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Physics Goals of MicroBooNE: 

• Investigate the low-energy excess  
observed by the MiniBooNE experiment. 

• Perform novel neutrino-LAr cross 
section measurements. 

2.5 m

2.3 m

10.4 m

MicroBooNE Detector

MicroBooNE is an important step in LArTPC development in preparation for 
DUNE!
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MicroBooNE serves as a laboratory to study a number of LArTPC 
detector effects:
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Finished commissioning August 2015 
Taking ν data since October 2015
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Calibrating and studying all are important for accurate event reconstruction!
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A TSpline allows for functional fits to data that would not have a good fit with any non-higher-order polynomial.
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Calibration Sample: 
Through-Going Muons

We currently have two methods for 
tagging through-going muons for 
detector calibration:


1. MuCS (Muon Counter System) 

J. Inst. 12 P12030 (2017): http://iopscience.iop.org/article/
10.1088/1748-0221/12/12/P12030

2. Anode-Piercing/Cathode-Piercing 
Tracks


MicroBooNE Public Note #28: http://microboone.fnal.gov/wp-
content/uploads/MICROBOONE-NOTE-1028-PUB.pdf

!4

Tracks Missing TPC 
Tracks Intersecting TPC

http://iopscience.iop.org/article/10.1088/1748-0221/12/12/P12030
http://iopscience.iop.org/article/10.1088/1748-0221/12/12/P12030
http://iopscience.iop.org/article/10.1088/1748-0221/12/12/P12030
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Anode-Piercing/Cathode-Piercing Track Sample  Anode/Cathode-Crossing	Track	Sample

These tracks must pierce EITHER the anode OR the 
cathode.

These tracks must pierce BOTH the anode AND the 
cathode.

case in all areas of the TPC, because over four times as many tracks survive the optimal set of cuts in
the anode-piercing case as do in the cathode-piercing case, as shown in Table 3. In both plots, however,
the coverage is greatest in the TPC bulk between z = 200 cm - 700 cm. There is a dropo↵ in coverage
in the vertical area close to z = 700 cm, because this is a dead wire region of the TPC. Some voxels in
the heatmaps representing regions located outside of the TPC volume are populated, because these are
filled on the occasion that track reconstruction begins outside the TPC.

Coverage maps for y vs. x are shown in Figure 10. The same bias that was present in the analogous
coverage maps for simulation in Figure 8 can be seen in this one. The coverage values are also lower
in the corners of the TPC in the y vs. x plane in the cathode-piercing case because of any distortions
of track positions due to variations in the electric field, which push ionization electrons away from the
negatively charged cathode.

MicroBooNE Preliminary	 MicroBooNE Preliminary	

Figure 10: Coverage maps for anode-piercing (left) and cathode-piercing (right) track-hit densities per
event of y vs. x for the optimal set of cuts for the o↵-beam cosmic data events. The x-coordinate
axis is labelled as ‘corrected’ because the constant proportional to the t0 correction is applied to every
x-coordinate.

5 Conclusion

In this note, we present a method for reconstructing the t0 of anode-piercing and cathode-piercing tracks
that uses only TPC information. Additional TPC information and PMT information are used to prepare
a pure sample of these tracks. We find that for cuts of > 80 cm on track length and > 50 PEs of a
flash of light recorded in the PMTs with a ± 1 µs flash window we achieve purity values of 99% for
simulated anode-piercing tracks, 98% for simulated anode-piercing tracks, and 97% for externally tagged
data tracks. By assuming that the rate at which cosmic-rays pass through the TPC is constant during
data-taking, we expect with this method there to be 1.31⇥107 anode-piercing tracks/day and 0.324⇥107

cathode-piercing tracks/day with reconstructed t0 passing these cuts. The algorithm described in this
note provides a method by which to obtain a sample of fully reconstructed 3D tracks for the purposes
of detector calibration. The purely geometric t0 reconstruction makes this method especially attractive
for its simplicity and adaptability to any near-surface LArTPC detector.
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event of y vs. x for the optimal set of cuts for the o↵-beam cosmic data events. The x-coordinate
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5 Conclusion

