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Abstract: The Liquid Argon Time Projection Chamber (LArTPC) technology is currently a preferred
choice for neutrino experiments and beyond the standard model physics searches such as nucleon decay
and dark matter. The Deep Underground Neutrino Experiment (DUNE) will employ the LArTPC
technology at a large scale for physics programs, benefiting from its large target mass and excellent
imaging, tracking, and particle identification capabilities. In DUNE, accurate energy reconstruction is
important for precisely measuring CP violation, determining neutrino mass ordering and fully utilising
the detector’s potential. The energy calibration techniques developed for the DUNE far detector
(FD) horizontal drift are presented here, utilising stopping cosmic-ray muons and validating the
methods with the stopping pions and protons. The study demonstrates the versatility of the calibration
techniques, applicable to other LArTPC, and valid for different particles. The electromagnetic shower
energy reconstruction from 𝜋0 → 2𝛾 events and the subsequent reconstruction of 𝜋0 mass are also
presented. These are important calibrations which address the measurement of energy loss in the
DUNE FD volume and are critical for achieving the exciting physics goals of the experiment.

Keywords: dE/dx detectors; Neutrino detectors; Particle identification methods; Time projection
Chambers (TPC)

∗Corresponding author.

© 2025 The Author(s). Published by IOP Publishing Ltd on behalf of
Sissa Medialab. Original content from this work may be used under the

terms of the Creative Commons Attribution 4.0 licence. Any further distribution of this
work must maintain attribution to the author(s) and the title of the work, journal citation
and DOI.

https://doi.org/10.1088/1748-0221/20/10/P10053

https://orcid.org/0000-0002-0429-2528
mailto:praveenkumar.oblivion@gmail.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/1748-0221/20/10/P10053


2
0
2
5
 
J
I
N
S
T
 
2
0
 
P
1
0
0
5
3

Contents

1 Introduction 1

2 Cosmic muons in the DUNE FD 1

3 Reconstruction and identification of neutral pions 2

4 Energy calibration of the DUNE FD using stopping particles 3
4.1 Modified box model 4
4.2 Absolute energy scale 5

5 Conclusions 7

1 Introduction

DUNE [1–4] is a cutting-edge neutrino experiment that employs LArTPC technology at a large scale,
due to its excellent spatial and energy resolution, as well as its remarkable particle identification
capabilities. Understanding the detector’s effects is crucial for achieving the experiment’s physics
goals. These goals include long-baseline neutrino physics, which explores phenomena such as
neutrino oscillations, with the goals of quantifying the magnitude of CP violation and determining
the neutrino mass hierarchy [5]. Additionally, DUNE will investigate beyond the Standard Model
(BSM) physics, such as the search for nucleon decay. Cosmic-ray muons, a naturally occurring source
capable of penetrating deep underground, serve as a “standard candle” due to their well-understood
energy loss profile and are useful in various studies, including detector calibration. Stopping muons
are valuable for determining the energy scale and converting 𝑑𝑄/𝑑𝑥 to 𝑑𝐸/𝑑𝑥. Muons interacting
within the detector may produce both charged and neutral pions. These pions can be utilised to
calibrate the DUNE FD in response to electromagnetic shower activity and the energy scale of
electromagnetic shower.

2 Cosmic muons in the DUNE FD

MUSUN (MUon Simulation UNderground) [6] is the muon generator useful for sampling muons
in underground laboratories according to their energy and angular distributions. Using MUSUN,
cosmic muons have been simulated, analysed and are used in calibrating the DUNE FD. The energy of
simulated muons using MUSUN ranges from 1 GeV–106 GeV. The rate of generated cosmic muons
through the box upon which muons are sampled is 0.164 Hz or 14,118 per day [7]. The muon rate
inside the TPC is 0.054 Hz. A total of 1.85 × 106 muons are generated which corresponds to 131
days of data at the DUNE FD [8]. The energy distribution of muons at the start of the active volume
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Figure 1. The energy distributions of generated muons (red) and the muons as they enter the DUNE TPCs
(black). A total of 1.85 × 106 simulated muon events are used.

of the DUNE FD is shown in figure 1 (in black) and compared with generated muons (in red). The
mean energy of muon in the DUNE FD is 284 GeV. A total of 4.76 × 103 muons enter the DUNE
FD per day, with 86 muons stopping per day [8].

