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Studying Neutrino - Argon Cross Sections

• Cross sections are necessary for 
formulating a prior neutrino flux for 
disappearance / appearance 
measurements. 

• Identify reactions / topologies that act 
as signals and backgrounds for a 
MiniBooNE-like excess. 
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rates

• Provide a resource for studying 
advanced electroweak nuclear 
physics: 

• Short range correlations 

• Meson-Exchange currents 

• Random Phase Approximation

Short%Baseline%Program:%Connecting%to%DUNE

Detector%Physics

Neutrino%CrossP
Sections

Oscillations

• To%find%CP%violation,%all%aspects%
are%vital%for%DUNE.

• Good%understanding%of%TPCs,%
neutrino%crossPsections%and%
oscillations%are%vital.

• SBN%program%gets%us%there.
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Excess lies mainly in QE 
region 

 Wideband flux gives us 
cross-checks in  

RES and MEC region. 
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• Our LEE 
search relies 
on a  
measurement 
of inferred 
neutrino 
energy. 
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Studying Neutrino - Argon Cross Sections

Image courtesy FermilabJ. Zennamo, Fermilab

Anomalies at Small-Baselines
There have been hints of a hole in our understanding of short-baseline neutrino 
oscillation experiments dating to the 1990s when LSND release their results

These were consistent with νμ oscillating into νe with an L/E ~ 1 km/GeV, consistent with 
there being a neutrino mass splitting consistent with 1 eV 

The plot thickened when MiniBooNE also found an anomalous excess of electron-like 
events, but was incapable of distinguishing electrons from photons
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Recently MiniBooNE released updated  
results doubling their neutrino data-set  

These new results increased the  
significance of their neutrino-mode excess  

When these results were combined with  
their anti-neutrino data and the LSND  
results it yielded a high significance  
picture consistent with oscillations  
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PRL 121, 221801 (2018)

4.6σ Excess

Find This… …from this!

Same is true for measuring CP violation!
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MicroBooNE Detector
• 85-ton active volume Liquid argon TPC. 

• Many advantages to LArTPC: 

• Excellent position, energy resolution. 

• 4π charged particle acceptance.  

• Large argon nucleus give sensitivity to 
nuclear effects
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• Many challenges with LArTPCs: 

• Large argon nucleus give 
sensitivity to nuclear effects. 

• Drift model requires a detailed 
simulation.
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Charged Current Inclusive Analysis

• Cosmic rejection cuts form the basis of a charged current inclusive analysis, 
which looks for events with a neutrino induced muon and anything else.  
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Muon momentum measured

with MCS, allows us to analyze


exiting tracks (50%). 

Hadronic energy not measured.

Analysis has no dependence on multiplicity. 

W+
Single and double differential


measurement performed in muon 

momentum and angle

Ar

Tracks reconstructed using the Pandora1 
pattern-recognition framework from 


(noise subtracted) wire hits. 

1) Eur. Phys. J. C 78, no. 1, 82 (2018) 
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Charged-Current Inclusive Analysis

• First double-differential result on argon. 
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arxiv 1905.09694 
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Charged-Current Inclusive Analysis
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Model Set Chi2 N Bins

GENIE v2 (with 
MEC) 245.9 42

GENIE v3 108.8 42

NuWro 19.02.1 126.5 42

GiBUU (2019) 172.9 42

• Majority of 
tension in the 
most forwarding 
going bins. 

• GENIE v3 
(incorporating 
RPA effects) 
gives the best 
description. 

• Data with associated efficiency and correlation matrix here

https://arxiv.org/abs/1905.09694
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Uncertainty Evaluation

Source Relative Err.

Detector Model 16.2%

Neutrino Flux 12.2%

Events outside 

TPC

10.9%

All Others < 5%

• Uncertainties largest 
in regions dominated 
by background (low 
momentum, backward 
going). 

• Strongly correlated 
across bins, detector 
modeling has a strong 
impact on efficiency.
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Leading Systematic Contributions
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Charged Current π0 Selection
• Excellent channel for benchmarking 

EM shower performance.  

• First ever measurement in a LArTPC 
with automated shower reconstruction. 