In this note, we present a method for reconstructing the t0 of anode-piercing and cathode-piercing tracks
that uses only TPC information. Additional TPC information and PMT information are used to prepare
a pure sample of these tracks. We find that for cuts of > 80 cm on track length and > 50 PEs of a
flash of light recorded in the PMTs with a ± 1 µs flash window we achieve purity values of 99% for
simulated anode-piercing tracks, 98% for simulated anode-piercing tracks, and 97% for externally tagged
data tracks. By assuming that the rate at which cosmic-rays pass through the TPC is constant during
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A TSpline allows for functional fits to data that would not have a good fit with any non-higher-order polynomial.
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A TSpline allows for functional fits to data that would not have a good fit with any non-higher-order polynomial.

Run 1 Top-Piercing     vs.      Functional Fit: 20 cm <     < 30 cm zy
x
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x
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x

Calibration Sample: 
Stopping Muons

!6

Stopping muons have a distinct energy loss profile in liquid argon. 

Therefore, with a pure sample of these tracks, we can compare to  
lookup tables to calibrate the dE/dx extrapolation of our detector.

 Muon 
Kinetic Energy

Muon  
dE/dx

track-like ionization segment

ionization due to
bremsstrahlung photons

Bragg peak from stopping muon

Stopping Muon

MicroBooNE Event Display: False Color
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A TSpline allows for functional fits to data that would not have a good fit with any non-higher-order polynomial.

Run 1 Top-Piercing     vs.      Functional Fit: 20 cm <     < 30 cm zy
x
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Charge Readout  
Calibration

!7

The MicroBooNE Detector

• Liquid Argon Time Projection 
Chamber (LArTPC).

• Photons trigger PMTs to signal 
data collection.

• Protons and muons ionize 
electrons along their path.

• Applied electric field pushes 
electrons to anode wireplanes
for charge measurement.

When ionization electrons drift to the anode wire 
planes, effects of charge readout on the planes  

must be calibrated for first. 

These include: 

• Detector Noise (Inherent & TPC-Induced) 
• Charge Exchange Between Neighboring Wires 

MicroBooNE is the first above-ground LArTPC  
operating in a neutrino beam!

Charge Readout SCE Electron Lifetime CalorimetryCharge Readout
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Noise Filtering

!8

A paper on limiting detector noise in 
MicroBooNE has been published 

in JINST! 

JINST 12, P08003 (2017): http://iopscience.iop.org/
article/10.1088/1748-0221/12/08/P08003


(August 4th, 2017)

MicroBooNE
(a)

(b)

MicroBooNE

MicroBooNE

Figure 14. 2-D event display of the V plane from run 3493 event 41075 showing the raw signal (a) before
and (b) after o�ine noise filtering. A clean event signature is recovered once all the identified noise sources
are subtracted.

– 24 –

Before 
Noise 

Removal

After 
Noise 

Removal

Signal-To-Noise Ratio Before And After Noise Mitigation Using Offline Software 
Technique.
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Signal Processing I.

!9

First signal processing 
paper has been accepted 
for publication by JINST!

arXiv:1804.02583: https://arxiv.org/pdf/
1802.08709.pdf


(April 9th, 2018)

This paper:  
• describes field & electronics 
response simulation. 
• presents a process for identifying 
the region of interest (ROI) a signal may 
be located within.
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Signal Processing II.

!10

arXiv:1802.08709: https://arxiv.org/abs/
1804.02583


(April 10th, 2018)

Second signal 
processing paper has 

been accepted for 
publication by JINST!

Effects of Data-Driven Signal 
Processing

Charge Matching Across Wire 
Planes

These results are pioneering 
for the LArTPC community!

https://arxiv.org/abs/1804.02583
https://arxiv.org/abs/1804.02583
https://arxiv.org/abs/1804.02583
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Space Charge  
Effects (SCE) 

Space charge effects are the buildup of positive ions in the TPC active 
volume, distorting the electric field.


This worsens track reconstruction as a result.

