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Introduction

PAST 
1970-1990’s 

Using deuterium-filled bubble chambers: 

‣ to test the V-A nature of the weak interactions 

‣ to measure the axial vector form factor of the nucleon
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Introduction

TODAY 

Modern experiments no longer include deuterium but use complex nuclei as their 

neutrino targets 

For heavy elements nuclear effects are not understood -> more data is needed

p
n

Deuterium

Argon

Carbon

MicroBooNE!
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Introduction

TODAY 

Modern experiment are trying to make precision measurements of neutrino oscillation 

parameters, requiring precise and accurate cross section measurements

MicroBooNE also has an oscillation programme: 

see talk by Xiao Luo in the WG1+WG2 session today
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Outline
‣ CC0π events  

‣ a quick look at results from other experiments 

‣ LArTPC/MicroBooNE 
‣ how it works  
‣ event reconstruction 
‣ how it compares to other experiments 

‣ MicroBooNE CC Inclusive Analysis 

‣ Particle Multiplicity and Proton Identification 
‣ ArgoNeuT results  
‣ MicroBooNE analyses 
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Neutral Current Charged Current 6

FIG. 9. Proton track candidate in MicroBooNE data. The
track was selected by the decision tree classifier as being very
likely a proton.

FIG. 10. Proton track candidate in MicroBooNE data. The
white arrow points to a track that was selected by the decision
tree classifier as being very likely a proton.

V. CONCLUSIONS

Whether the strange quarks in the nucleon sea con-
tribute negatively or not at all to the spin of the nucleon
is an open question. Elastic neutrino-proton scattering
o↵ers an unique way to determine �s that is independent
of the assumptions required by previous measurements.
The MicroBooNE liquid argon TPC can detect low-Q2

NC elastic events and is currently taking neutrino data at
Fermilab. Automated event reconstruction and selection
methods are being developed to analyze the large amount
of high-resolution neutrino events in MicroBooNE.
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CC0π Interactions

Signal definition: 
‣ 1 lepton 
‣ 0 pions 
‣ any number of nucleons

Run 5362 Event 900, March 6th, 2016
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CC0π Interactions
Nuclear Effects

‣ Final state is different from the “traditional quasi-elastic final state” with 1μ1p  

‣ Need a detector that can resolve hadrons: can be done in LAr
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CC0π - Recent Experimental Results

MiniBooNE MINERvA T2K49. Neutrino Cross Section Measurements 3

and pion production processes, two areas we discuss next.
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Figure 49.1: Measurements of νµ and νµ CC inclusive scattering cross sections
(per nucleon) divided by neutrino energy as a function of neutrino energy. Note the
transition between logarithmic and linear scales occurring at 100 GeV. Neutrino
cross sections are typically twice as large as their corresponding antineutrino
counterparts, although this difference can be larger at lower energies. NC cross
sections (not shown) are generally smaller but non-negligible compared to the CC
scattering case.

49.2. Quasi-elastic scattering

Quasi-elastic (QE) scattering is the dominant neutrino interaction for neutrino energies
less than ∼ 1 GeV and represents a large fraction of the signal samples in many neutrino
oscillation experiments. Historically, neutrino (antineutrino) quasi-elastic scattering refers
to the process, νµ n → µ− p (νµ p → µ+ n), where a charged lepton and single nucleon
are ejected in the elastic interaction of a neutrino (or antineutrino) with a nucleon in
the target material. This is the final state one would strictly observe, for example, in
scattering off of a free nucleon target. Fig. 49.2 displays the current status of existing
measurements of νµ and νµ QE scattering cross sections as a function of neutrino
energy. In this plot, and all others in this review, the prediction from a representative
neutrino event generator (NUANCE) [46] provides a theoretical comparator. Other
generators and more sophisticated calculations exist which can yield significantly different
predictions [47]. Note that modern experiments have recently opted to report QE
cross sections as a function of final state muon or proton kinematics [17,18,48]. Such
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CC0π - Recent Experimental Results

MiniBooNE data agree well 
with predictions that 

include both 2p2h and RPA
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FIG. 8: Nominal model predictions for the MiniBooNE double-differential datasets with M
A

= 1.01GeV/c2 and all
other model parameters at their default values. The relativistic RPA calculation is shown. Normalization

parameters are applied as given in Table III.
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FIG. 8: Nominal model predictions for the MiniBooNE double-differential datasets with M
A

= 1.01GeV/c2 and all
other model parameters at their default values. The relativistic RPA calculation is shown. Normalization

parameters are applied as given in Table III.
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A

= 1.01GeV/c2 and all
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FIG. 8: Nominal model predictions for the MiniBooNE double-differential datasets with M
A

= 1.01GeV/c2 and all
other model parameters at their default values. The relativistic RPA calculation is shown. Normalization

parameters are applied as given in Table III.