3 Reconstruction and identification of neutral pions

Reconstruction of neutral pion events in DUNE is important for two reasons. First, the neutral
pion represents a major background to the electron neutrino appearance signal. Second, the decay
signature of 𝜋0 → 2𝛾 offers a valuable method for reconstructing the energy of electromagnetic
showers. The true mass of the 𝜋0 can serve as a standard candle for the calibration. Studies were
performed on neutral pion reconstruction produced in cosmic-ray muon events in the DUNE FD. For
this study, 1.48 × 106 muon events, corresponding to 105 days of data at DUNE FD are considered.
The reconstructed mass of the 𝜋0 can be determined using the reconstructed energies (𝐸1, 𝐸2) and
opening angle (𝜃) of the two photons from 𝜋0 decay, using the relation: 𝑚𝜋0 =

√︁
2𝐸1𝐸2(1 − cos 𝜃).

The reconstructed shower pairs are matched with photons from 𝜋0 → 2𝛾. To select the best fraction
of the sample, based on the reconstruction performance [8], the selections are applied to the number
of reconstructed shower hits and the reconstructed opening angle of photons showers. Based on the
simulation, performance cuts are applied as the reconstructed opening angle should be greater than
20◦ and the number of reconstructed shower hits should be greater than 100. After applying these
selection criteria, the number of 𝜋0 events is reduced to 156, corresponding to 105 days of data taking
in a single module. The distribution of reconstructed mass is shown in figure 2. To quantify the results,
a Gaussian fit is performed within the range [20, 250] MeV/c2. The reconstructed mass has a mean
(136 ± 7) MeV/c2, which is consistent with the expected 𝜋0 mass [5].
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Figure 2. The reconstructed mass of 𝜋0 determined from reconstructed shower pairs from 𝜋0 → 2𝛾. The shower
pairs are subjected to two requirements: an opening angle greater than 20◦ and a minimum of 100 collection
plane hits per shower. The red dashed line shows a Gaussian fit applied within the range [20, 250] MeV/c2. The
true 𝜋0 mass is shown with a vertical dashed line.

4 Energy calibration of the DUNE FD using stopping particles

Stopping muons are an important calibration source for LArTPCs due to their well-understood energy
loss in liquid argon. Determining their energy at any point along the trajectory, measured by the distance
from the end of the track, known as the ‘residual range’, allows for a more detailed understanding of
how the detector responds to the energy deposition by particles. The Landau-Vavilov theory accurately
predicts the theoretical most probable 𝑑𝐸/𝑑𝑥 for stopping muons in liquid argon [9, 10]. The theoretical
values of 𝑑𝐸/𝑑𝑥 in liquid argon are obtained from [11]. Two techniques have been developed for the
energy calibration. The first method, the modified box model [12], determines a calibration constant
to convert ionisation charge per unit length 𝑑𝑄/𝑑𝑥 to particle energy loss per unit length 𝑑𝐸/𝑑𝑥. The
second method, the absolute energy scale technique [8], translates 𝑑𝑄/𝑑𝑥 to 𝑑𝐸/𝑑𝑥 based on the com-
parison between theoretical 𝑑𝐸/𝑑𝑥 and measured 𝑑𝑄/𝑑𝑥 as a function of residual range. For this study,
a sample of 3.62 × 105 simulated cosmic-ray muon events, corresponding to 25 days of data at DUNE
FD is considered. Muons that originate outside the TPC volume and stop inside the DUNE FD are iden-
tified as stopping muons. A total of 2,169 muons stop in the DUNE FD. To select reconstructed muons,
the reconstructed track is matched with truth-stopping muons, originating outside the TPC and stopping
inside the TPC volume. However, the reconstruction capability of a LArTPC is limited for tracks
passing parallel to a wire or in the plane containing the drift direction and a wire. For such tracks, all the
charge from the incident particle gets deposited on a single wire, leading to the poor reconstruction of the
deposited charge. Tracks with certain angles with low 𝑑𝑄/𝑑𝑥 are removed. Additionally, due to recon-
struction inefficiencies, certain particle trajectories are mistakenly reconstructed as two or more tracks;
such tracks are also removed. A total of 2,140 muon tracks successfully passed all the selection criteria.
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4.1 Modified box model