!11
x [cm]

0 50 100 150 200 250
 y

 [c
m

]
150−

100−

50−

0

50

100

150
MicroBooNE Preliminary

Figure 1: Start/end points of reconstructed cosmic muon tracks tagged by an external
muon counter in the x–y plane for o↵-beam (cosmic) events. In absence of
detector e↵ects, the points should be distributed along the borders (dashed
lines). Note that the anode is located at x = 0 cm while the cathode is at
x = 256 cm.

3

Figure 2: Impact of the space charge e↵ect on reconstructed tracks in the detector. The
impact on a reconstructed track can be broken up into two distinct features:
a squeezing of the sides of the tracks in the transverse TPC directions that
can somewhat resemble a rotation (“A”) and a bowing of the track toward the
cathode that is most pronounced in the middle of the TPC (“B”).

e↵ect is described in detail, for various directions and locations in the MicroBooNE
TPC. The derivation of a correction that improves the reconstruction of track direction
is then described, including the utilization of MuCS-tagged tracks to validate that the
correction improves tracking performance by making use of measured positions of the
MuCS boxes. Finally, we discuss conclusions from this initial study of the SCE at
MicroBooNE, including future plans for calibrating out the e↵ect more fully within the
TPC.

2 Definitions

Within the context of this note, when we discuss the space charge e↵ect, we specifically
refer to distortions in the reconstructed ionization electron cluster position, not the
underlying distortions of the electric field that yield these spatial o↵sets. However, the
distortion of the electric field throughout the volume of the TPC will lead to spatial
variations in the amount of recombination that is experienced by ionizing particles, as
well as variations in scintillation light yield produced during particle interactions in the
liquid argon, and is an important topic for future study.
SCE defined in this way (as spatial distortions) can be decomposed from a vector

quantity into three o↵sets in reconstructed ionization electron cluster position:

�x = x

reco

� x

true

, (1)

�y = y

reco

� y

true

, (2)

and
�z = z

reco

� z

true

, (3)

where x

reco

, y
reco

, and z

reco

represent the reconstructed ionization electron cluster po-
sition coordinates and x

true

, y
true

, and z

true

represent the true position coordinates of

4

MuCS-tagged tracks

Twofold Result of Space Charge Effects

Charge Readout SCE Electron Lifetime CalorimetrySCE
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Simulation of  
Space Charge Effects
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Christopher Barnes,  2018 APS April Conference, April 15th, 2018
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8

Spatial Dependence 
Study: Front

The lesser amount of track distortions due to SCE at the detector front seen in the previous two slides is seen in the 
righthand plot.

MicroBooNE  
Simulation  
In-Progress

MicroBooNE   
In-Progress

Track Distortion From TPC Face [cm] Track Distortion From TPC Face [cm]

Christopher Barnes,  2018 APS April Conference, April 15th, 2018
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Cosmic Ray Muon Tracks

5

MicroBooNE In-Progress

Data

Figure 3: Heatmaps showing (top, left) the y vs. x and (top, right) the y vs. z coverages of t0-tagged
anode-cathode crossing tracks and (middle, left) the y vs. x and (middle, right) the y vs. z coverages
of t0-tagged anode-piercing/cathode-piercing tracks, all in data. 51,585 events are shown in both the
plot for the anode-piercing/cathode-piercing tracks and the plot for the anode-cathode crossing tracks.
Each of these heatmaps has a di↵erent colorscale to show o↵ the coverage of each distribution. The plots
of the y vs. x distributions for the side-piercing sample (left) and the side-crossing sample (right) are
shown in log scale in the bottom row.

5

MicroBooNE In-Progress

Note the  
different axis/ 

colorbar scales 
in comparing  
these plots.

A sample of tracks with complete 3D positional information is necessary for an SCE study.

Y vs. Z Y vs. XEfficiency [Tracks/Event] Efficiency [Tracks/Event]

“Choppy” Gaussian Trendline: 
ROOT TSpline Fit 
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Simulation Data

Effects on track reconstruction from space charge effects were integrated into 
our last simulation campaign (Early 2017).      

