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ProtoDUNE-SP was a large-scale prototype of the single phase DUNE far detector which took test
beam data in Fall 2018. The charged particle beam consisted of positrons, pions, kaons, muons,
and protons, and this data is being used to measure the various hadron-Ar interaction cross sections.
Uncertainties in these interaction cross sections are a significant systematic uncertainty in long
baseline neutrino oscillation analyses. These measurements will provide important constraints for
the nuclear ground state, final state interaction, and secondary interaction models of argon-based
neutrino-oscillation and proton-decay experiments such as DUNE. This talk will report the results
of the cross-section measurements of pions, protons and kaons that interact inelastically with
argon.

42nd International Conference on High Energy Physics (ICHEP2024)
18-24 July 2024
Prague, Czech Republic

∗Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/

mailto:shijy@hep.phy.cam.ac.uk
https://pos.sissa.it/


P
o
S
(
I
C
H
E
P
2
0
2
4
)
1
6
2

Hadron-Argon Cross Section with ProtoDUNE-SP Jingyuan Shi

1. Introduction

The Deep Underground Neutrino Experiment (DUNE) [1] is a next-generation neutrino ob-
servatory hosted by Fermi National Accelerator Laboratory (Fermilab) and is currently under
construction. DUNE is designed to answer some of the most fundamental questions such as the
neutrino mass ordering as well as the value of the charge-parity (CP) violation phase 𝛿 in the
Pontecorvo-Maki-Nagakawa-Sakata (PMNS) matrix [1]. DUNE will be utilising its near and far
detectors to measure neutrinos produced by one of the most intense neutrino beams. The neutrino
beam will have a power of 1.2 MW after the Proton Improvement Plan-II (PIP-II) and it is upgradable
to 2.4 MW. Figure 1 shows the setup of DUNE.

Figure 1: Schematic of DUNE’s near-far detector setup. The near detector is marked as "particle detector"
and the far detector is marked as "underground particle detector" [1].

The near-far detector configuration is motivated by the neutrino production mechanism em-
ployed in DUNE. The near detector is going to be located inside Fermilab, adjacent to the beam.
Meanwhile, the far detector (FD) is installed 1500 m underground in Sanford Underground Research
Facility (SURF), which is approximately 1300 km away from Fermilab. The DUNE FD has four
liquid argon time projection chamber (LArTPC) modules, each contains 17.5 kt of liquid argon [2].

The primary physics goals of DUNE include determining the neutrino mass ordering and
measuring the value of the CP violation phase in the PMNS matrix accomplished by measuring
the 𝜈e/𝜈e appearance probabilities. Within 3 years, DUNE can deliver a 5𝜎 sensitivity on neutrino
mass ordering for 100% of the possible 𝛿 values. In terms of the value of 𝛿, DUNE is able to scan
75% of the possible values with a 3𝜎 significance in the long run [3].

Nuclear effects is one of the challenges faced by DUNE. Neutrino interactions are well under-
stood and modelled on isolated and static nucleon. However, utilising argon as the target, DUNE
is subjected to final state interactions (FSIs) of hadrons within argon nucleus that can affect the
kinematic of the interaction and even change the final state topology. Therefore, more effort on
modelling FSIs is required for DUNE to minimise its systematic uncertainties.

2. The ProtoDUNE Single Phase (SP) detector

The ProtoDUNE-SP detector is a decommissioned prototype of the DUNE far detector horizon-
tal drift (HD) module located in the neutrino platform in CERN. The detector contained 770 tonnes
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Figure 2: Top: a view of the TPC with its major components labeled; bottom: a photo of one of
the two drift volumes, where three APAs are on the left side and the cathode is on the right side.

Instead, the cathode is constructed out of resistive materials which give it a very long discharge time

– 6 –

Figure 2: A 3D schematic of the ProtoDUNE-SP detector [5].

of liquid argon, which was the largest monolithic LArTPC ever built [5]. The detector started
data-taking in Fall 2018 and was decommissioned in 2020.

Besides its role as a prototype, the ProtoDUNE-SP detector was exposed to a particle beam
named as H4 Very Low Energy (VLE). The H4-VLE beam injected charged particles including
positrons, pions, kaons, muons and protons from 0.3 to 7 GeV, which endows ProtoDUNE-SP its
own physics programme [4]. The ProtoDUNE-SP detector can measure cross sections of test beam
particles on argon nucleus and improve our knowledge on FSIs. Figure 2 shows a view of the
detector.