The experimental 𝑑𝐸/𝑑𝑥 values are derived from 𝑑𝑄/𝑑𝑥 values using the modified box model [12]
with the calibration constant treated as a free parameter. The modified box model equation is:

(
𝑑𝐸

𝑑𝑥

)
cal

=
©­­«exp

©­­«
(
𝑑𝑄

𝑑𝑥

)
cal

𝐶cal

𝛽′𝑊ion
𝜌E

ª®®¬ − 𝛼
ª®®¬
(
𝜌E
𝛽′

)
, (4.1)

where 𝐶cal is the calibration constant used to convert ADC values to the number of electrons, 𝑊ion

is the work function of argon, E = 0.50 kV/cm is the DUNE FD drift electric field, and 𝜌 is LAr
density at temperature 87 K. The last two parameters, 𝛼 = 0.93, and 𝛽′ = 0.212 (kV/cm)(g/cm2)/MeV,
were measured by the ArgoNeuT experiment at an electric field strength of 0.481 kV/cm [12]. The
calibration constant 𝐶cal is normalized so that the unit (“ADC×tick”) corresponds to 200 electrons,
where one tick corresponds to 500 ns of ADC sampling time.
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Figure 3. Modified box model method using stopping muons: 𝜒2 − 𝜒2
min vs. calibration constant. The black

solid line represents the calibration constant at minimum 𝜒2. The colour bands show the uncertainty associated
with a calibration constant 𝐶cal.

For each selected stopping muon track, the last 200 cm from the track endpoint is divided into
5 cm bins based on residual range. In each bin, the 𝑑𝐸/𝑑𝑥 distribution is fitted to a Landau-Gaussian
function to extract the most probable value (MPV) of 𝑑𝐸/𝑑𝑥. A cubic spline interpolation based
on a reference dataset is used to assign a kinetic energy at the midpoint of each bin. For bins
corresponding to residual ranges of 120–200 cm (kinetic energies of 250–450 MeV), the obtained
MPVs are compared to the Landau-Vavilov theoretical prediction. A 𝜒2 value is calculated across
a broad range of calibration constants, and the optimal calibration constant is determined as the
value that minimizes 𝜒2 [8]. Figure 3 shows the 𝜒2 − 𝜒2

min values for different calibration constants.
To estimate the statistical uncertainty, 𝐶cal values are determined for 𝜒2 − 𝜒2

min = 1. The derived
calibration constant value is (5.469 ± 0.003) × 10−3 ADC × tick/e. Figure 4 shows the comparison
between the theoretical and reconstructed MPV of 𝑑𝐸/𝑑𝑥 as a function of kinetic energy and residual
range, respectively, using the derived calibration constant. Most of the reconstructed values agree very
well with the theoretical predictions; however, the deviation between reconstructed and theoretical
values becomes noticeable at lower kinetic energy and residual range.
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Figure 4. Modified box model method using stopping muons: comparison between the reconstructed MPV
of 𝑑𝐸/𝑑𝑥 and the theoretical MPV of 𝑑𝐸/𝑑𝑥. Left: reconstructed and theoretical MPV of 𝑑𝐸/𝑑𝑥 vs. kinetic
energy; right: reconstructed and theoretical MPV of 𝑑𝐸/𝑑𝑥 vs. residual range.