MicroBooNE Public Note #18: http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1018-PUB.pdf 


(November 29th, 2016)
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Figure 5: Illustration of the simulated e↵ects of space charge on the distortions in re-
constructed ionization electron cluster position in the MicroBooNE TPC, as
described in Sec. 3. Results are shown for the e↵ect in x (top row), y (middle
row), and z (bottom row). The distortions in reconstructed ionization electron
cluster position are shown in units of cm and are plotted as a function of the
true position in the TPC. Simulation results are shown both for a central slice
in z (left column) and for a slice in z closer to the end of the TPC, z = 10 cm
(right column).

8

Note the different color scales 
of the plots!

http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1018-PUB.pdf
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Space Charge  
Effect Calibration
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(c) After SCE correction

Figure 17: Ends of the reconstructed tracks (obtained with a Kalman filter algorithm) on
the (x, y) plane for MuCS events before (a) and after (c) the SCE correction,
along with the contour lines of the function y

reco

��y(x
reco

, y

reco

) (b). The
scatter in y of the points on the top of the TPC is due to reconstruction issues
(e.g. dead wires splitting single tracks into multiple tracks).
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Figure 17: Ends of the reconstructed tracks (obtained with a Kalman filter algorithm) on
the (x, y) plane for MuCS events before (a) and after (c) the SCE correction,
along with the contour lines of the function y
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, y
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) (b). The
scatter in y of the points on the top of the TPC is due to reconstruction issues
(e.g. dead wires splitting single tracks into multiple tracks).
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A data-driven correction for the MuCS-tagged tracks was demonstrated in  
Public Note #18. 

A full data-driven calibration is underway, both for simulation and data.
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Electron Lifetime 
Measurement

!14

1 Introduction

Liquid argon time projection chambers (LArTPCs) are imaging detectors that o↵er exceptional
calorimetric and position resolution capabilities for studying particle interactions in argon. They
are currently the most favored technology for current and future neutrino experiments. A LArTPC
consists of a cathode plane and finely segmented (mm-scale) anode planes enclosed in a volume
of highly purified liquid argon. Neutrino or cosmic interactions with liquid argon in the TPC
produce charged particles that cause ionization and excitation of argon. An electric field drifts
ionization electrons towards finely segmented anode wire planes oriented at di↵erent angles to
provide stereoscopic views of the interaction. The excitation of argon produces prompt scintilla-
tion light giving important timing information about the neutrino interaction. Knowledge of the
electron drift velocity, combined with timing information, and signals on multiple wire planes,
allow a three dimensional image of the interaction to be produced.

Figure 1: Drift electron attenuation as a function of maximum drift path (in m) for an electric
field of 0.273 kV/cm. The colored curves correspond to di↵erent values of the detector parameter,
electron drift-lifetime (⌧). In 100% pure liquid argon, electrons will drift forever resulting in
infinite lifetime.

One of the important operational requirements of a LArTPC is to keep electronegative impuri-
ties such as oxygen and water at extremely low concentrations. These contaminants1 capture the
drifting ionization electrons (signal) and thereby reduce the size of the recorded TPC signals. This
can a↵ect both energy measurements and track reconstruction, particularly for events far from the
anode wires. The electron lifetime is inversely proportional to the impurity concentration [1, 2]
and hence provides a direct measurement of the liquid argon impurity content. As an example,
Figure 1 shows the drift-electron attenuation as a function of maximum drift path for an uniform
electric field of 0.273 kV/cm and a drift velocity of 114 cm/ms for di↵erent electron drift-lifetimes.
To achieve less than 36% signal loss for a drift distance of 2.56 m (equivalent to a 5-ms lifetime in
an electric field of 0.273 kV/cm), the O

2

equivalent contamination is required to be as low as 60
parts per trillion (ppt). Similarly, to achieve a signal loss of less than 20% (or a lifetime of 10 ms
at 0.273 kV/cm), the O

2

equivalent concentration is required to be less than 30 ppt. Commercial
liquid argon typically contains parts per million (ppm) oxygen concentration levels. Liquid argon
can also become contaminated inside the cryostat due to the out-gassing of the warm walls, ca-
bles and other TPC components present in the gaseous argon volume. Additionally, virtual leaks
(such as from the parts located close to the feedthroughs) can also become a constant source of
impurities. The desired purity is therefore achieved using a continuous liquid-argon recirculation

1
Another impurity of concern is nitrogen (N2) which can quench as well as absorb the scintillation light produced

in neutrino-argon interactions. The concentration of N2 is required to be less than 2 parts per million (ppm). But,

liquid argon cannot be e�ciently purified for N2, hence the required low contamination level for N2 has to come

from the manufacturer. Note that even multi-ppm levels of nitrogen do not a↵ect the ionization charge.

