are shown.
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FIG. 17. Initial beam particle kinetic energy as measured by the
beamline instrumentation for selected kaon candidate tracks for
the 7 GeV/c beamline setting. Both systematic and statistical
uncertainties are shown.

selected kaons with interactions in the fiducial volume are
shown in Fig. 16. The initial beamline kinetic energy
distributions for all selected beam kaons at this beamline
setting, as measured by the beamline instrumentation, are
shown in Fig. 17.

All distributions show agreements with similar distribu-
tions in the 6 GeV/c sample, as seen in Fig. 4.
Furthermore, similar purities and slightly lower efficiencies
in incident and interacting slice distributions can be
observed in Fig. 18.
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FIG. 18. Purity (top) and efficiency (bottom) of the event

selection for each bin for the 7 GeV/c simulation sample.
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