4.2 Absolute energy scale

A technique is developed based on the residual range, independent of any specific model for translating
𝑑𝑄/𝑑𝑥 to 𝑑𝐸/𝑑𝑥 [8]. For each stopping muon track, the last 200 cm (or less) from the track end is
divided into 5 cm bins based on residual range. The reconstructed 𝑑𝑄/𝑑𝑥 distribution in each bin is
fitted with a Landau function convolved with a Gaussian to determine its MPV. Using Landau-Vavilov
theory, the theoretical MPV of 𝑑𝐸/𝑑𝑥 is calculated for each bin. The ratio of theoretical 𝑑𝐸/𝑑𝑥 to
reconstructed 𝑑𝑄/𝑑𝑥 is then plotted against residual range and fitted with an empirical function:

𝑓 (𝑟) = 𝑝0 + 𝑝1 × 1/𝑟 + 𝑝2 × 𝑟, (4.2)

as shown in figure 5 and thus a relationship between reconstructed 𝑑𝐸/𝑑𝑥 and 𝑑𝑄/𝑑𝑥 is obtained:

MPV(𝑑𝐸/𝑑𝑥)reconstructed
MPV(𝑑𝑄/𝑑𝑥)reconstructed

= 𝑝0 + 𝑝1 × 1/𝑟 + 𝑝2 × 𝑟, (4.3)

where 𝑟 represents residual range in cm and 𝑝0, 𝑝1 and 𝑝2 are the fitting parameters. The fitted parameter
values are: 𝑝0 = (5.962±0.007)×10−3, 𝑝1 = (5.731±0.087)×10−3 and 𝑝3 = (1.613±0.499)×10−7.
The reconstructed 𝑑𝑄/𝑑𝑥 is converted to reconstructed 𝑑𝐸/𝑑𝑥 using equation 4.3. Figure 6 shows the
reconstructed 𝑑𝐸/𝑑𝑥 and compare with theoretical 𝑑𝐸/𝑑𝑥 as functions of kinetic energy and residual
range, respectively, demonstrating improvement in low residual ranges over the modified box model. A
key advantage of the absolute energy scale lies in its independence from external models or parameters
derived from other experiments. In contrast, the modified box model relies on pre-calibrated 𝑑𝑄/𝑑𝑥
and parameters from another experiment before DUNE can perform these measurements itself. This
emphasises the efficiency and autonomy of the absolute energy scale method, positioning it as a
complementary method for 𝑑𝐸/𝑑𝑥 calibration in the DUNE experiment.

After establishing the absolute energy scale for stopping muons, 𝑑𝐸/𝑑𝑥 calibration is performed
with pions (𝜋+ and 𝜋−), and protons. The studies utilise the same cosmic-ray muon sample as in the
stopping muon analysis. Pions produced by the cosmic-ray muons interacting in the liquid argon
were selected for this study, resulting in a total of 9.30 × 103 pions and 5.34 × 104 protons. Using
the same absolute energy scale method as for the stopping muons, the reconstructed 𝑑𝐸/𝑑𝑥 for pions
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Figure 5. Absolute energy scale method using stopping muons: the ratio of theoretical 𝑑𝐸/𝑑𝑥 to reconstructed
𝑑𝑄/𝑑𝑥 of stopping muons as a function of residual range, fitted with the function described in equation 4.2.
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Figure 6. Absolute energy scale method using stopping muons: comparison between the reconstructed MPV
of 𝑑𝐸/𝑑𝑥 and the theoretical MPV of 𝑑𝐸/𝑑𝑥. Left: reconstructed and theoretical MPV of 𝑑𝐸/𝑑𝑥 vs. kinetic
energy; right: reconstructed and theoretical MPV of 𝑑𝐸/𝑑𝑥 vs. residual range. The reconstructed 𝑑𝐸/𝑑𝑥 agrees
well with the theoretical prediction, even at low kinetic energy and residual range. The reconstructed (red) and
theoretical (black) points overlap for most values.