3

The concentration of water and oxygen in MicroBooNE affect the 
electron lifetime in the detector.

Charge Readout SCE Electron Lifetime CalorimetryElectron Lifetime
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Electron Lifetime  
Measurement

MicroBooNE has 
demonstrated excellent 
liquid argon purity:


!15

Figure 18: Variation in Q

A

/Q

C

as a function of time after space charge corrections and including
both statistical and systematic uncertainties. The uncertainties are dominated by systematics,
and are expected to be largely correlated among all the points. The vertical cyan bands show
missing data as explained in Section 3.

from 0.88±0.04 to 1.01±0.05. Following Eq. 1 and using the full drift time for our TPC (2.2 ms to
drift from cathode to anode), the lowest Q

A

/Q

C

charge ratio (0.88±0.04) observed during stable
purity period results in an electron drift-lifetime of 18.0 ms. This coresponds to a charge loss of
12% crossing the entire TPC at our nominal electric field of 0.273 kV/cm and an O

2

equivalent
contamination of 17 ppt. The low purity regions also show relatively high Q

A

/Q

C

ratios, ranging
from 0.72±0.03 to 0.87±0.04. The lowest Q

A

/Q

C

ratio (0.72±0.03) over the entire data period
analyzed corresponds to 6.8 ms which corresponds to a charge loss of 28%, over the full drift, at
our nominal field and an O

2

equivalent contamination of 44 ppt.

10 Future plans

There are other e↵ects in the detector that might impact the extracted dQ/dx which are not
currently accounted for. One comes from the induced charge on a given wire from electrons
drifting to nearby wires. Here, the electrons drifting to wires near the target wire also induce
charge on the target wire. However this is expected to be a small e↵ect for the collection plane
which is what is used in the analysis. Also, the 2 µs electronics shaping time is expected to further
reduce this e↵ect. Another e↵ect that is currently not considered for this analysis is the variation
in the gain and shaping time of the electronics and how it a↵ects the charge collection. Although
a 2 µs shaping time is used in processing the signal at MicroBooNE, the actual shaping time of
the electronics varies by about 2.5% across the detector. We plan to incorporate these in a future
iteration of the analysis.

Another concern is that the space charge, recombination and di↵usion corrections and related
uncertainties are extracted from models implemented in simulation. In the case of recombination
and di↵usion, the e↵ect is expected to be small as demonstrated in Sections 8.2 and 8.3, respec-
tively. In the case of space charge, as discussed in Section 6.1.1, the e↵ects modeled in simulation
correspond to the central Y /Z region of the TPC where the e↵ects are expected to be maximal.
Hence one can consider the modeled e↵ects as the worst case scenario. MicroBooNE is anticipat-
ing results on space charge, recombination and di↵usion measurements using TPC information in
the near future and we plan to incorporate them in a future iteration of this analysis. Further-
more, a complete calibration of the space charge e↵ect throughout the entire active TPC volume
by utilizing a recently installed larger cosmic ray tagger system and/or a UV laser calibration
system [8, 22] is planned for the future.

21

Stable Purity Period:  
Electron Lifetime =  18 ms 

Minimum Electron Lifetime = 6.8 ms

TPC Drift Time = 2.3 ms
MicroBooNE Public Note # 26: http://

microboone.fnal.gov/wp-content/uploads/
MICROBOONE-NOTE-1026-PUB.pdf


(August 30th, 2017)

http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1026-PUB.pdf
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1026-PUB.pdf
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1026-PUB.pdf
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Calorimetry

!16

We have to perform a calibration on the LArTPC energy reconstruction 
to account for convolved detector effects.

Charge Readout SCE Electron Lifetime CalorimetryCalorimetry
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Calorimetry 
Calibration

MicroBooNE is releasing results 
with a data-driven calibration 
for uniform energy-deposition 
in the LArTPC imminently.