• Low energy showers difficult to tag, 
require at least one shower in 
analysis. Two for mass-peak. 
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Joel Mousseau: NuInt 2018

Single Shower Selection

�14

μ-

νμ
π0

Ɣ

Ɣ

Conversion Length  
< 60 cm

Impact Parameter  
< 4 cm

• Final set of 
selection cuts 
removes cosmic 
background 

• If two showers in 
the event, the 
higher energy 
shower is 
selected. 

• Overlap exists 
between 1 and 2 
shower samples.  

• Each cut ~85% 
efficient.  
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Charged Current π0

• Similar selection as Inclusive, only 
now require at least one photon 
induced shower in addition to µ-. 

• A Scaling of FSI in GENIE 
compatible across D, C and Ar.  

• Our measurement is consistent 
with GENIE and NuWro.
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Type % Error Affected Measurement

Flux 16% Flux division, 
Background Estimation

Cross-Section 17% Background Estimation 

Detector Modeling 21% Background Estimation 
Efficiency Correction

TOTAL 31%Follow on analysis will have higher 
efficiency and smaller errors.
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Cross Sections with Proton Final States

• Final states with 1 
proton and no mesons 
arguably most important 
cross section for 
MicroBooNE.
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Use 1 μ 1 p to constrain

1e 1 p

• Future SB neutrino experiments use 1e 
1p as a potential sterile signature.  

• LAr TPCS can detect and reconstruct 
protons at lower momenta than 
scintillator detectors (~300 MeV/c).

~1.5 cm

No Mesons allowed in final state!
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Identifying Protons

• Protons reconstructed by identifying the Bragg 
peak of particles as they stop. 

• Fit track’s dE/dx vs. Residual range to Bethe-
Bloch expectation for protons.  

• Improved simulation with data measured E field 
will improve our modeling of this observable. 
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ID As Protons

Efficiency Purity

85.2% 92.6%

For Leading Proton:

account that MicroBooNE has 3mm wire pitch (instead of the 4mm in ArgoNeuT), which should
overestimate the error in resolution. We prefer to use this conservative approach due to the large
smearing in the dEd/dx observed in the MicroBooNE detector.

In Figure 6, we show the distribution of the calculated PID (�2
proton/ndof) values for all tracks

within the selected ⌫µ CC inclusive sample. The left plot is for contained tracks in the event being
reconstructed as part of the ⌫µ CC interaction; right plot is for uncontained tracks. The predicted
yield from simulated data plus off-beam data is normalized to the number of selected events in
on-beam data. While there are some data/MC discrepancies, both MC and off-beam data (being
dominated by muons) show the separation power of the new proton identification method between
MIP/non–MIP particles using the PID value.
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Figure 6: �
2
proton/ndof values for the tracks within the selected ⌫µ CC inclusive sample. Left

plot shows contained tracks (�2
/ndofdata/MC = 441.3/14, includes statistics only) and the right

plot shows uncontained tracks (�2
/ndofdata/MC = 493.2/14, includes statistics only). The total

predicted yield is area normalized to the number of selected events in on-beam data.

The separation of tracks into contained and uncontained samples allows us to undertsand the
importance of the presence of a Bragg peak in particle identification. From Figure 6, we observe
that uncontained tracks are shifted to higher values of �

2
proton/ndof . This is reasonable since

uncontained tracks will not have Bragg peak energy deposits. Therefore the detector response is
less likely to appear proton-like regardless of the actual particle type. While contained muons will
have lower �

2 values closer to proton–like than uncontained muons due to the Bragg peak at the
stopping point of the muon. We can also interpret the sample of protons (observed in MC) outside
the proton–like region as protons which interact with the detector material (argon), then there is
no Bragg peak energy deposition. Improvements in the ability to identify interacting protons after
scatters will be a focus in the next generation of analysis in MicroBooNE. For this first stage of
proton selection, they will be part of our inefficiency and not selected. The effect is quantified in
Section 5.2 discussing proton identification efficiency determinations.

Looking at the distributions in data and MC, we are confident that the proton identification
has improved purity compared to previous identification methods and can be used for topological
selection.

