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Measurement of exclusive z*-argon interactions using ProtoDUNE-SP

S. Abbaslu et al.”
(DUNE Collaboration)

® (Received 19 November 2025; accepted 26 March 2026; published 3 June 2026)

We present the measurement of 7 -argon inelastic cross sections using the ProtoDUNE single-phase
liquid argon time projection chamber in the incident z™ kinetic energy range of 500-800 MeV in multiple
exclusive channels (absorption, charge exchange, and the remaining inelastic interactions). The results of
this analysis are important inputs to simulations of liquid argon neutrino experiments such as the Deep
Underground Neutrino Experiment and the Short Baseline Neutrino program at Fermi National Accelerator
Laboratory. They will be employed to improve the modeling of final state interactions within neutrino event
generators used by these experiments, as well as the modeling of z"-argon secondary interactions within
the liquid argon. This is the first measurement of 7z -argon absorption at this kinetic energy range as well as
the first ever measurement of 7" -argon charge exchange.

DOI: 10.1103/nmSs-4cnw

I. INTRODUCTION

Liquid argon time projection chamber (LArTPC) neu-
trino experiments, such as the Short Baseline Neutrino
program at Fermi National Accelerator Laboratory and—in
the future—the Deep Underground Neutrino Experiment
(DUNE) [1], precisely measure energy-dependent neutrino
oscillations by observing the charged particles emitted
when neutrinos interact with the argon in the detectors.
They attempt to identify the flavor of the neutrinos by
tagging the charged lepton produced from charged-current
interactions and to reconstruct the neutrino energy from all
of the observed particles. Key challenges lie in under-
standing how energy is shared among the emitted particles
and how much energy is lost to unobserved neutral or low-
energy particles. Final state interactions (FSI)—of particles
within the nucleus immediately following a neutrino
interaction—have a large impact on energy smearing, as
energy can be transferred to wundetected particles.
Additionally, these interactions, along with interactions
with the argon of the particles escaping the nucleus
following the neutrino interaction [so-called “secondary
interactions” (SI)], can impact the ability to correctly
identify the flavor of the incident neutrino. Thus, the
modeling uncertainties of FSI and SI limit the resolution
and bias the extraction of oscillation parameters but can be
constrained by dedicated hadron-nucleus scattering data

“Full author list given at the end of the article.
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[2,3]. For the DUNE oscillation program, understanding 7-
argon FSI and SI will be particularly important, as

significant portions of (1/)M charged-current events in its
detectors will contain a 7+ in the final state—for example,
resonant pion production accounts for roughly 40% of
interactions at DUNE [4].

ProtoDUNE single-phase (ProtoDUNE-SP) serves as a
test bed to test the technology of DUNE’s horizontal-drift
far detector module. It also acts as a source for hadron-
argon scattering data from its charged particle test beam.
In this work, we present the analysis of z™-argon inter-
actions with pion kinetic energy between 500 and
800 MeV. Several categories of interactions (depending
on their final state signature) were targeted for study
within this analysis:

(i) Absorption: no charged pions above 150 MeV/c

momentum and no z°.

(i) Charge exchange: no charged pions

150 MeV/c momentum and at least one z°.
(iii) Other interactions': at least one charged pion above
150 MeV/c momentum.
While the majority of pions will be produced with lower
kinetic energy as a result of the v-argon interactions seen
at DUNE, the energy range covered by this analysis
remains an important source of data with which to
constrain the FSI models within neutrino event generators.
The spread of these models, hinting at the uncertainty of
the rates of these interactions—and thus the importance of
this analysis—can be seen within the model comparisons
within Ref. [2].

above

'Note: this will contain contributions from 7z -to-z" scatter-
ing, double charge exchange (7" -to-z~), and pion production.

Published by the American Physical Society
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II. EXPERIMENTAL APPARATUS

ProtoDUNE-SP is a LArTPC housed in a cryostat
located in the CERN North Area [5,6]. It collected data
from the H4-VLE charged particle beam line in the fall of
2018 and cosmic-ray particles until its decommissioning in
2021. The beam instrumentation, described further in
Sec. II B, provides event triggering for the ProtoDUNE-
SP detector, as well as particle identification (PID). The
analysis within this paper uses roughly 153 k z* /u* beam
triggers from data taken during this time. Note that z* and
u* are indistinguishable within the beam line PID.