Effective dE/dx is critical for a 
LArTPC experiment to achieve 
its physics goals.


This calibration is being utilized 
in results that MicroBooNE will 
share at conferences this 
summer.

!17

dE/dx Calibration Results 
From ArgoNeuT
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Calorimetry 
Calibration

This calibration proceeds in two 
steps:


1. dQ/dx Calibration


• Calibrate wire coordinate-
dependent effects.


• Calibrate drift direction-
dependent effects.


• Calibrate clock time-
dependent effects.


2. dE/dx Calibration

!18
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Summary
• MicroBooNE’s liquid argon is very pure.


• The noise filtering/signal processing calibrations are complete.


• A full SCE calibration is coming soon.


• We are simultaneously working to calibrate fundamental 
detector effects.


• Publications of MicroBooNE calibrations inform future LArTPC 
experiments (protoDUNE, ICARUS, SBND, DUNE).


• Thank you!

!19
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Anode-Piercing/ 
Cathode-Piercing Tracks

!21

The coverages of anode-piercing and cathode-piercing tracks are biased because they 
must pierce that respective side of the TPC.
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Anode-Cathode  
Crossing Tracks

!22

Figure 4: (left) Distribution of the X-projected track length distribution using 10,000 events from
cosmic-ray data (runs 5411 and 5600). The highlighted band shows the region used to select
anode-cathode crossing tracks. (right) Distribution of number of hits per crossing track for the
sample used in the left plot.

Applied cut Number of Percentage

tracks left drop (%)

No cut 731093

Crossing track 1652 99.8

Reject tracks with:

75

�
< abs(✓XZ) < 105

�
, or 1180 28.6

85

�
< abs(✓Y Z) < 95

�

Number of track hits > 100 1142 3.2

Table 1: Impact of each applied cut on the track statistics for a cosmic-ray data sample consisting
of 50,000 events.

angles in the MicroBooNE coordinate system. The ✓

XZ

(✓
Y Z

) cut eliminates tracks that
are nearly perpendicular (parallel) to the collection plane wires. These tracks are di�cult
to reconstruct, and thus lower the quality of calorimetric reconstruction. Figure 6 shows
dQ/dx of hits as a function of ✓

XZ

and ✓

Y Z

angles before any angular cuts are applied.

• Require that each selected crossing track contains at least 100 hits in the collec-
tion plane. This ensures uniform density of hits along the drift direction. Figure 4 (right)
shows an example distribution of number of hits per crossing track before any selection cuts
using a cosmic-ray data sample containing 10,000 events. Table 1 shows the e↵ect of each
applied cut, listed so far, on track statistics using a cosmic-ray data sample of 50,000 events.

• Exclude TPC regions associated with shorted channels. Require that the hit Z and
Y coordinates are in a region of the TPC that does not correspond to shorted channels [14]:
(250 < Z < 675) cm and (-100 < Y < 20) cm. In the other regions of the TPC, the collection
plane response is altered due to shorted channels, a↵ecting the dQ/dx reconstruction. Since
we know that the regions of modified response are not yet being properly reconstructed, we
chose to exclude them from the analysis. Initial observations showed that this cut improves
the dQ/dx reconstruction near the anode. Note that in the case of simulation, one usu-
ally does not require this cut as shorted channels are not implemented in MC simulation.
However, we apply this cut for simulation samples with space charge and recombination
simulation since space charge e↵ect is a 3D e↵ect and will result in position dependence.

We fit to the Landau peak of the hit dQ/dx distribution to extract dQ/dx relative to the MIP
value in a given drift bin (see Section 6 for more details on the analysis method). Therefore, no
explicit cuts are required to remove high-charge hits such as those produced by delta rays.

7

Anode-cathode crossing tracks are selected according to their     -projected length. 

This distribution has contingency ([250 cm, 270 cm]) to account for reconstruction  
effects.

-projected length of 
cosmic ray muon tracks.
x

x
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“Log 10” Scale
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ROI Finding 

!24

No low-frequency filter Tight low-frequency filter Loose low-frequency filter

Two filters intended to remove low-frequency components of the input signal 
are used to find the signal Regions of Interest (ROIs).  They are used on the induction 

planes only.
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2D Deconvolution

!25

In our signal processing, we now use a 2D filter, in time and in the wire coordinate. 