MiniBooNE data agree 
with an effective value of 

MA = 1.35 GeV

T. Katori, IU Ph.D. thesis

NuSTEC White Paper, 
Phys. Rev. D81, 092005 (2010)

MiniBooNE
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CC0π - Experimental Results

NuSTEC White Paper

MINERvA and T2K data agree with simulations 
that include multinuclear processes

47

FIG. 9. Double di↵erential cross section as a function of transverse p
T

and longitudinal p
L

muon mo-
mentum for neutrinos measured by MINERvA [261]. The predictions from nominal GENIE MC (blue)
without RPA and 2p2h and a modified version (red) with RPA and an enhanced 2p2h based on data from
the MINERvA are shown.

useful for comparison with models [250, 262]. T2K published CCQE total cross sections for the one-
and two-track sample separately [256]. The disagreements between them may be key to the under-
standing of the hadronic system. The majority of hadronic studies is provided by the MINERvA
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What Next?

‣ How do we further tune 

theory models?  

‣ How is the situation going 

to look like for argon?  

‣ Can MicroBooNE tell us 

more about final states and 

nuclear effects?
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The MicroBooNE Experiment

MicroBooNE 
Detector

Booster Neutrino Beam Line

Neutrino 
Source

Goals of the Short Baseline Neutrino program:  

‣ low-energy excess observed by MiniBooNE 

‣ sterile neutrinos 

‣ cross section measurements 

‣ R&D for future LArTPC experiments
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and pion production processes, two areas we discuss next.
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Figure 49.1: Measurements of νµ and νµ CC inclusive scattering cross sections
(per nucleon) divided by neutrino energy as a function of neutrino energy. Note the
transition between logarithmic and linear scales occurring at 100 GeV. Neutrino
cross sections are typically twice as large as their corresponding antineutrino
counterparts, although this difference can be larger at lower energies. NC cross
sections (not shown) are generally smaller but non-negligible compared to the CC
scattering case.

49.2. Quasi-elastic scattering

Quasi-elastic (QE) scattering is the dominant neutrino interaction for neutrino energies
less than ∼ 1 GeV and represents a large fraction of the signal samples in many neutrino
oscillation experiments. Historically, neutrino (antineutrino) quasi-elastic scattering refers
to the process, νµ n → µ− p (νµ p → µ+ n), where a charged lepton and single nucleon
are ejected in the elastic interaction of a neutrino (or antineutrino) with a nucleon in
the target material. This is the final state one would strictly observe, for example, in
scattering off of a free nucleon target. Fig. 49.2 displays the current status of existing
measurements of νµ and νµ QE scattering cross sections as a function of neutrino
energy. In this plot, and all others in this review, the prediction from a representative
neutrino event generator (NUANCE) [46] provides a theoretical comparator. Other
generators and more sophisticated calculations exist which can yield significantly different
predictions [47]. Note that modern experiments have recently opted to report QE
cross sections as a function of final state muon or proton kinematics [17,18,48]. Such
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6.3 BNB CC resonance events: nµ +Ar ! µ�+ p+p0

The reconstruction of photons from p0 decays is challenging, but the ability to distinguish a p0 from a single
electromagnetic shower is of direct relevance to the MicroBooNE physics goals. Here, the quality of recon-
struction is benchmarked using simulated BNB CC nµ interactions with resonant neutral-pion production.
Events are considered if they produce exactly one reconstructable muon, one reconstructable proton and two
reconstructable photons in the visible final state. The true momentum distributions for particles in selected
BNB events peak at approximately 300 MeV for muons and 400 MeV for protons. The true energy distribu-
tions peak at approximately 150 MeV for the larger photon (g1), with most associated hits, and 60 MeV for the
smaller photon (g2). An example event topology is shown in Figure 16. The presence of two photon-induced
showers presents a different reconstruction challenge, compared to the track-only topologies considered in
Sections 6.1 and 6.2. Small opening angles between the two showers can cause them to be merged into a
single reconstructed particle, whilst sparse shower topologies can result in single showers being split into
multiple reconstructed particles.

!

p

Simulated unresponsive channels

x, drift position

w, wire position
Interaction Vertex

"1

"2

5 cm

Fig. 16: The reconstruction of a simulated 1.4-GeV CC nµ interaction with resonant neutral-pion production.
Target particles for the reconstruction are the muon, proton and two photons from p0 decay. The label g1
identifies the target photon with the largest number of true hits, whilst g2 identifies the photon with fewer true
hits.

Table 3 shows that the performance for muons and protons remains similar to that seen in Sections 6.1 and
6.2. Exactly one reconstructed particle is matched to 94.8% of target muons and to 85.5% of target protons.
The slightly larger fractions of lost muons or protons is associated with a new failure mechanism, whereby
the tracks are merged into nearby showers. As anticipated, the diverse and complex shower topologies lead
to problems with both merging and splitting of particles. g1 is matched to exactly one reconstructed particle
in 88.0% of events. In 6.8% of events, no particle is matched to g1 and this failure is typically associated
with small showers being absorbed into a nearby track particle. Sparse shower topologies can mean that g1 is
reconstructed as multiple, distinct particles. g2 is matched to exactly one reconstructed particle in 66.4% of
events. g2 can be split into multiple reconstructed particles, but the dominant failure mechanism for this target
shower is the lack of any matched reconstructed particle. This can be due to accidental merging into a nearby
particle, typically that associated with the larger shower, or due to an inability to reconstruct the small 2D
shower clusters or to match these clusters between views.