Taking into account both the particle power discrimination (muon versus proton) and the
data/MC shape agreements, we decide to apply for the muon and proton candidates a PID re-
quirement:

• muon candidate has a PID (�2
proton/ndof)>88.

• proton candidates have a PID (�2
proton/ndof)<88.

When considering this choice of PID value, we considered the data/MC comparisons but also
the on-beam vs off-beam yields. Since we expect the off-beam data to be dominated by muons, the
sample allows us to determine the MIP passing rate for the proton ID discriminant. The chosen
cut value used for this PID method have been determined by studying both efficiency and purity

11
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Charged-Current N Protons
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Muon Variables

Leading Proton  
Variables

• Proton kinematics show better shape agreement than muon kinematics.

Momentum [GeV/c] Angle wrt Beam [Cos(θ)]



Joel Mousseau: Weak Interactions and Neutrinos 2019

Charged-Current N Protons

!14

Second Leading Proton  
Variables

Leading Proton  
Variables

• Caveat: Top row requires exactly two protons in final state. 

Momentum [GeV/c] Angle wrt Beam [Cos(θ)]
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Charged-Current 2 Proton

• e- nuclear experiments show strong 
evidence for interactions off nucleon 
pairs.  

• Signature is two protons knocked out 
back to back in CM frame.
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Science 
320, 1476 
(2008)

• Searching for 
evidence of this in 
MicroBooNE. 

• Shape better 
modeled by 
incorporating QE 
nuclear effects. 

GENIE v2.12.2+EMP MEC GENIE 1810a0211a
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νe-Argon Cross-Section

• Identifying νe important for 
resolving the MiniBooNE 
LEE.  

• Use NuMI (off-axis) beam: 
νe content order of 
magnitude higher than BNB.
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• First νe measurement on Argon. 

• Only using one plane for PID 
currently. Leads to inability to detect 
vertical electrons. 

• Simulation of full 3 planes underway.  

MICROBOONE-NOTE-1038-PUB
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Conclusions

• MicroBooNE is making rapid progress in measuring cross-sections relevant for 
oscillation and electroweak nuclear physics: 

• CC π0 (Paper Published) 

• Double-differential CCInclusive (Paper Submitted) 

• CC N proton (Paper In-Progress) 

• CC 2 protons (Paper In-Progress) 

• CC Inclusive νe (Paper In-Progress) 

• These measurements form a springboard for resolving the MiniBooNE low 
energy excess.  

• Measurements will be considerable help for theorists and model builders.  

• Looking forward to measurements of more exotic processes (K+, π+, exclusive 
νe) as time progresses!
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Thank you For Listening!

References for MicroBooNE Papers and Public notes on next slide 
(https://microboone.fnal.gov/public-notes/)

https://microboone.fnal.gov/public-notes/
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Cosmic Mitigation

• 32 PMTs are used to 
detect prompt scintillation 
light, enables us to search 
for events in a 1.6 us 
beam window
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Greyed Regions unlikely

to contain neutrino events

• Still a BG to contend with for overlapping events 
and beam gates with no neutrino interaction.  
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Cosmic Mitigation

• Remove and tag “obvious” 
cosmic rays: 

• Stopping muons with michel 
tagging. 

• Downward or upwarding 
going thoroughgoing 
particles. 

• Particles which enter through 
the sides; cathode or anode. 
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+V

Beam Dir

• Compare the amount of light 
observed in PMTs to the 
predicted amount based on 
the track’s position within a 
beam spill.
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νe-Argon Cross-Section

• Relevant energy range (left) and expected sensitivity (right). 

• Modeling of off-axis NuMI flux extremely difficult, power of this 
measurement comes from being able to positively ID electrons, and 
cross-check LEE signal analysis.

!23
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Neutrino Induced Kaons
• Background for p+ decay. 

• Candidate K+ based on similar 
cuts as proton ID. 

• Still evaluating backgrounds and 
systematics, planning to publish 
search.

!24
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Pandora reconstruction

•Reconstruction begins with “hit finding:” locating hits from waveforms along the wires, and 
deconvolving the signal to an  (x, u, v, t) coordinate. 

•Hits clustered together to form cluster objects, clusters stitched into 3D tracks and 
showers. 

