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Updates

1. Compare MicroBooNE (ref 1) and ICARUS classical (ref 2) methods of estimating 
muon momentum using multi-Coulomb scattering (MCS).

2. Look at effect of track length on ICARUS MCS method.

3. Look at effect of reconstructed vertex position on reconstructed hadronic energy for 
νμ CC events with exiting tracks. 

References:

1. https://arxiv.org/abs/1703.06187
2. https://arxiv.org/pdf/hep-ex/0606006v1.pdf
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Track momentum residuals

True νμ CC events with exiting track

MicroBooNEICARUS
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Figure 1: Calibration of reconstructed track
momentum for νµ CC events with contained
tracks
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Figure 2: Fractional residuals of recon-
structed track momentum for νµ CC events
with contained tracks
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Figure 3: Correction of reconstructed track
momentum for νµ CC events with exiting
tracks
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Figure 4: Fractional residuals of recon-
structed track momentum for νµ CC events
with exiting tracks
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Track momentum residuals

Track momentum residuals as function of true 
momentum using uncorrected MCS momentum

True νμ CC events with exiting track

MicroBooNEICARUS
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Comparison of methods

Angular resolution = const x l-3/2
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Fig. 1. Collection (2D) view of a typical stopping muon. 3D reconstruction of the
same muon event (right).

expression [11]:
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where θrms
0 is the width of the Gaussian approximation used for the central

98% of the projected angular distribution. p, β and z are the momentum,
velocity and charge of the incident particle. X0 is the radiation length and l
the considered segment length.

The procedure used to measure the momentum of the particle is as follows:

(1) The whole track is split into segments of a fixed length.
(2) For each segment, hits belonging to δ-rays are searched for and tagged,

such that they can be excluded from the analysis. Otherwise delta ray
hits can sensibly distort the determination of the segment direction.

(3) The remaining hits in each segment are fitted to a straight line, providing
the segment direction.

(4) For each consecutive pair of segments, the scattering angle is calculated
as the difference between their angles.

(5) We compute the RMS of the scattering angle distribution, after cutting
out 2% of the tails (since only the 98% central interval of the Molière
distribution is Gaussian).

(6) Finally to calculate the value of θrms, we consider all the angles but those
whose distance to the mean is larger than 2.5 times the RMS value.

The measured RMS of the scattering angles distribution, θrms
meas, is related to
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ICARUS MicroBooNE

the “pure” Coulomb scattering θrms
0 by the following expression:

(θrms
meas)

2 = (θrms
0 )2 + (θrms

noise)
2 (2)

where θrms
noise is the angular detector resolution on the difference of two mea-

sured segment angles. In our case, it corresponds to the spatial resolution in
the drift coordinate, σ, which is related to the error on the determination of
each individual hit time. This magnitude was measured during the T600 run,
using cosmic ray muons and test pulse data, to be about 400 µm. The noise
contribution does not depend on the track momentum. It only depends on the
segment length (θrms

noise ∝ l−3/2
seg ). Substituting in equation 2, we get:
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where C is just a proportionality constant for the noise.

To extract the track momentum, we measure θrms
meas for different segment

lengths (l). A fit to those values, using equation 3, provides an estimation
of p and C, which are taken as free parameters. This procedure allows to
compute the momentum for each single track, since no other assumptions are
made. In addition, with this original approach, we avoid the usual problem of
choosing an optimal segment length for the determination of the momentum.

As an example, figure 2 shows the result obtained when this procedure is
applied to a simulated 3 GeV muon. The triangles correspond to the exper-
imentally measured RMS of the scattering angles for different values of the
segment length. The curve indicates the fit result. The rising up at low val-
ues of l indicates the region where the contribution from detector resolution
dominates, whereas at high values of l the main contribution comes from pure
Coulomb scattering.