Events with a µ + p+ g1 + g2 topology, from CC nµ resonance interactions, represent a significant chal-
lenge and 49.9% of events are deemed correct, matching exactly one reconstructed particle to each target

MicroBooNE Event Reconstruction
Pandora: automated pattern recognition arXiv:1708.03135
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represents only a small subset of the possible final states produced by quasi-elastic CC interactions in argon.
The true momentum distributions for muons and protons in selected BNB events both peak at approximately
400 MeV; an example event topology is displayed in Figure 10. Table 1 provides a thorough assessment of
the pattern-recognition performance for this kind of interaction, showing the distribution of numbers of re-
constructed particles matched to each target MCParticle. Events with a correct reconstruction should match
exactly one reconstructed particle to the muon and exactly one to the proton. The Table shows that 95.8% of
target muons and 87.3% of target protons are matched to exactly one reconstructed particle; 86.0% of events
are deemed to be reconstructed correctly. A small fraction of muons (1.3%) are not reconstructed and a more
significant fraction (8.9%) of protons also have no matched reconstructed particle. This is predominantly due
to merging of the muon and proton into a single reconstructed particle. Some muons and protons are split into
two (or more) reconstructed particles. One mechanism for splitting target MCParticles is failure to reconstruct
all the required parent-daughter links when true daughter MCParticles are present: reconstruction of a decay
electron as a separate primary particle, for example. Another mechanism is incomplete reclamation of target
MCParticles that are split across gaps in the detector instrumentation.

!

p

Simulated unresponsive channels

x, drift position

w, wire position

Interaction Vertex

5 cm

Fig. 10: The reconstruction of a simulated 500-MeV CC nµ quasi-elastic interaction. The target particles for
the reconstruction are the muon and proton. A gap in the reconstructed proton track is observed due to the
presence of unresponsive channels, which are included in the simulation.

#Matched Particles 0 1 2 3+

µ 1.3% 95.8% 2.9% 0.1%
p 8.9% 87.3% 3.6% 0.2%

Table 1: Pattern-recognition performance for the target muon and proton in simulated BNB CC nµ quasi-elastic
interactions. The total number of events was 53,168 and 86.0% were deemed to have exactly one reconstructed
particle matched to each target.

Figure 11 displays the reconstruction efficiencies for the target muon and proton as a function of the
numbers of true hits, as a function of true momenta and as a function of the true opening angle between the
muon and proton. The proton reconstruction efficiency is lower than the muon reconstruction efficiency across
the full range of momenta, with the most common failure mechanism being merging of the muon and proton
into a single particle. The efficiency in Figure 11a is better for protons with small numbers of hits than for
muons with the same numbers of hits, because of their respective dE/dx distributions. Figure 11c shows that
the muon and proton are most likely to be merged into a single particle when the two tracks are close to
collinear. The single reconstructed particle will be matched to the target with which it shares most hits, which
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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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6.3 BNB CC resonance events: nµ +Ar ! µ�+ p+p0

The reconstruction of photons from p0 decays is challenging, but the ability to distinguish a p0 from a single
electromagnetic shower is of direct relevance to the MicroBooNE physics goals. Here, the quality of recon-
struction is benchmarked using simulated BNB CC nµ interactions with resonant neutral-pion production.
Events are considered if they produce exactly one reconstructable muon, one reconstructable proton and two
reconstructable photons in the visible final state. The true momentum distributions for particles in selected
BNB events peak at approximately 300 MeV for muons and 400 MeV for protons. The true energy distribu-
tions peak at approximately 150 MeV for the larger photon (g1), with most associated hits, and 60 MeV for the
smaller photon (g2). An example event topology is shown in Figure 16. The presence of two photon-induced
showers presents a different reconstruction challenge, compared to the track-only topologies considered in
Sections 6.1 and 6.2. Small opening angles between the two showers can cause them to be merged into a
single reconstructed particle, whilst sparse shower topologies can result in single showers being split into
multiple reconstructed particles.
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Fig. 16: The reconstruction of a simulated 1.4-GeV CC nµ interaction with resonant neutral-pion production.
Target particles for the reconstruction are the muon, proton and two photons from p0 decay. The label g1
identifies the target photon with the largest number of true hits, whilst g2 identifies the photon with fewer true
hits.

Table 3 shows that the performance for muons and protons remains similar to that seen in Sections 6.1 and
6.2. Exactly one reconstructed particle is matched to 94.8% of target muons and to 85.5% of target protons.
The slightly larger fractions of lost muons or protons is associated with a new failure mechanism, whereby
the tracks are merged into nearby showers. As anticipated, the diverse and complex shower topologies lead
to problems with both merging and splitting of particles. g1 is matched to exactly one reconstructed particle
in 88.0% of events. In 6.8% of events, no particle is matched to g1 and this failure is typically associated
with small showers being absorbed into a nearby track particle. Sparse shower topologies can mean that g1 is
reconstructed as multiple, distinct particles. g2 is matched to exactly one reconstructed particle in 66.4% of
events. g2 can be split into multiple reconstructed particles, but the dominant failure mechanism for this target
shower is the lack of any matched reconstructed particle. This can be due to accidental merging into a nearby
particle, typically that associated with the larger shower, or due to an inability to reconstruct the small 2D
shower clusters or to match these clusters between views.