!25
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will preferentially be the muon. When the muon and proton are collinear, use of dE/dx information might
allow the individual particles to be resolved. This information is not yet exploited by the pattern recognition,
but is expected to yield improvements in the future.
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Fig. 11: Reconstruction efficiencies for the target muon and proton in simulated BNB CC nµ quasi-elastic
interactions, (a) as a function of the numbers of true hits, (b) as a function of true momenta and (c) as a
function of the true opening angle between the muon and proton.

Figure 12 shows the completeness and purity of the reconstructed particles with the strongest matches to
the target muon and proton; the distributions strongly peak at one. Figure 12a shows that it is more difficult to
achieve high reconstructed completeness for protons than for muons, as this can require collection of all hits
in complex hadronic shower topologies downstream of the main proton track. Figure 12b shows that there is
a notable population of low purity protons, which are those that just satisfy the requirements to be matched to
the target proton, but which also track significantly into the nearby muon.

Figure 12c shows the displacement of the reconstructed neutrino interaction vertex from the true, generated
position. It is found that 68% of events have a displacement below 0.74 cm. The 10.4% of events with a
displacement above 5 cm are mainly due to placement of the vertex at the incorrect end of one of the particle
tracks. This typically happens when there is a track of significant length with direction back towards the
beam source. The presence of decay electrons can also yield topologies where multiple, distinct particles are
associated with a specific point and can make the downstream end of the muon track appear to be a strong
vertex candidate.

6.2 BNB CC resonance events: nµ +Ar ! µ�+ p+p+

The performance for three-track final states is studied using simulated BNB CC nµ interactions with resonant
charged-pion production. A specific subset of events is selected: those with one reconstructable muon, one
reconstructable proton and one reconstructable charged pion in the visible final state. The true momentum
distributions for particles in selected BNB events peak at approximately 300 MeV for muons, 400 MeV for
protons and 200 MeV for charged pions. An example event topology is shown in Figure 13.

Table 2 shows that 95.1% of target muons, 86.8% of target protons and 80.9% of target pions result in a
single reconstructed particle; 70.5% of events are deemed correct, matching exactly one reconstructed particle
to each target MCParticle. The performance for muons and protons is similar to that observed for the quasi-
elastic events considered in Section 6.1. The fraction of muons with no matched reconstructed particles is
higher than for quasi-elastic events, because the muon and pion tracks can be merged into a single particle.
The pions will sometimes interact, leading to a MCParticle hierarchy of a parent and one or more daughter,
and this explains the frequency at which the target pion is matched to more than one reconstructed particle:
if the parent and daughter are reconstructed as separate particles, with no corresponding reconstructed parent-
daughter links, multiple matches to the target pion will be recorded.
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Fig. 12: Completeness (a) and purity (b) of the reconstructed particles with the strongest matches to the target
muon and proton in simulated BNB CC nµ quasi-elastic interactions and (c) the distance between generated
and reconstructed 3D vertex positions.
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Fig. 13: The reconstruction of a simulated 1.1-GeV CC nµ interaction with resonant charged-pion production.
Target particles for the reconstruction are the muon, proton and charged pion.

#Matched Particles 0 1 2 3+

µ 3.5% 95.1% 1.4% 0.0%
p 9.0% 86.8% 4.0% 0.3%

p+ 6.9% 80.9% 11.4% 0.8%

Table 2: Pattern-recognition performance for the target muon, proton and charged pion in simulated BNB CC
nµ interactions with resonant pion production. The total number of events was 47,754 and 70.5% were deemed
to have exactly one reconstructed particle matched to each target.

Figure 14 displays the reconstruction efficiencies for the target muon, proton and pion as a function of the
numbers of true hits, true momenta and the true opening angles to their nearest-neighbour target MCParticle.
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Multiple Coulomb Scattering

!26

Marco Del Tutto 
24th May 2019!49

Momentum Reconstruction

comparable to the detector resolution. The fully contained muons addressed in this analysis have
momenta below 1.5 GeV/c, making the impact of this detector resolution minimal for that sample.