A. ProtoDUNE-SP detector

The ProtoDUNE-SP LArTPC is separated into two drift
volumes by a central, vertical cathode plane, with two sets
of anode planes on either side of the cathode. Each of the
two TPC volumes has dimensions of 3.6 m(x) x 6.1 m(y)x
7.0m(z).> The cathode and anode planes are biased such
that the nominal drift electric field magnitude is 500 V/cm.
A field cage, which stabilizes the shape of the electric field
at the lateral edges of the detector, covers the four nonanode
faces of the detector. The beam enters into one drift volume
by passing through the field cage near the cathode and
points roughly 11° below horizontal and 10° toward the
beam-side anode planes. To reduce energy loss upstream of
the active TPC volume, a cylindrical “beam plug” is
installed between the cryostat and the field cage. It is
made of alternating fiberglass and stainless steel rings,
capped at both ends with fiberglass plates. The plug is filled
with nitrogen at 1.3 bar in order to balance against the
pressure of the liquid argon while limiting the amount of
material through which the test beam particles traverse. An
illustration of the beam-side drift volume of ProtoDUNE-
SP is shown in Fig. 1. As shown in this figure, we define a
fiducial volume wherein we perform our measurement.
With the origin of our coordinate system set to the bottom
corner of the central cathode closest to where the beam
enters the TPC, the fiducial volume boundaries are given by
(=360 cm, 0 cm), (0 cm, 700 cm), and (30 cm, 215 cm),
respectively, for x, y, and z.

The two sets of anode planes on either side of the
cathode are each formed of three anode plane assemblies
(APAs) oriented side by side. Each APA consists of four
planes of wires, three of which are instrumented for
readout. The outermost (relative to the center of the
APA frame) plane is uninstrumented and provides shielding
from long-range induction effects for the sense planes. The
wires are biased such that ionization electrons drift past the
shielding plane and two instrumented “induction” planes
before depositing onto the final instrumented “collection”

The directions are defined according to a right-handed
coordinate system, where y points upward and z and x point
horizontally. z is parallel to the anode planes.

30em  215cm

Beam

Plug
: ! Beam-side Drift
i Incident Beam ! Volume
Direction |
1 Electron
Drift 360 cm
Direction
i Fiducial Volume i
% i _Boundaries i
—p

z

FIG. 1. Bird’s-eye view of the beam-side drift volume of
ProtoDUNE-SP (one-half of the full detector). The vertical,
dotted line indicates the cut in the reconstructed z position used
within the event selection. Along the top of the illustration is the
cathode plane assembly (CPA) which separates the two drift
volumes. Each beam-side anode plane assembly (APA) is shown
at the bottom. Note that the non-beam-side drift volume is not
shown as it is not used within the analysis.

plane. The readout planes are oriented 35.7°, —35.7°, and 0°
with respect to the vertical direction. Thus, combinations of
signals on the three wire planes provide 2D positioning in
the yz plane of the APA. The third dimension, x, correlates
with the time the charge arrived on the wires. The APAs on
the beam-side drift volume were installed with “electron
diverters” in the gaps between pairs of APAs. These consist
of a pair of electrode strips and were intended to prevent
ionization from drifting into the region between APAs.
However, an electrical short to ground prevented the use of
these during operation and were left unpowered. The
unpowered electron diverters absorbed ionization electrons
created nearby in the z dimension, resulting in distortion to
the tracks in the TPC and loss of charge available for
reconstruction. As such, we limit their effect on this
analysis (vis-a-vis selection performance and energy
reconstruction) by separating out tracks which approach
the affected region in z from our signal interaction
candidates.

The sense wires are read out by a set of cold electronics
[7] which are submerged within the liquid argon at the top
of the APAs. The cold electronics shape and amplify the
incoming analog signals, which are then digitized at a rate
of 2 MHz for processing by the data acquisition system.
When a beam line trigger occurs, the data acquisition
system captures 6000 consecutive samples (3 ms) from
each wire channel, starting 500 samples (250 ps) before the
trigger, to construct a single event.

B. H4-VLE beam line

ProtoDUNE-SP received charged particles from a
low-energy extension of the H4 beam line called the
H4-VLE beam line [8]. The beam instrumentation provides
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ProtoDUNE-SP with event-by-event triggering, momen-
tum reconstruction (using a spectrometer formed of multi-
ple fiber planes which measure the deflection of beam
particles by one of the beam magnets), and PID using time
of flight and Cherenkov devices.

ProtoDUNE-SP collected data from e™, p, K™, z*, and
ut in various mean-momentum settings in the range
0.3-7 GeV/c. This analysis made use of the z and p*
events in 1 GeV/c momentum runs, which, while the beam
line PID was able to separate positron and proton triggers
from the zt and u™ triggers, were indistinguishable from
each other within the beam line PID. The inability to
distinguish these particles within the beam line PID had a
negligible effect on the analysis, since most of the u™
tended to exit the fiducial volume used within the event
selection described later on.

III. SIMULATION

Events are generated from incident test beam particles
resulting from a dedicated G4Beamline [9] simulation of the
80 GeV/c H4 beam interacting with a 30 cm tungsten
target using the FTFP_BERT Geant4 [10] physics list. The
resulting particles are transported through the H4-VLE
extension [8], and the interactions within the various
H4-VLE instrumentation components are simulated. This
produces a realistic set of particles which reach the detector
and trigger the beam line instrumentation. Cosmic-ray
particles are overlaid onto the beam events using the
CORSIKA Monte Carlo (MC) simulation [11].