Events with a µ + p+ g1 + g2 topology, from CC nµ resonance interactions, represent a significant chal-
lenge and 49.9% of events are deemed correct, matching exactly one reconstructed particle to each target

20

As expected, target MCParticles are most likely to be merged into single reconstructed particles when the
targets are collinear. Figure 15 shows the completenesses and purities of the reconstructed particles with the
strongest matches to the target muon, proton and pion. The reported completeness is lowest for the target pions
because of the difficulty inherent in fully reconstructing the hierarchy of daughter particles, even when all the
separate particles are reconstructed.
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Fig. 14: Reconstruction efficiencies for the target muon, proton and charged pion in simulated BNB CC nµ
interactions with resonant pion production, (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 angles to the nearest-neighbour target MCParticle. For
instance, for the muon in a given event, this would be the smaller of its true opening angles to the proton and
the charged pion.

Figure 15c 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 0.48 cm, whilst 7.3% of events have a
displacement above 5 cm. The vertex reconstruction performance is better than for the quasi-elastic events
considered in Section 6.1. The presence of the pion track, whilst adding to the complexity of the events,
provides additional pointing information indicating the position of the interaction vertex.
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Fig. 15: Completeness (a) and purity (b) of the reconstructed particles with the strongest matches to the target
muon, proton and charged pion in simulated BNB CC nµ interactions with resonant pion production and (c)
the distance between generated and reconstructed 3D vertex positions.
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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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#Matched Particles 0 1 2 3+

µ 3.7% 94.8% 1.5% 0.0%
p 9.9% 85.5% 4.3% 0.3%
g1 6.8% 88.0% 4.8% 0.4%
g2 29.9% 66.4% 3.6% 0.2%

Table 3: Pattern-recognition performance for the target muon, proton and two photons (g1 is the photon with
the largest number of true hits, g2 has fewer true hits) in simulated BNB CC nµ interactions with resonant
neutral-pion production. The total number of events was 17,939 and 49.9% had exactly one reconstructed
particle matched to each target.

MCParticle. To reconstruct these events, there are fundamental tensions in the pattern recognition. Algorithms
need to be inclusive to avoid splitting true showers into multiple reconstructed particles, but they also need
to avoid merging together hits from separate, nearby target MCParticles. Algorithm thresholds for individual
particle creation also need to be sufficiently low to enable efficient reconstruction of small showers, without
leading to the creation of excessive numbers of separate fragment particles. Aggressive searches for small
particles associated with the reconstructed neutrino interaction vertex can help to address this second source
of tension.

The reconstruction efficiencies, purities and completenesses for the target muon and proton are essentially
unchanged from those reported for the event topologies considered in Sections 6.1 and 6.2. Figure 17 therefore
concentrates on the pattern-recognition performance for the two showers, showing reconstruction efficiencies
as a function of the numbers of true hits, true momenta and the true opening angle between the two photons.
The efficiency for g1 increases, almost monotonically, with the number of true hits. The efficiency for g2
initially displays the same rise with number of true hits, but then falls away as the two showers are more
frequently merged into a single reconstructed particle that is associated to the larger target, g1.

Figure 17c shows that the efficiency for g2 is very low when the opening angle between the two photons is
small and the two showers are coincident. The efficiency then rises as the opening angle increases and the two
showers begin to appear as separate entities, reaching a maximum at a true opening angle of approximately 36�.
The efficiency then decreases slowly as the angle increases, before falling steeply as the two showers appear
in a back-to-back topology. The efficiency for g2 is always lower than that for g1, as merged reconstructed
particles will typically be associated to g1 and as more of the smaller showers do not cross the threshold for
creation of a reconstructed particle.
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Fig. 17: Reconstruction efficiencies for the target photons (g1 is the photon with the largest number of true
hits, g2 has fewer true hits) in simulated BNB CC nµ interactions with resonant neutral-pion production, (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.

MicroBooNE uses Pandora to perform automated pattern recognition of cosmic-ray muon and neutrino events 
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The MicroBooNE LArTPC

Go to: http://venu.physics.ox.ac.uk

http://venu.physics.ox.ac.uk
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The MicroBooNE Detector

MicroBooNE cryostat lowered into the pit

Inside the detector: PMT system

Stainless steel wires 
with gold coating

3 wire planes 
8192 wires total
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CC0π - Event Topology

MiniBooNE MicroBooNE

http://www2.lns.mit.edu/~conrad/miniboone.html 

http://www2.lns.mit.edu/~conrad/miniboone.html
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Electron, 
Photon Muon Proton π0      γγ

Cherenkov 
(MiniBooNE)

LArTPC 
(MicroBooNE)

NuMI DATA: RUN 10811, EVENT 2549. APRIL 9, 2017.