With the Highland formula, the momentum of a track-like particle can be determined using
only the 3D reconstructed track information, without any calorimetric or track range information.
In neutrino physics experiments, emulsion detectors like those employed by the DONUT [11] and
OPERA [12] collaborations have used MCS to determine particle momenta. Additionally, the
MACRO [13] collaboration at Gran Sasso Laboratory utilized this technique. For LArTPCs, the
ICARUS collaboration has described the MCS-based determination of particle momentum using
a variety of methods [14, 15]. The likelihood-based method discussed in this paper for use in the
MicrobooNE detector and described in detail in section 3, has improved on the ICARUS method
by tuning the underlying phenomenological formula.

Figure 2. The particle’s trajectory is deflected as it traverses the material. The angular scatter in the labeled
x 0 direction is shown as ✓x .

2.1 Tuning the Highland formula for argon

The Highland formula as written in equation 2.1 originates from a 1991 publication by G. R. Lynch
and O. I. Dahl [8]. The parameters in the equation (S2 and ✏) were determined using a global fit
to MCS simulated data using a modified GEANT simulation package of 14 di�erent elements and
7 thickness ranges. All of the simulated particles were relativistic, with � = 1. The materials
studied ranged from hydrogen (with Z=1) to uranium (with Z=92). Given that the parameters in
the formula were determined from a single fit to a wide range of Z with a wide range of material
thicknesses, there is reason to believe that these parameters could di�er for scattering specifically in
liquid argon with l ⇡ X0. There is also reason to believe that these parameters might be momentum-
dependent for particles with � < 1, which is the case for some of the contained muons in this analysis.

In order to re-tune these parameters for liquid argon, a large sample of muons are simulated

– 4 –
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Figure 7: MCS momentum performance for pseudo-exiting tracks in data compared to simulation:
bias for 2 segments removed (a) and resolution for 2 (b), 4 (c), and 6 (d) segments removed.
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Momentum Reconstruction

comparable to the detector resolution. The fully contained muons addressed in this analysis have
momenta below 1.5 GeV/c, making the impact of this detector resolution minimal for that sample.

With the Highland formula, the momentum of a track-like particle can be determined using
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ICARUS collaboration has described the MCS-based determination of particle momentum using
a variety of methods [14, 15]. The likelihood-based method discussed in this paper for use in the
MicrobooNE detector and described in detail in section 3, has improved on the ICARUS method
by tuning the underlying phenomenological formula.
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The Highland formula as written in equation 2.1 originates from a 1991 publication by G. R. Lynch
and O. I. Dahl [8]. The parameters in the equation (S2 and ✏) were determined using a global fit
to MCS simulated data using a modified GEANT simulation package of 14 di�erent elements and
7 thickness ranges. All of the simulated particles were relativistic, with � = 1. The materials
studied ranged from hydrogen (with Z=1) to uranium (with Z=92). Given that the parameters in
the formula were determined from a single fit to a wide range of Z with a wide range of material
thicknesses, there is reason to believe that these parameters could di�er for scattering specifically in
liquid argon with l ⇡ X0. There is also reason to believe that these parameters might be momentum-
dependent for particles with � < 1, which is the case for some of the contained muons in this analysis.

In order to re-tune these parameters for liquid argon, a large sample of muons are simulated
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Figure 7: MCS momentum performance for pseudo-exiting tracks in data compared to simulation:
bias for 2 segments removed (a) and resolution for 2 (b), 4 (c), and 6 (d) segments removed.
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Figure 1. A diagram of the time projection chamber of the MicroBooNE detector [6]. PMTs (not shown)
are located behind the wire planes.

by the Highland formula [8, 9]

�HL
o =

S2
p�c

z

s
`

X0


1 + ✏ ⇥ ln

✓
`

X0

◆�
, (2.1)

where � 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.
So called “mixture models” [10, 11] which model both the core and tails of scattering distributions
are not used in this study, though their inclusion may potentially improve algorithm performance.
In this study, a modified version of the Highland formula is used that includes a detector-inherent
angular resolution term, �res

o

�o =
q
(�HL

o )2 + (�res
o )2. (2.2)

For this analysis, the �res
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
momenta below 1.5 GeV/c, making the impact of this detector resolution minimal for that sample.

– 3 –

• Highland formula relates 
rms of scattering to p. 