The set of beam and cosmic-ray particles is propagated
within the detector volume and their interactions are
simulated using Geant4 with the QGSP_BERT physics list
implemented within LArSoft [12]. The hadronic interaction
model within the QGSP_BERT physics is based on the
Bertini intranuclear cascade model [13,14] with preequili-
brium and evaporation models used below an incident
hadron energy of roughly 200 MeV [15]. The ionization of
the LAr by the transported charged particles, the sub-
sequent drift of the ionization electrons, and the final
detector readout are simulated within LArSoft. The simu-
lation includes electric field nonuniformities, including
those caused by the space charge effect [16] (SCE), to
reproduce more realistically the distortions of the detector
response observed in data [5]. We also include a simulation
of the effect of the unpowered electron diverters, in which
charge drifting near the gap between APAs is captured.

A. 7*-nucleus interaction modeling

We compare our results with several cascade models
(Geant4 Bertini, Geant4 INCL++, and GENIE AN) and one
effective model (GENIE hA). Cascade models share a core
principle arising from the fact that, at incident energies
relevant to this measurement, the de Broglie wavelengths of
hadrons are of the same order as or less than the distance

between nucleons within a nucleus. As such, individual
particle-particle interactions may be simulated within
the nucleus [17]. Particles are propagated through the
nucleus, potentially interacting at each step. These
interactions lead to further interactions in the nucleus,
and so on, giving rise to a cascade of particles within the
nucleus. Once all particles are either absorbed within or
escape the nucleus, the cascade ends. Cascade models
may differ in specific treatments of the cascades them-
selves (i.e. the nuclear environment and available con-
stituent interactions) and in additional physics modeling
employed to describe aspects of hadron-nucleus inter-
actions outside of the scope of the cascade modeling (i.e.
evaporation from excited nuclear states). The models are
described as follows:

(1) Geant4 Bertini cascade model. This model is based on
the intranuclear cascade model originally developed
by Bertini [13,14]. The implementation within Geant4
is valid from energies of 200 MeV up to ~10 GeV
and includes preequilibrium physics, nuclear
breakup, and evaporation. Below 200 MeV incident
energies, the preequilibrium model is invoked [10].

(2) Geant4 INCL++ cascade model. This is based on a
combination of the Liege cascade model [18] and a
statistical deexcitation model [19,20]. Differences to
the Bertini cascade model include the description of
the nuclear medium, the set of available particle-
particle interactions within the nucleus and the
associated cross sections, as well as an upper limit
on the duration (in time) of the cascade [17].

(3) GENIE hN cascade model. The full intranuclear
cascade implemented within the GENIE neutrino
event generator samples the angular distributions’
as functions of energy for several reactions between
free 7, K, p, n, and y, with adjustments to reflect the
influence of the surrounding nuclear medium [22].

(4) GENIE hA effective model. Rather than fully simulat-
ing the interactions of individual particles within a
nuclear cascade, this effective model uses the total
cross section for each possible nuclear process for
pions scattering off of iron as a function of energy
up to 1.2 GeV. For nuclear targets other than iron,
the cross sections are extrapolated by scaling
by A?/3.

IV. RECONSTRUCTION

Noise filtering, signal processing, and readout issue
mitigation are performed on the electronic readout wave-
forms [5]. Algorithms identify “hits” representing individ-
ual charge depositions on the readout wires. The Pandora
reconstruction software [23,24] then performs 2D and then
3D clustering of these hits to identify collections of charge

The angular distributions come from partial wave analyses
provided by the George Washington University group [21].
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depositions arising from individual particles. Pandora also
identifies the primary beam particle and its interaction
vertex and builds the “tree” of particles produced from the
interaction. A convolutional neural network [25] is used to
classify the individual hits as resulting from either tracklike
particles (i.e. protons, pions, muons) or showerlike particles
(i.e. positrons). The reconstructed positions of individual
hits are corrected from the distorted readout using data-
driven SCE maps [16]. Following calibration and drift
electron lifetime corrections, the recorded charge deposited
per unit length, dQ/dX, of tracks is converted to energy
lost per unit length dE/dX using estimates of the electric
field strength within the modified box model [26] and these
corrected positions [5,27].

V. METHODOLOGY

In order to measure the cross sections, events in data
and from simulation are categorized according to the
event selection described in Sec. VA. The simulated
event distributions are parametrized and used within a
binned likelihood fit to the data as described in Sec. V B.
The best-fit parameters are used to create a varied
set of simulated event distributions which best match
the data. The cross sections are extracted from truth-level
information of the best-fit MC using the thin-slice
method developed by LATrIAT [28]. We choose to seg-
ment the simulated primary z™ tracks according to the
collection plane wire pitch, though this segmentation
is ultimately an arbitrary choice for our application of
this method.

A. Event selection

The analysis made use of beam events which were
categorized as n"/u" by the beam instrumentation by
requiring no signal in the low-pressure Cherenkov device
and a measured time of flight less than 110 ns [5] from
all 1 GeV/c runs. Events with degenerate hits in any of
the scintillating fiber planes of the momentum spectrom-
eter were rejected to avoid ambiguities in momentum
reconstruction.