γ1

γ2

CC0π - Event Topology
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MINERvA MicroBooNE

CC1π - Event Topology

muon

pion

https://sciencesprings.wordpress.com/tag/fnal-minerva/ 

https://sciencesprings.wordpress.com/tag/fnal-minerva/
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CC Multi Track - Event Topology

T2K MicroBooNE

http://www.uvic.ca/science/physics/vispa/research/projects/neutrino/ 

http://www.uvic.ca/science/physics/vispa/research/projects/neutrino/
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‣ First channel that will be addressed by the 

MicroBooNE cross-section program  

‣ Simple: looking for a long muon track  

‣ We have an automated reconstruction and 

event selection

Motivations 
‣ Interesting physics measurement on argon, provides input for theory 

‣ Will constrain the νe rate in MicroBooNE and other backgrounds 

‣ Will provide a sample to study other specific channels (π0, proton kinematics, …) 

μ

p

e

νμ CC-Inclusive Analysis
CC Interactions @ MicroBooNE
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CC-inclusive event distributions

‣ Simulation scaled to same number of events as data 

‣ Cosmic background subtracted

Data  

(Beam On – Beam Off) 

corresponds to 4.95x1019 POT  

(3 months of data taking), about 

2700 νμ-CC candidate events  

MC 
Neutrino interaction (GENIE 2.8.6), 

cosmic (CORSIKA v7.4003).

CC Interactions @ MicroBooNE
MICROBOONE-NOTE-1010-PUB
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CC-inclusive event distributions

‣ Simulation scaled to same number of events as data 

‣ Cosmic background subtracted

CC Interactions @ MicroBooNE
MICROBOONE-NOTE-1010-PUB
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49. Neutrino Cross Section Measurements 3

and pion production processes, two areas we discuss next.
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Figure 49.1: Measurements of νµ and νµ CC inclusive scattering cross sections
(per nucleon) divided by neutrino energy as a function of neutrino energy. Note the
transition between logarithmic and linear scales occurring at 100 GeV. Neutrino
cross sections are typically twice as large as their corresponding antineutrino
counterparts, although this difference can be larger at lower energies. NC cross
sections (not shown) are generally smaller but non-negligible compared to the CC
scattering case.

49.2. Quasi-elastic scattering

Quasi-elastic (QE) scattering is the dominant neutrino interaction for neutrino energies
less than ∼ 1 GeV and represents a large fraction of the signal samples in many neutrino
oscillation experiments. Historically, neutrino (antineutrino) quasi-elastic scattering refers
to the process, νµ n → µ− p (νµ p → µ+ n), where a charged lepton and single nucleon
are ejected in the elastic interaction of a neutrino (or antineutrino) with a nucleon in
the target material. This is the final state one would strictly observe, for example, in
scattering off of a free nucleon target. Fig. 49.2 displays the current status of existing
measurements of νµ and νµ QE scattering cross sections as a function of neutrino
energy. In this plot, and all others in this review, the prediction from a representative
neutrino event generator (NUANCE) [46] provides a theoretical comparator. Other
generators and more sophisticated calculations exist which can yield significantly different
predictions [47]. Note that modern experiments have recently opted to report QE
cross sections as a function of final state muon or proton kinematics [17,18,48]. Such

February 8, 2016 19:56
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FIG. 5. Pictorial diagrams of examples of two-proton knock-
out CC reactions involving np SRC pairs. Short range cor-
related (green symbol) nucleons in the target nucleus are de-
noted by open-full dots (n-p), wide solid lines (purple) repre-
sent RES nucleonic states, (purple) lines indicate pions.

trino energy. On the other hand, neutrinos can e↵ectively
probe the nucleus for its SRC content through both one-
body and two-body CC reactions on np SRC pairs and,
with the advent of LArTPC detectors, two-proton knock-
out topologies can be identified unambiguously. The two
protons can indeed be detected at any emission angle in
the 4⇡ sensitive LAr volume and down to energies be-
low the Fermi level (detection threshold in ArgoNeut is
T thr
p = 21 MeV, i.e. about 200 MeV/c momentum, less

than kF of Ar).
To elucidate the role of SRC, we consider here the fol-
lowing neutrino CC interactions leading to two-proton
knock-out:

- CC RES pionless mechanisms involving a pre-existing
SRC np pair in the nucleus. For example, (i) via nucleon
RES excitation and subsequent two-body absorption of
the decay ⇡+ by a SRC pair (Fig.5 [Left]), or (ii) from
RES formation inside a SRC pair (hit nucleon in the pair)
and de-excitation through multi-body collision within the
A-2 nuclear system (Fig.5 [Center]). Initial state SRC
pairs are commonly assumed to be nearly at rest, i.e.
~p i
p ' �~p i

n . The detection of back-to-back pp pairs in the
Lab frame can be seen as “snapshots” of the initial pair
configuration in the case of RES processes with no or low
momentum transfer to the pair. As noticed, four events
in our (µ�+2p) sample are found with the proton pair in
a back-to-back configuration in the Lab frame (cos(�)<-
0.95, Fig.2). Visually the signature of these events gives
the appearance of a hammer, with the muon forming the
handle and the back-to-back protons forming the head.
As an example, the 2D views from the two wire planes
of the LArTPC for one of these “hammer” events is re-
ported in Fig. 4. In all four events, both protons in the
pair have momentum significantly above the Fermi mo-
mentum, with one almost exactly balanced by the other,
i.e. ~pp1 ' �~pp2. All events show a rather large miss-
ing transverse momentum, PT

miss & 300 MeV/c. These
features look compatible with the hypothesis of CC RES
pionless reactions involving pre-existing SRC np pairs.