Previously, only 1D convolution in time was used.
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Data-Driven 
MuCS Correction

!26

severe. They are not currently being utilized in a correction to track reconstruction. The
use of these measurements in an improved data-driven space charge e↵ect correction is
the subject of a future analysis.

7 MuCS Data-Driven Correction

In addition to comparing data to MC for MuCS-triggered events, as was done in Sec. 6.1,
the MuCS-merged TPC data was also used to derive and validate a correction to track
start/end points. The additional information that comes from the MuCS-merger process
allows the analysis to be extended to cut on photoelectrons information from the light
collection system and use reconstructed MuCS angles and positions, along with their
associated uncertainties from the strip widths, to compare with reconstructed tracks in
the TPC.
This correction has been derived using the MuCS-merged dataset, as described in Sec.

4, which was collected at a di↵erent time than the MuCS-triggered dataset used in the
previous section.
In particular, for this analysis, we require a MuCS-tagged track in each event with

associated MuCS-merged information with between four and eight hit strips (inclusive)
for each MuCS box (two for each layer of strips). In this way, we select only cosmic rays
with a clear topology in the MuCS.We are also selecting only minimum-ionizing particles
(MIPs) events, comparing the expected number of photoelectrons for a MIP with the
number measured by the light collection system. It is also possible to explicitly remove
all the events with an end point in the volume of the TPC, that should correspond
to leftover stopping muon event, but the benefit to the analysis has been found to be
negligible.
In this section we will quantify the SCE on the (x, y) plane for track start and end

points. SCE-corrected data shows better agreement than non-SCE-corrected data with
a Monte Carlo simulation that does not include SCE. In this case, our aim is to show
that the SCE a↵ects the angular distributions of the reconstructed tracks and that our
correction, valid only for this sub-sample of events, is able to remove this distortion.
The MuCS data-driven SCE correction as a function of the (x,y) coordinates is based

on four main assumptions, that follow from the Monte Carlo study of Sec. 3: (1) the
e↵ect is constant as a function of the z coordinate, (2) the e↵ect is not constant in the
y direction and the correction is zero at the vertical mid-plane of the TPC (y = 0),
(3) in this region of the TPC only the y coordinate needs to be corrected and (4) the
dependence of the SCE on the x and y coordinates for track start and end points can
be factorized (an approximation).
In the region of the TPC covered by cosmic rays passing through both MuCS boxes,

the SCE-corrected y coordinate y

corr

will be given by:

y

corr

= y

reco

��y(x
reco

, y

reco

), (7)
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: a quartic polynomial that gives the correction  
that must be applied as a function of    .  

The di↵erence �y(x
reco
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where:

• y

top

and y

bottom

are the y coordinates of the top and bottom border of the TPC,
respectively;

• f

top

(x
reco

) (f
bottom

(x
reco

)) is a quartic polynomial that gives the correction that
must be applied as a function of the x coordinate for the top (bottom) part of the
TPC;

• g(y
true

), taken from simulation, is a scaling function that accounts for the y-
dependence of �y.

Having selected only MIP events, almost all the ends of the reconstructed tracks are
located at the top or at the bottom-right border of the TPC (Fig. 17a). It is then not
possible to measure the dependence of the SCE on the vertical axis (y) and the g(y

true

)
scaling function must be taken directly from simulation at the x position of the cathode
x

cathode

, that is:
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• Separate the    -coordinates and     /  -coordinates into bins (10 cm in the           
-direction, 1 cm in the boundary (   /  )-coordinate direction).

• Fit each bin in     to a Gaussian.  
• Created a TErrorGraph (range used was customized to remove near-

empty bins on the distribution edges).
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A TSpline allows for functional fits to data that would not have a good fit with any non-higher-order polynomial.
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dE/dx Calculation
We calculated dE/dx from dQ/dx by using the following 
formula:
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            and      were determined by ArgoNeuT, which operated at a drift electric 
field of 0.481 kV/cm.