The reconstructed beam momentum spectrum of the data
was found to be wider than in MC. The shape difference
was accounted for by normalizing MC to data in bins of
reconstructed beam momentum. Due to low amounts of
events in the tails, the reconstructed beam momentum
region was restricted to (750, 1250) MeV/c.

As explained in Ref. [29], preselection criteria were
used to increase the purity and reconstruction quality of
selected events. First, there must be a valid reconstructed
primary particle: Pandora must have identified a cluster as
coming from the beam and reconstructed that cluster as
tracklike as opposed to showerlike. Second, the recon-
structed beam track must have extended at least 30 cm
(after SCE corrections) into the TPC in the z direction.

Finally, a set of positional and directional cuts on the
reconstructed beam track was used in order to reduce the
number of cosmic rays or interactions upstream of the
TPC which were misidentified as the primary beam
particle.

The events passing this cut were then placed into one of
the following four categories: escaping tracks, absorption
candidates, charge exchange candidates, and other inter-
action candidates.

Escaping tracks are any reconstructed beam track which
extended (without SCE corrections) at least 215 cm into
the detector in the z direction. The location of this cut in z
is chosen such that tracks which are distorted by the
grounded electron diverters are not considered interaction
candidates. Additionally, including this category in the fit
helps to constrain both the relative number of u™ in the
sample (since u' are more likely to exit the fiducial
volume) and the total inelastic cross section. This last
point results from the fact that z will be more (less) likely
to travel past this cut in z if their total cross section is
lower (higher). Note that this does limit the efficiency of
selecting low-kinetic-energy interactions, leading to the
restricted low end of the measurement range (500-
800 MeV).

Reconstructed beam tracks that end before the previous
cut in z are all considered interaction candidates and are
further separated into the three signal interactions (as
described in Sec. I). This is achieved by using the
reconstructed particles that are associated with the inter-
action products of the primary reconstructed beam track. A
reconstructed interaction product is given a charge-
weighted tracklike score T as defined in Eq. (1),

NHils NHils

T:éZIiCIﬁ Q:Z‘L’v (1)

where ¢; and g; are the track score from the aforementioned
convolutional neural network and integrated charge of each
hit on the collection plane, respectively, and Q is the total
charge deposited on the collection plane for the given
reconstructed cluster. We use the charge-weighted score
because it yields better agreement between data and
simulation in this analysis compared to simply summing
individual scores and normalizing over the number of hits.
For the same reason, the sum is restricted to hits on the
collection plane.

The dE/dX of reconstructed tracks is then used to
identify 7% candidates. Candidates for y resulting from
the decay of secondary 7°’s are identified using the energy
of the shower and the distance between the end of the beam
track and the start of the shower. If a primary beam track
has no z* candidates and no y candidates in its set of
interaction products, it is considered an absorption event. If
it has no z+ candidates and at least one y candidate, it is
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TABLE I.  Efficiencies and purities of the event selection. Note
that the first two columns are relative to the events that pass the
preselection, while the third column is relative to the entire
simulation sample.

Overall
Channel Efficiency (%) Purity (%) efficiency (%)
Absorption 63 63 36
Charge exchange 42 75 20
Other 69 63 31

considered charge exchange. Finally, if it has at least one
7+ candidate, it is considered an “other” interaction.

The resulting purities (the number of true interaction
events selected as that interaction divided by the number of
true interactions of that type) and efficiencies (the number
of interactions of any true category selected as a given
interaction candidate divided) within the set of events
passing the preselection are shown in Table I. The “overall
efficiency”—in which the denominator also includes events
failing the preselection—is also shown. The true inter-
actions and selection efficiencies (relative to preselection)
as functions of z" kinetic energy are shown in Fig. 2.
Example candidates for the three signal interactions are
shown in Fig. 3.

The selected distributions resulting from the prefit
MC (after normalizing according to the reconstructed
beam line momentum distribution in data) are shown in
Fig. 4 and are broken down by category from MC
information: the three signal interactions, beam muons,
pions which interacted upstream of the TPC active
volume, pions which exited the fiducial volume, and
pions which stopped or decayed within the fiducial
volume. Distributions collected from data are superim-
posed on the MC distributions. The absorption, charge
exchange, and other interactions are binned according to
the reconstructed kinetic energy at the identified inter-
action point. This is calculated by subtracting the primary
pion track’s total deposited energy from the kinetic energy

reconstructed within the beam line. Events in which the
reconstructed beam track extended past the limit in z are
contained in a single bin as shown in Fig. 4(d). We
observe several differences between data and simulation
in the shape and magnitude of several distributions.
The observed differences are consistent with coming
from two effects: (i) the number of interactions upstream
of the active volume of the TPC and (ii) differences
in the cross sections for the signal interactions here. As
will be described later, we account for the first during the
fit to data using a nuisance parameter and intend to
measure the differences in physics resulting from the
second point.