- CC QE one-body neutrino reactions, through vir-
tual charged weak boson exchange on the neutron of a
SRC np pair (Fig.5 [Right]). The high relative momen-
tum will cause the correlated proton to recoil and be
ejected. Within impulse approximation, identification of

the struck neutron requires a large momentum transfer
such that the momentum of the proton emitted in this
type of event is much larger than the momentum of the
spectator proton in the pair, i.e.:

~pp1 = ~p i
n + ~q � kF ; ~pp2 = ~p i

p > kF (2)

with both protons exceeding the Fermi momentum, the
struck nucleon p1 being the higher in momentum and the
lower p2 identified as the recoil spectator nucleon from
within the SRC. As mentioned above, momentum trans-
fer in neutrino events is a reconstructed quantity, less
precisely determined than in electron scattering experi-
ments. However, with an approach similar to the electron
scattering triple coincidence analysis, we determine the
initial momentum of the struck neutron from the [Left]
equation in (2), i.e. by transfer momentum vector sub-
traction to the higher proton momentum (~p i

n = ~pp1�~q).
This procedure is applied to the remaining sub-sample
of fifteen ArgoNeuT events (µ� + 2p) with both pro-
tons above Fermi momentum, after excluding the four
hammer events already ascribed to other types of reac-
tions. In most cases the reconstructed initial momentum
is found above kF and with cos(�i) < 0 (opening an-
gle �i between the reconstructed struck neutron and the
recoil proton in the initial pair), i.e. opposite to the di-
rection of the recoil proton. In particular, a fraction of
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FIG. 6. Cosine of the reconstructed opening angle �i of the
initial state vs. cosine of the observed opening Lab angle �
of the final state proton pairs (both protons with momen-
tum above kF ). In the inset, the cos(�i) distribution of the
reconstructed initial pair opening angle.

the events exhibit a strong angular correlation peaking
at large, back-to-back initial momenta, as shown in the
inset of Fig.6. The bin size includes the e↵ect of the
uncertainty in the transfer momentum reconstruction on
the measurement of cos(�i). The measured transverse
component of the missing momentum in these events is
typically small (. 250 MeV/c). Under the above as-
sumptions and within the limits of our reconstruction,
these events appear compatible as originating from SRC
pairs through CC QE reactions.

ArgoNeuT investigated other processes other than two-nucleon currents: 
short-range nucleon-nucleon correlations (NN SRC)

Neutron
Proton

Short-range 
correlation

RES nucleonic state

Pions
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FIG. 1. Momentum, pp1, of the most energetic proton in the
pair vs. momentum, pp2, of the other (least energetic) proton
for the 30 events in the (µ�+2p) sample. The Fermi momen-
tum in argon (line) and the momentum corresponding to the
detection threshold in ArgoNeuT (dashed) are also indicated.
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FIG. 2. Cosine of the angle � between the two protons (Lab
frame) vs. the momentum of the least energetic proton in the
pair for the 30 events in the (µ� +2p) sample. In the inset is
the distribution of cos(�).

Experimentally measurable observables are the 3-
momentum of the muon, determined from the matched
track in ArgoNeuT and MINOS-ND, the sign of the muon
provided by MINOS-ND, and the energy and direction of
propagation of the two protons measured by ArgoNeuT.
The target nucleus (A=Ar) is at rest in the Lab and the
CM of the correlated np pair is assumed to be (nearly)
at rest in it. The nuclear system X in final state, an
excited (A-2)⇤ bound state or any other unbound state,
is undetected and we take its momentum components
equal to the momentum components of the missing 4-
momentum vector Pmiss. The direction of the incident
neutrino is along the ẑ axis, therefore the missing trans-
verse momentum (in the x̂, ŷ plane) is directly measur-
able as PT

miss = �(kTµ + pTp1 + pTp2) from Eq.(1). This
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FIG. 3. Missing transverse momentum distribution for the 30
events in the (µ� + 2p) sample.

corresponds to the transverse momentum of the residual
nuclear system PT

A�2. The missing energy component
Emiss is here defined as the energy expended to remove
the nucleon pair from the nucleus.
The final state proton momenta determined from the en-
ergy measurement of fully contained tracks are reported
in Fig.1, with the scatter plot of the higher vs the lower
momentum of the pp pair in the (µ� +2p) sample. Most
of the events (19 out of 30) have both protons above the
Fermi momentum of the Ar nucleus (kF '250 MeV [19],
solid lines in Fig.1 - we take here an average value for the
proton and the neutron Fermi momentum).
The angle in space � between the two detected proton
tracks at the interaction vertex is directly measured in
the Lab reference frame. The scatter plot of Fig. 2 shows
the cosine of the � angle vs. the momentum of the least
energetic proton in the pair. The cos(�) distribution is
also reported (inset of Fig. 2). It is interesting to note
that four of the nineteen 2p-events above the Fermi mo-
mentum are found with the pair in a back-to-back con-
figuration (cos(�)<-0.95).
The missing transverse momentum measured from the
unbalanced momentum of the triple coincidence (µ�+2p)
in the plane transverse to the incident neutrino direc-
tion is shown in Fig. 3. The tail at very high PT