In this new approach, the key point to compute the momentum on a track
by track basis is to decide the set of segment lengths that will be included
in the fit. The minimum segment length should be such that effects due to
multiple scattering emerge from detector noise. The optimal value for this
minimum segment length is 5 cm. The maximum segment length should be
short enough to allow as much entries as possible inside the angle distribution
used to compute θrms

meas. This last value clearly depends on the recorded track
length. To improve our results, we decided to split our sample into tracks
having lengths longer than 2.5 meters and tracks shorter than 2.5 meters. In
fact, this corresponds to a muon momentum cut at around 600 MeV. For long
tracks we have used 13 segment lengths inside the interval [5 cm, 35 cm]. For
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Figure 1. A diagram of the time projection chamber of the MicroBooNE detector [5]. PMTs (not shown)

are located behind the wire planes.

scatters of a particle in either the x �
direction or y� direction (as indicated in the aforementioned

figure) form a Gaussian distribution centered at zero with an RMS width,σHL

o , given by the Highland

formula [7, 8]
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z
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�
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where β is the ratio of the particle’s velocity to the speed of light (assuming the particle is a muon),

� is the distance traveled inside the material, z is the magnitude of the charge of the particle (unity,

for the case of muons), and X0 is the radiation length of the target material (taken to be a constant

14 cm in liquid argon). S2 and � are parameters determined to be 13.6 MeV and 0.038, respectively.

In this study, a modified version of the Highland formula is used that includes a detector-inherent

angular resolution term, σres

o

σo =
�
(σHL

o )2 + (σres
o )2. (2.2)

For this analysis, the σres

o term is given a fixed value of 3 mrad which has been determined to be

an acceptable value based on MicroBooNE simulation studies of muons at higher momenta. At

4.5 GeV/c muon momentum and l ≈ X0, equation 2.1 predicts an RMS angular scatter of 3 mrad,

comparable to the detector resolution. The fully contained muons addressed in this analysis have
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Angular resolution = 3 mrad (MicroBooNE)
          = ? (DUNE)

Divide track into segments and fit straight line to each segment. Measure angles between 
fits to successive segments and calculate RMS of these angles. 

As momentum increases, RMS scattering angle decreases. This means RMS angle becomes 
more comparable with angular resolution of detector, and measurement of RMS angle 
deteriorates. Only way to avoid this deterioration of measurement of RMS angle is to 
increase segment length l.

10 segment lengths 5-25 cm (track < 2.5 m)
13 segment lengths 5-35 cm (track > 2.5 m)

Segment length = X0 = 14 cm (fixed)
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MicroBooNE method at low 
true momentum

MicroBooNE method works well at low true muon momentum

True νμ CC events with exiting track

Include only tracks with true muon momentum < 1.5 GeV in correction and residuals
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Effect of vertex position and 
track length

ICARUS track momentum residuals

True νμ CC events with exiting track
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Effect of track length

True νμ CC events 
with exiting track

All events

Longest reco track > 500 cm Longest reco track < 500 cm 

ICARUS track 
momentum 
resolution
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Effect of track length

True νμ CC events 
with exiting track

All events

Longest reco track > 500 cm Longest reco track < 500 cm 

νμ energy resolution 
using ICARUS MCS
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Hadronic energy residuals

True νμ CC events 
with exiting track

x vertex of longest reco track 

Hadronic energy 
residuals using ICARUS 
MCS against reco 
vertex position
Note: these are 
residuals (reco-true), 
not fractional residuals.

y vertex of longest reco track 

z vertex of longest reco track 

When reco vertex near edge of 
detector, hadronic shower may 
not be contained (more vertices 
are near edge for exiting tracks 
than for contained tracks).
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MicroBooNE method at low 
true momentum

Fractional residuals of hadronic energy 
have narrower width but are biased.

Don’t use this ad hoc tweak.  

Try making ad hoc tweak of uncorrected 
hadronic energy as function of reco z 

vertex position
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Summary

The MicroBooNE method for MCS works well at low true muon momentum, but gives 
values that are too low at high momentum. For this reason, continue to use the ICARUS 
classical method for MCS. 

The resolution of the ICARUS method improves significantly with increasing length of 
track within the detector.  

The residuals of hadronic energy for νμ CC events with exiting tracks suggest that the 
hadronic showers are not contained when the reco vertex is near the edge of the 
detector. 

In the full-sized far detector, consider using a fiducial volume cut at least 500 cm before 
end in z. This will help energy resolution for νμ CC events with exiting tracks, but it must 
be weighed against loss of statistics. 
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