B. Fitting strategy

The MC simulation is fit to the observed data in order to
estimate the number of interactions as a function of the pion
kinetic energy at the point of interaction. A binned like-
lihood fit is performed in which the fit parameters include a
set of signal parameters which scale the number of signal
events (absorption, charge exchange, and other inelastic
interactions of primary beam z") in bins of true kinetic
energy at interaction. These true kinetic energy bins are
100 MeV in width and range from 500 to 800 MeV for each
channel. These nine bins form the set of measurement bins
within this analysis. Their widths were chosen according to
the resolution of the energy reconstruction for these events.
The total range (500-800 MeV) was chosen according to
where the selection efficiency begins to fall off as function
of kinetic energy. Scaling parameters are also applied to the
underflow and overflow regions for the three channels,
though the cross sections are not measured in these regions.
A parameter that scales the number of interactions between
the end of the beam line and the beginning of the TPC
volume is included.

During each step of the fit, after the fit parameters are
applied to the MC events, the MC events are reweighted
according to the momentum distribution in data as recon-
structed by the beam line instrumentation as described
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FIG. 3. Eventdisplays of selected interaction candidates for 7 -

argon absorption (a), charge exchange (b), and other (c) inter-
actions using the event selection described in Sec. VA. The
candidate beam pion tracks begins near wire 60, tick 4800
(reconstructed at roughly x = —24 cm and z = 1 cm after SCE
corrections) and travels toward the bottom right of each figure, as
highlighted by the solid, red arrow. The dashed ellipse in
(a) highlights two proton candidate tracks, and in (b) it highlights
a candidate y resulting from a z° decay. In (c), the secondary z* is
highlighted with a dashed arrow. Candidate cosmic-ray tracks can
be seen crossing through the figures as well.

previously in Sec. VA. This is done such that the primary
change to the simulation is the rate of interactions at various
energies rather than changing the initial momentum
distribution.

The fit minimizes the negative log-likelihood ratio:

N
—2log(4) =2 <ﬁjN§4C —N;+N; logﬂN—fMC
J JY

L 2
+ (ﬂjzo—];) ) ' (2)

Equation (2) is derived from the Poisson likelihood to
observe N events in the set of reconstructed bins j in which
s jN?/[C events are predicted. §; are scaling factors proposed
by Barlow and Beeston which account for MC statistical
uncertainty and reflect the fact that the generated MC
events N?AC are themselves drawn from some underlying
distribution with mean f jN]}’IC [30]. Barlow and Beeston
treat these factors as additional nuisance parameters in the
fit. However, we follow Conway’s treatment [31], in which
a Gaussian constraint® is added to the likelihood and the
factors are determined analytically by setting the derivative
of the likelihood with respect to each f§; to 0 (maximizing
the likelihood).

C. Iterative fit procedure

In order to mitigate any dependence of the analysis
results on the choice of signal model, we developed an
iterative fit procedure. In each subsequent fit, the signal
model is updated using Geant4Reweight [32] which produces
event weights to effectively modify the z* cross sections in
the input MC to match the cross sections extracted from the
previous fit.

Tests were performed using fake data produced from MC
varied by Geant4Reweight in order to verify the convergence of
this technique. The fake data was produced by reweighting
the signal cross sections by 10%-50%, binning the
reweighted MC, and then statistically fluctuating these
distributions to approximate statistical independence
between the fake data and input MC. This procedure
reduces the bias to less than 1% of the true cross sections.
This residual bias is negligible compared to the systematic
uncertainties. Additionally, a data-driven stopping cri-
terion was developed as follows. For a given set of data
(fake or real), we fit to 500 statistically varied distributions
drawn from the dataset. For each of these fits, the result is
used to update the model, and the fit is performed again
using the update. We calculate the y> between each
updated fit and its previous iteration, using the distribution
of extracted cross sections values from the updated
iteration to calculate the covariance used within the y?
calculation. This y? represents how much the model
continues to change in each subsequent fit. We continue
updating and refitting until 90% of fits end with y* < 1

4WiFh variance or =2 wi/(iwi)* wy is the weight of
event i in bin j. The sums run over each event in bin j.
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FIG. 4. Selected event distributions from the ProtoDUNE-SP MC with stacked contributions broken down by true event category.
These categories are (i) the three signal pion interactions—absorption, charge exchange, and other interactions; (ii) primary muons;
(iii) primary beam pions which interacted before reaching the TPC active volume (i.e. within the beam plug); (iv) pions which extended
past the fiducial volume (FV); and (v) pions which decayed within the FV (either in flight or after stopping). Also shown are the selected
event distributions observed in data (black points). The error bars shown for the data are the estimated statistical uncertainties on the

selected event rate.

indicating that the model has stopped updating. In the case
of this measurement, we stopped iterating at the fourth fit.
The differences between the cross sections from the first
and fourth fit to data relative to the fourth-fit cross sections
are shown in Table II.