and protons was obtained and compared with the theoretical values. Figure 7 show the comparison
of reconstructed and theoretical 𝑑𝐸/𝑑𝑥 as a function of the kinetic energy and residual range for
muons, pions and protons. The energy loss dependence on a particle mass in a medium can be
inferred from the Bethe-Bloch formula [13]. These particles show good agreement of reconstructed
𝑑𝐸/𝑑𝑥 with the theoretical prediction. The 𝑑𝐸/𝑑𝑥 value is the same for muons, pions, and protons
at the same momentum-to-mass ratio (𝑝/𝑚) within the medium, as described by the Bethe-Bloch
formula [13]. Figure 8 illustrates the reconstructed MPV of 𝑑𝐸/𝑑𝑥 as a function of the 𝑝/𝑚 for
stopping muons, pions and protons. These particles demonstrate the same 𝑑𝐸/𝑑𝑥 at the same 𝑝/𝑚
ratio (in natural units) in liquid argon. This, in turn, validates the calibration process using the absolute
energy scale method employed in the conversion of 𝑑𝑄/𝑑𝑥 to 𝑑𝐸/𝑑𝑥 for muons, pions and protons.
The uniformity in the 𝑝/𝑚 behaviour across all three particles confirms the accurate conversion of
𝑑𝑄/𝑑𝑥 to 𝑑𝐸/𝑑𝑥 using the absolute energy scale method.
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Figure 7. Comparision of 𝑑𝐸/𝑑𝑥 reconstruction of stopping particles. Top: the reconstructed MPV of 𝑑𝐸/𝑑𝑥
as a function of kinetic energy for muons, pions, and protons compared with theoretical values; bottom: the
reconstructed MPV of 𝑑𝐸/𝑑𝑥 as a function of residual range for muons, pions, and protons compared with
theoretical values. Good agreement is observed for reconstructed and theoretical prediction based on the
Landau-Vavilov theory [9, 10].

5 Conclusions

Cosmic-ray muon events are simulated with the MUSUN generator for the DUNE FD and are used
for energy reconstruction and calibration. The decay signature of 𝜋0 → 2𝛾 provides a valuable tool
for calibrating the energy of electromagnetic showers. The reconstructed 𝜋0 mass is determined to
be (136 ± 7) MeV/c2, consistent with the expected 𝜋0 mass. Several areas for improvement remain,
particularly in low energy shower and angle reconstruction. The shower clustering and direction
reconstruction algorithm is not perfectly tuned. Two energy calibration techniques were developed
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Figure 8. The reconstructed MPV of 𝑑𝐸/𝑑𝑥 as a function of 𝑝/𝑚. The 𝑑𝐸/𝑑𝑥 value is almost the same for
muons, pions, and protons at the same 𝑝/𝑚.

using stopping particles for the DUNE FD. Using the modified box model, a calibration constant
of 𝐶cal = (5.469 ± 0.003) × 10−3 ADC × tick/e is derived for stopping muons. In addition, an
absolute energy scale technique was developed, enabling accurate conversion of 𝑑𝑄/𝑑𝑥 to 𝑑𝐸/𝑑𝑥
for stopping muons. This absolute energy scale was applied to other particles, such as pions and
protons, demonstrating good agreement between the reconstructed most probable 𝑑𝐸/𝑑𝑥 and the
theoretical prediction based on the Landau-Vavilov theory. The 𝑑𝐸/𝑑𝑥 value is the same for muons,
pions, and protons at the same 𝑝/𝑚 highlights the independence of the momentum-to-mass ratio from
particle type, validating the calibration method. This study highlights the versatility of the calibration
technique, demonstrating its applicability to other LArTPC and its validity for various particle types.
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