3. Methodology

3.1 Thin slice method

The thin slice method was initially proposed by the LArIAT collaboration [6]. The method
considers the active volume of the detector as a pile of thin slice targets and the approach is
generalised from the geometry space to kinetic energy space. The cross section can be expressed
as:

𝜎 =
𝑚Ar

𝜌NA𝛿E
𝑑E
𝑑𝑥

����
KE

ln
(

Ninc.(KE)
Ninc.(KE) − Nint.(KE)

)
, (1)

where 𝑚Ar is the molar mass of argon, 𝜌 is the liquid argon density, NA is the Avogadro constant,
𝛿E is the width of the energy slice, 𝑑E/𝑑𝑥 |KE is the energy deposited per unit distance of the particle
of interested at a certain kinetic energy, Ninc.(KE) is the number of incident particles at the given
kinetic energy range, Nint.(KE) is the number of interacting particles at the given kinetic energy
range.

Figure 3 shows schematically the principle which the thin slice method follows when assigning
the ID according to the kinetic energy. The empty orange circle represent the actual starting point
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of an event but the filled orange circle is the chosen starting slice after ignoring the incomplete slice.
The blue and green circles are in the slices corresponding to the interacting kinetic energy of pro-
tons. Blue circles represent protons scattered elastically while green circles represent inelastically
scattered protons. The third event from the top is removed as it starts and ends in the same slice.

Jingyuan Shi | Status of Measuring Cross Sections of Hadrons on Argon with ProtoDUNE-SP8
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Figure 3: Schematic illustration of the thin slice method in the kinetic energy space with corresponding ID
number. Circles represent the start (orange) and end points (blue and green) of an event in the kinetic energy
space.

3.2 Unfolding

Unfolding refers to a procedure that estimates probability distributions without available para-
metric form and the data is further randomly fluctuated by the measuring effect. Analyses conducted
made use of unfolding to convert reconstructed variables to measure the true cross sections, which
enables comparisons among various models.

The unfolding method developed by D’ Agostini [7] was used for analyses performed and a
toy example can be seen in Figure 4: the measured distribution can be unfolded to obtain the true
distribution using the response matrix.

10− 8− 6− 4− 2− 0 2 4 6 8 10
0
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True distribution
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Truth

Figure 4: A toy example of unfolding.
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4. Results

Figure 5 shows results of 1 GeV/c 𝜋+-argon cross-section measurements. The inclusive cross
section is shown in Figure 5a and Figure 5b shows the cross section of the charge exchange
interaction, which contains only the nucleon and a 𝜋0 in the final state and the differential cross
section of the process is shown in Figure 5c as a function of the kinetic energy of the final state 𝜋0

[8]. Cross sections of 1 and 3 GeV/c proton on argon can be seen in Figure 6. Cross sections of K+

were also measured and the results are shown in Figure 7 [9].

(a)

9.3 Cross Section Results725

The resulting cross sections (calculated as described in Section 4.1) are shown in Figure 60 and compared726

with the prediction from Geant4 v10.06 using the QGSP BERT physics list (for our signal definition – i.e.727

with sub-150 MeV/c charged pions in absorption and charge exchange). Additionally, within Figure 60a,728

data from the LADS experiment [The00] is shown and compared to a prediction from the same Geant4729

physics list with their own definition, which is slightly different to the one presented in this analysis.730

Here, the data points and prediction represent interactions with no pions (of any charge or momentum)731

in the final state and at least 2 of either protons or deuterons (i.e. 1p1d, 2p, 2d, 2p1d, etc.). Furthermore,732

the data points are corrected for efficiency and threshold effects. The data points from LADS indicate733

an overestimation by Geant4 of the absorption cross section. By eye, the cross section measured by this734

analysis also indicates a similar overestimation in the higher energy region. As shown in Figure 60a the735

χ2 between our data and the Geant4 prediction is 14.08 with 9 degrees of freedom. With a p-value of736

0.12 This indicates possible tension between this result and Geant4’s prediction, however, the difference737

is not a statistically significant at the 0.05 level.738
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Figure 60: The three cross sections measured by ProtoDUNE-SP (black, filled circles) compared to
Geant4 (red curves). The absorption channel shown in 60a also compares to data as measured by
LADS [The00] (open blue squares). 60d shows the correlations between the measured cross sections.
The bins are arranged: absorption (1 - 3), charge exchange (4 - 6), other (7 - 9) in order of increasing
kinetic energy.

This is the first measurement of π+–Ar absorption at this energy range, and the first overall of charge739

exchange and the remainder of the inelastic cross section. The results of this analysis can be used for740

DUNE in two key ways: 1) it can be used to tune the nuclear and final state interaction (FSI) portion of741

neutrino event generators (i.e. GENIE) 2) it can be used to tune the π+–Ar interaction rate predicted742

by Geant4 as a way to tune the rate of secondary interactions in the bulk LAr of DUNE’s far detector743

modules and the LArTPC portion of its near detector.744

It is important to note that several shortcomings of this analysis should be improved for future analysis745
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• Current results is dominated by the statistical errors.

• Data are consistent with the GEANT4 prediction.