TABLEII. Differences between the cross sections from the first
and fourth iterations of the fit to data relative to the cross section
from the fourth fit iteration for each z* kinetic energy bin.

Relative difference

Absorption Charge Other
T, [MeV] (%) exchange (%) interactions (%)
550 -7.1 +11.2 +8.3
650 -3.8 +5.0 +5.2
750 —4.6 +2.6 +3.7

VI. TREATMENT OF UNCERTAINTIES

In order to propagate uncertainties within the analysis,
alternate fits are performed by varying either some aspect of
the simulation or, in one case, the calibration in data for
each uncertainty source. These alternate cross sections are
used to calculate covariances which are added in quadrature
to give the full covariance of the measured cross sections.

For the statistical uncertainty associated with the col-
lected data, alternate datasets are generated by setting
the number of events in each bin of data to Poisson-
distributed random integers drawn from the content of each
bin. The simulation is then fit to these alternate datasets,
and the contribution to the covariance of bins i and j is
calculated as
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uncertainty contributions added in quadrature equals the total uncertainty. The legend is shown in (d) and reflects the different sources

described in Sec. VI.

Here, o;(; is the cross section in true bin i (j) from the
“standard” (simulation and collected data) fit result and
o-ff(j> is the cross section in true bin i (j) from the kth

alternate fit. We performed fits to Ng;, = 500 statistically
varied distributions.

A similar procedure is performed for the statistical
uncertainty associated with the input simulation.
However, instead of changing the data distributions, the
simulation distributions were varied by producing event
weights calculated by drawing Poisson-distributed numbers
around the number of events in the initial simulation
distributions. The covariances are calculated again using
Eq. (3), and we used the same number of varied fits for the
calculation. The number of events from our simulation is of
the same order as those in the data; the statistical uncer-
tainties are thus very similar. Future analyses will make use
of a larger sample of input simulation to reduce this
uncertainty.

The individual systematic uncertainties are described
below, and their contribution to the uncertainty of the

measurement is shown in Fig. 5. The label by which the
systematic effect is referred to within this figure is stated at
the end of each item. Unless otherwise stated, their
contributing covariances in bin (i, j) are calculated from
fits using simulation varied with £1¢ shifts to the under-
lying effect and are given by

1 + +
Vij= 5((01' —0; )(0{ -o;)
+ (0: = 07)(0; = 07)). (4)

where o represents the cross section extracted from the fit
with the systematic effect varied by +1o. Several of the
systematic effects described below are broken up into
multiple independent contributions to the total uncertainty.
In other words, when specified, several independent var-
iations to the fit—and thus separate covariances calculated
as in Eq. (4)—have been made. In these cases, the
corresponding uncertainty contributions in Fig. 5 include
these separate covariances added in quadrature.
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Beam scrapers: the number of beam z™/u*t that
scrape along the beam plug between the end of the
beam line and the beginning of the active TPC
volume. The beam plug displaces argon along the
nominal path of the beam particle so less energy is
lost and fewer hadronic interactions occur before the
beam particle enters the active volume of the TPC. A
difference in the number of particles which scrape
the plug can affect the relationship between true and
reconstructed 7zt energy at interaction. Simulation
showed that the distributions in momentum of the
beam 7t /u* differ due to the fact that some of the
muons originate from decaying pions. The effect
was parametrized separately for pions across their
momentum range and for two regions in the mo-
mentum range of beam muons (corresponding to
different populations of muons which were pro-
duced from hadron decays at different points along
the beam line). A 50% uncertainty to the number of
scraping particles in each of these three populations
was estimated.
p, 7" cross sections: the total interaction rate of 7
and protons. A misestimation of the inelastic cross
sections can affect selection efficiencies and purity.
As such, event weights were produced using Gean-
t4Reweight [32] to represent variations to the proton
and 7t cross sections. One parameter was used to
vary the proton cross section across a momentum
range encompassing all protons produced within the
MC sample. Two parameters were used for 7™
interactions: (i) below 600 MeV/c¢ and (ii) above
600 MeV/c pion momentum. A 33% uncertainty
was assigned to the cross section parameters and was
estimated from the spread of various hadron-nucleus
interaction models. The separation of the systematic
effect for z* into two momentum regions was
informed by the varying final state behavior between
the models [2].
Final state kinematics and multiplicity: final state
kinematics and multiplicities of the primary inter-
action. The selection efficiency can depend on the
distribution in various dimensions of phase space of
final state particles emitted from the primary inter-
actions. By comparing to either GENIE's hA/hN
models or Geant4’s INCL++ hadronic interaction
model, two alternate simulation sets were produced
for each of the following projections:
(a) momentum of the leading outgoing p,
(b) momentum of the leading outgoing =™,
(c) momentum of the leading outgoing 7°,
(d) angle (relative to the primary z+) of the lead-
ing p,
(e) angle of the leading z™,
(f) angle of the leading 7°,
(g) p multiplicity,

(h) n multiplicity,

(i) 7t multiplicity,

(j) #~ multiplicity, and
(k) 7° multiplicity.