miss can
be explained as due to events with undetected energetic
neutron(s) emission.
The incident energy is not confined to a single value

but distributed in a broad ⌫-beam energy spectrum.
From energy conservation in Eq.(1), the incident neu-
trino energy for the (µ� + 2p) events is given by E⌫ =
(Eµ + Tp1 + Tp2 + TA�2 + Emiss). An estimate can be
inferred from the final state particles (muon and two pro-
tons) measured kinematics. The last two terms are small
corrections: the residual nuclear system is undetectable,
however a lower bound for its recoil kinetic energy can
be calculated using the measured transverse missing mo-
mentum as TA�2 ⇡ (PT

miss)
2/2MA�2. The missing energy

includes two terms, namely the two nucleon separation

Results - Back-to-back protons
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30 fully reconstructed events 
19 have protons above Fermi momentum of Ar 

4 events have back-to-back protons
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FIG. 1. Momentum, pp1, of the most energetic proton in the
pair vs. momentum, pp2, of the other (least energetic) proton
for the 30 events in the (µ�+2p) sample. The Fermi momen-
tum in argon (line) and the momentum corresponding to the
detection threshold in ArgoNeuT (dashed) are also indicated.
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FIG. 2. Cosine of the angle � between the two protons (Lab
frame) vs. the momentum of the least energetic proton in the
pair for the 30 events in the (µ� +2p) sample. In the inset is
the distribution of cos(�).

Experimentally measurable observables are the 3-
momentum of the muon, determined from the matched
track in ArgoNeuT and MINOS-ND, the sign of the muon
provided by MINOS-ND, and the energy and direction of
propagation of the two protons measured by ArgoNeuT.
The target nucleus (A=Ar) is at rest in the Lab and the
CM of the correlated np pair is assumed to be (nearly)
at rest in it. The nuclear system X in final state, an
excited (A-2)⇤ bound state or any other unbound state,
is undetected and we take its momentum components
equal to the momentum components of the missing 4-
momentum vector Pmiss. The direction of the incident
neutrino is along the ẑ axis, therefore the missing trans-
verse momentum (in the x̂, ŷ plane) is directly measur-
able as PT

miss = �(kTµ + pTp1 + pTp2) from Eq.(1). This
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FIG. 3. Missing transverse momentum distribution for the 30
events in the (µ� + 2p) sample.

corresponds to the transverse momentum of the residual
nuclear system PT

A�2. The missing energy component
Emiss is here defined as the energy expended to remove
the nucleon pair from the nucleus.
The final state proton momenta determined from the en-
ergy measurement of fully contained tracks are reported
in Fig.1, with the scatter plot of the higher vs the lower
momentum of the pp pair in the (µ� +2p) sample. Most
of the events (19 out of 30) have both protons above the
Fermi momentum of the Ar nucleus (kF '250 MeV [19],
solid lines in Fig.1 - we take here an average value for the
proton and the neutron Fermi momentum).
The angle in space � between the two detected proton
tracks at the interaction vertex is directly measured in
the Lab reference frame. The scatter plot of Fig. 2 shows
the cosine of the � angle vs. the momentum of the least
energetic proton in the pair. The cos(�) distribution is
also reported (inset of Fig. 2). It is interesting to note
that four of the nineteen 2p-events above the Fermi mo-
mentum are found with the pair in a back-to-back con-
figuration (cos(�)<-0.95).
The missing transverse momentum measured from the
unbalanced momentum of the triple coincidence (µ�+2p)
in the plane transverse to the incident neutrino direc-
tion is shown in Fig. 3. The tail at very high PT

miss can
be explained as due to events with undetected energetic
neutron(s) emission.
The incident energy is not confined to a single value

but distributed in a broad ⌫-beam energy spectrum.
From energy conservation in Eq.(1), the incident neu-
trino energy for the (µ� + 2p) events is given by E⌫ =
(Eµ + Tp1 + Tp2 + TA�2 + Emiss). An estimate can be
inferred from the final state particles (muon and two pro-
tons) measured kinematics. The last two terms are small
corrections: the residual nuclear system is undetectable,
however a lower bound for its recoil kinetic energy can
be calculated using the measured transverse missing mo-
mentum as TA�2 ⇡ (PT