• Fine structure of the high 𝐓/,region cannot be resolved 
due the statistics.

(c)

Figure 5: Results of 1 GeV/c 𝜋+-argon cross sections: (a) shows the inelastic cross section, (b) shows the
cross section of the charge exchange process and (c) shows the differential cross section as a function of the
kinetic energy of the final state 𝜋0 in the charge exchange interaction.
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Figure 6: Results of 1 GeV/c (a) and 3 GeV/c (b) proton inelastic cross section measurements.

5. Conclusion

The ProtoDUNE-SP detector finished its data-taking and is decommissioned. Apart from
validating the construction of the DUNE FD module, results from ProtoDUNE will reduce the
systematics in the DUNE analyses. The ProtoDUNE-HD detector that contains the finalised DUNE
HD design started taking data with more measurements to come.
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Figure 53: Extracted total hadronic cross section from primary beam kaons with test beam data
with the momentum of 6 GeV/c (left). The relative uncertainty of the measured cross section
(right). Comparisons made to GENIE v3.2.0 and Geant4 [1, 2, 3, 37, 9, 38, 10, 39]. The hA and
hN cascade simulations of GENIE provide the same prediction and their distributions overlap. The
relevant track threshold for modeling purposes is shown in Figure 7. The minimum scattering angle
for an event with only one secondary track and limited electromagnetic showers is 11 degrees as
measured by Figure 8.

Table 12: Total inelastic positive kaon cross section result with uncertainties for the 6 GeV/c test
beam data. The uncertainties are broken down into the total uncertainty (δtot.), systematic uncer-
tainty (δsyst.), statistical uncertainty from limited data statistics (δstat.), and statistical uncertainty
from limited simulation statistics (δresp.). All units for the cross section and uncertainties are in
milibarns.

Energy bin (MeV)σinel. (mbarns)δtot.δsyst.δstat.δresp.
4480-5080 369 47 44 13 10
5080-5340 435 63 60 16 12
5340-5610 368 51 48 13 10
5610-6170 366 54 50 15 10

Table 13: Total inelastic positive kaon cross section result with uncertainties for the 7 GeV/c test
beam data. The uncertainties are broken down into the total uncertainty (δtot.), systematic uncer-
tainty (δsyst.), statistical uncertainty from limited data statistics (δstat.), and statistical uncertainty
from limited simulation statistics (δresp.). All units for the cross section and uncertainties are in
milibarns.

Energy bin (MeV)σinel. (mbarns)δtot.δsyst.δstat.δresp.
5520-6320 386 42 38 11 15
6320-7120 367 61 59 10 14
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Figure 54: Extracted total inelastic cross section from primary beam kaons with test beam data
with the momentum of 7 GeV/c (left) with comparisons to GENIE v3.2.0 and Geant4 [1, 2, 3, 37,
9, 38, 10, 39]. The hA and hN cascade simulations of GENIE provide the same prediction and their
distributions overlap. The relative uncertainty of the measured cross section (right). The relevant
track threshold for modeling purposes is shown in Figure 7. The minimum scattering angle for an
event with only one secondary track and limited electromagnetic showers is 11 degrees as measured
by Figure 8.

1.0−

0.8−

0.6−

0.4−

0.2−

0.0

0.2

0.4

0.6

0.8

1.0

1.000 -0.187 -0.121 -0.011

-0.187 1.000 -0.115 -0.145

-0.121 -0.115 1.000 -0.192

-0.011 -0.145 -0.192 1.000

6 GeV/c Sample: Sim. Stat. Corr.

4500 5000 5500 6000
Unfolded Kinetic Energy [MeV]

4500

5000

5500

6000

U
nf

ol
de

d 
K

in
et

ic
 E

ne
rg

y 
[M

eV
]

DUNE:ProtoDUNE-SP 6 GeV/c Sample: Sim. Stat. Corr.

1.0−

0.8−

0.6−

0.4−

0.2−

0.0

0.2

0.4

0.6

0.8

1.0

1.000 -0.136 -0.171 -0.001

-0.136 1.000 -0.043 -0.212

-0.171 -0.043 1.000 -0.140

-0.001 -0.212 -0.140 1.000

6 GeV/c Sample: Stat. Corr. Matrix

4500 5000 5500 6000
Unfolded Kinetic Energy [MeV]

4500

5000

5500

6000

U
nf

ol
de

d 
K

in
et

ic
 E

ne
rg

y 
[M

eV
]

DUNE:ProtoDUNE-SP 6 GeV/c Sample: Stat. Corr. Matrix

Figure 55: Correlation matrices for simulation (left) and data (right) for the statistical uncertainties
on the reconstructed slice histograms of the 6 GeV/c test beam samples.
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Figure 7: Results of the 6 GeV/c (a) and 7 GeV/c (b) kaon inelastic cross section measurement [9].
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