Of these, the largest effects come from p and n multiplic-
ities as well as the leading p angle and momentum. The
corresponding uncertainty for this effect as shown in Fig. 5
includes all of the projections above added together in
quadrature.

“

®

(6)

(N
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Reconstruction efficiency: beam reconstruction and
matching efficiencies. Systematic effects arise in
reconstruction due to differences between data and
MC in the incident beam’s direction and position on
the face of the detector. Two parameters were
implemented to account for these effects. The first
varies the efficiency of reconstructing tracks to beam
particles with short true trajectory length (defined as
less than 30 cm), while the second varies the rate of
Pandora’s ability to correctly choose the true test beam
particle itself as the reconstructed beam rather than
choosing a cosmic-ray particle as the beam. For the
former, we performed a study using selected beam
tracks, wherein the tracks were artificially shortened
by removing reconstructed hits from the event
record. From this, we observed a 26% difference
between data and MC performance in the ability to
correctly reconstruct these shortened tracks, and we
used this value as the uncertainty on the effect. For
the second effect, we used a conservative 100%
relative uncertainty on the rate of misidentification.
Beam momentum: differences in the relationship
between momentum reconstructed by the spectrom-
eter in the beam line and the true momentum at the
beginning of the TPC active volume can lead to a
different smearing between true and reconstructed
energy at #" interaction—one of the primary ob-
servables in the fit. This relationship was found to be
described by a second-order polynomial, and a
sample of stopping beam particles was used to
determine the covariance between this polynomial’s
coefficients. 500 alternate simulation sets were
produced by sampling these coefficients. These
alternate sets were fit to data, and the covariance
was calculated as in Eq. (3).

Calorimetry calibration: an integral part of the
calibration is determining the overall charge scale
of the detector. This is used in converting a track’s
dQ/dX (charge reaching the readout wires per unit
length) into its dE/dX (energy deposited per unit
length). A 3% uncertainty was assigned to the
overall charge scale factor used within the dQ/dX
to dE/dX conversion (a slightly more conservative
value according to the study performed in Ref. [5]).
Space charge effect: as in Ref. [29], studies using a
sample of cosmic ray tracks found an 8% uncertainty
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FIG. 6. Event distributions observed by ProtoDUNE-SP (black circles) compared to prefit (dashed blue histogram) and postfit MC
(solid red histogram) using four fit iterations. The error bars on the bins of the data distribution (often smaller than the data point markers

themselves) represent the estimated statistical errors.

on the magnitude of spatial distortions arising due to
SCE. Alternate MC samples were produced where
the distortions were increased or decreased by 8%
and used to fit the standard dataset.

The individual covariances (V;;) from the aforemen-
tioned sources (data-statistical, MC-statistical, and system-
atic effects) are added in quadrature to give the full
covariance of this analysis.

VII. RESULTS

Figure 6 shows reconstructed event distributions col-
lected in data and as predicted by the prefit and postfit MC
(for which our data-driven iterative extraction procedure
ran for four iterations) in the various samples described in
Sec. VA. The distributions show good agreement between
the postfit MC and data.

As mentioned earlier, the cross sections are calculated
from the best-fit MC truth information using a “thin-slice”
calculation. This is necessary because our target is the
extended volume of the LAr and not a thin target as in other

scattering experiments. For every primary z* that reaches
the start of our fiducial volume, we determine if it interacts
before the end of the fiducial volume and, if so, its type of
interaction and the kinetic energy at which it interacts. We
bin these events in three “interaction histograms” using
weights from the best-fit MC and with the same binning
ranges used for the fit (500-600, 600-700, 700-800 MeV).
Additionally, we construct an “incident histogram” with the
same binning. For our measurement, this is analogous to
the flux used within a thin-target experiment. This is done
by artificially segmenting the trajectories of the true 7™
within our fiducial volume. The choice of coarseness of this
segmentation is—to an extent—arbitrary. As a “natural
choice,” we segment the trajectories using the collection-
plane wire spacing. We find the kinetic energy of the z* as
it enters into a new slice and fill the incident histogram
using the same event weights as before. This is done up to
the point of interaction, and so any given event can
contribute multiple times to the incident histogram.
Following this procedure, we are left with four distribu-
tions: one for each of the three interactions and one for flux
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FIG.7. ProtoDUNE-SP measurement of the cross sections for absorption (a), charge exchange (b), and other interactions (c) compared
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and other (7, 8, 9) in order of increasing kinetic energy. The black lines are guides to highlight the sections of the correlation matrix
representing different exclusive channels. The > shown in (a) are calculated using the nine bins across the three channels and their

covariances.

contributions. These are summarized in Table III. For a
given interaction type / and within a given kinetic energy
bin, the cross section (6') can be calculated using these
distributions within the following equation:

. My,
ol =
NApl

Ninc

()
Ninc_Nim

TABLE III. Values used within the thin-slice cross section
calculations for each z™ kinetic energy bin extracted from the
best-fit MC. The first column denotes the center of the kinetic
energy bin as T,. The second, third, and fourth columns are the
number of interactions of the three exclusive signal channels. The
far right column is the number of incident entries. For brevity, and
because the correlations between these values are nontrivial, we
only report the best-fit values and omit the uncertainties.

where N ilm is the number of interactions of type [, N;,. is the
number of incident entries in this energy range,” M,, =
39.948 g/mol is the atomic mass of argon, p = 1.4 g/cm?
is the density of liquid argon, N, is Avogadro’s number,
and t = 0.498 cm is the thickness of the slices used for
segmentation.6

Figure 7 shows the exclusive cross sections measured
within this analysis in comparison to those predicted by the
Bertini and INCL cascade models within Geant4 [17] as well
as the GENIE FSI models A and AN [22]. The model
predictions shown in Fig. 7 include the signal definition
restrictions used in the analysis, wherein charged pions less
than 150 MeV/c momentum may be included within the
final states of absorption and charge exchange, and multiple
7%s can be present in charge exchange. Figure 7(d) shows
the correlations between cross section bins defined as
cij = ;—(;I Here, v;; is the covariance between bins i and
J» and &;;) is the square root of the variance of bin i (j) and
is shown as the error bars in Figs. 7(a)-7(c). The y?> shown
in Fig. 7(a) is defined as 3> = (6 — Gprea)” V(6 = Gprea)»

T, [MeV] NAbs NG Other Nine

550 2433 2242 4179 1443 x 103
650 4127 3696 6484 2440 x 103
750 5207 6281 11921 3777 x 103

>Note: this is common across all three interactions.

This is given by the wire spacing of the collection plane
(0.4974 cm) along with a factor of 1.039 to account for the angle
of the beam relative to the wires.
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TABLE IV. Summary of cross section results for each z*
kinetic energy bin. The first column denotes the center of the
kinetic energy bin as T,. The second, third, and fourth columns
are the three exclusive signal channels. The far right column is the
total inelastic cross section.

Tzr [MeV] O Abs [mb] O Cex [mb] OOther [mb] OTot [mb]
550 160 £36 14852 276 +104 584+ 127
650 161 +£42 144 + 44 253 £ 61 558 + 70
750 131 £43 158 +46 301 £65 590 £ 64

where 6 are the measured cross sections, G.q are the

predicted cross sections in question, and V~! is the inverted
covariance matrix. Table IV summarizes the measured
cross sections and their variances.

Of the models shown here, the data are consistent with
the Bertini cascade and INCL++ models from Geant4 as well
as GENIE's AN model, with a slight preference for the Bertini
cascade (p~0.31, 0.08, and 0.10, respectively).7
Meanwhile, GENIE’s hA model is inconsistent with these
data (p < 0.001). This is not surprising, as hA is an
effective model rather than a full intranuclear cascade
model like the other models.

We also present the total inelastic cross section in Fig. 8
calculated by summing the measured exclusive cross
sections. It is important to stress that this measurement
of the total cross section is not independent from the
measurement of the three exclusive channels but is sta-
tistically valid for stand-alone comparisons to predicted
total inelastic #* cross sections. The covariance matrix of
the total cross section is calculated as

{a.b.c} {a.b,c}
Vij: z Z Uu,»u,-’ (6)
u v

where V;; is the covariance of bins i and j in the total cross

section. Uy, is the covariance between bin i of exclusive

"Nine degrees of freedom are used within the 2 calculations.

channel u and bin j of exclusive channel v. The correlation
where

matrix shown in Fig. 8(b) is defined as C;; = A‘:Xj,
the variance A; is the ith element of the diagonal of V. As
can be seen, the bins of the measured total inelastic cross
section are highly correlated.

We compare the total inelastic cross section to
predictions from Geant4 and GENIE’s hA and AN models
in Fig. 8(a). Note that only one Geant4 prediction is shown,
as the total cross section is out of scope of the Bertini
and INCL cascade models (they only provide the
dynamics of inelastic pion scattering interactions, not
the rate at which the scattering occurs [17]). Again, the
Geant4 prediction agrees best with the data, though each
model is consistent with the data as indicated by the y?
values shown in the figure. A dedicated analysis on the
total inelastic cross section using a different method was
also performed, and the results from the total inelastic
analysis are consistent with the combined cross sections
presented here [33].

VIII. CONCLUSIONS

We have measured the absorption, charge exchange, and
remaining inelastic z-argon cross sections using data
taken by the ProtoDUNE-SP detector. This analysis show-
cases the capability of the DUNE LArTPC detector
technology to perform particle tracking, identification,
and energy reconstruction. This measurement will provide
necessary inputs for the simulation used by DUNE and will
improve the modeling of pions undergoing final state
interactions within the nucleus as well as secondary
interactions with the LAr volume of the DUNE detectors
following a neutrino interaction. It is the first ever meas-
urement of 7z -argon charge exchange and the first meas-
urement of absorption on argon at the kinetic energy range
of 500-800 MeV.
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