miss)
2/2MA�2. The missing energy

includes two terms, namely the two nucleon separation
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energy for argon [16] and the actual excitation level of
the residual nucleus. We set its total value to a constant
Emiss=30 MeV. This is an approximation of the average
energy to remove a np pair from a Ar nucleus extrapo-
lated from single nucleon removal energy spectra for Ar
nuclei [17].
From the reconstructed neutrino energy and the mea-
sured muon kinematics, the components of the 4-
momentum transfer (!,~q) can eventually be inferred.
The muon momentum resolution is 5-10% [13]. The pro-
ton angular resolution (1-1.5�, depending on the track
length) and the proton energy resolution (about 6% for
protons above the Fermi momentum) are estimated by
MC simulation. The overall resolution in our neutrino
energy and transfer momentum reconstruction is dom-
inated by muon momentum resolution, as in CC inter-
actions the muon takes the largest fraction on the in-
cident neutrino energy. Discussion - Nucleon-nucleon
correlations are essential components of modern poten-
tials describing the mutual interaction of nucleons in nu-
clei. The strong, repulsive short-range correlations (NN
SRC) cause the nucleons to be promoted to states above
the Fermi level in the high-momentum tail of the nucleon
momentum distribution [20]. Thus, SRC cause nucleons
to form pairs with large relative momentum and small
center-of-mass momentum, i.e. pairs of nucleons with
large, back-to-back momenta. Due to NN tensor correla-
tions, SRC pairs are dominantly in iso-singlet (deuteron
like) state (np)I=0 [21].
Two-nucleon knock-out from high energy scattering pro-
cesses is the most appropriate venue to probe NN correla-
tions in nuclei. Two nucleons can be naturally emitted by
two-body mechanisms [4]: MEC - two steps interactions
probing two nucleons correlated by meson exchange cur-
rents, and “Isobar Currents” (IC) - intermediate state
�, N⇤ excitation of a nucleon in a pair with the pion
from resonance decay reabsorbed by the other nucleon.
It should be noted that the NN pairs in these two-body
processes may or may not be SRC pairs.
One-body interactions can also lead to two-nucleon ejec-
tion. This happens when the struck nucleon is in a SRC
pair and the high relative momentum in the pair would
cause the correlated nucleon to recoil and be ejected as
well [12].
It should also be noted that in both cases final state
interactions (FSI) - momenta or charge exchange and in-
elastic reactions - between the outgoing nucleons and the
residual nucleus [10] may alter the picture.

Hadron scattering experiments were extensively per-
formed to probe NN SRC in nuclei. In pion-nucleus ex-
periments in the intermediate energy range (incident en-
ergy fixed in the �-resonance range, 100-500 MeV) the
cross section is high and the main contribution is from ab-
sorption processes. Pion absorption is highly suppressed
on a single nucleon in the nucleus. Thus, absorption re-
quires at least a two-nucleon interaction. The simplest
and most frequent absorption mechanism (for A�12) is
on np pairs (“quasi-deuteron absorption (QDA)”: e.g.

FIG. 4. 2D views of one of the four “hammer events”,
with a forward going muon and a back-to-back proton pair
(pp1 = 552 MeV/c, pp2 = 500 MeV/c). Transformations
from the TPC wire-planes coordinates (w,t “Collection plane”
[Top], v,t “Induction plane” [Bottom]) into Lab coordinates
are given in [13].

⇡+ + (np) ! pp). Most of the pion energy is carried
away by the ejected nucleons (whose separation energy
contributes to the missing energy budget) and part of
the momentum can be transferred to the recoil nucleus
(missing momentum). Observation, e.g. from bubble-
chamber experiments, of pairs of energetic protons with
3-momentum pp1, pp2 � kF detected at large opening an-
gles in the Lab frame (cos�  �0.9) suggested first hints
for SRC in the target nucleus [22].

Electron scattering experiments extensively studied
SRC. Experiments of last generation probe SRC by triple
coincidence - A(e, e0np or pp)A-2 reaction - where the
two knock-out nucleons are detected at fixed angles. The
SRC pair is typically assumed to be at rest prior to the
scattering and the kinematics reconstruction utilizes pre-
defined 4-momentum transfer components determined
from the fixed beam energy and the electron scattering
angle and energy. NN SRC are associated with finding
a pair of high-momentum nucleons, whose reconstructed

initial momenta are back-to-back and exceed the charac-
teristic Fermi momentum of the parent nucleus, while the
residual nucleus is assumed to be left in a highly excited
state after the interaction [23]. Recent results from JLab
(on 12C) indicate that �20% of the nucleons (for A�12)
act in correlated pairs. 90% of such pairs are in the form
of high momentum iso-singlet (np)I=0 SRC pairs; 5% are
in the form of SRC pp pairs; and, by isospin symmetry,
it is inferred that the remaining 5% are in the form of
SRC nn pairs [24].

Neutrino scattering experiments, to our knowledge,
have never attempted to directly explore SRC through
detection of two nucleon knock-out. The main limita-
tion compared to electron scattering comes from the in-
trinsic uncertainty on the 4-momentum transfer. This
originates from the a priori undetermined incident neu-

A candidate back-to-back proton pairs

Results - Back-to-back protons
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ArgoNeuT performed an exclusive (anti-)νμ CC0π cross section measurement

JPS Conf. Proc. 12, 010017 (2016)

and the inclusive cross section as a function of the neutrino energy is given by:

σ
νµ
CC0π(Eν) =

NCC0π(Eν)
φ × Exp × NFID

, (3)

where NCC0π is the measured total number of CC 0-pion events, NCC0π,N p is the measured number
of CC 0-pion events with proton multiplicity N, and NCC0π(Eν) is the measured number of CC 0-pion
events at energy Eν, all after efficiency and acceptance correction and background subtraction. φ is
the total (anti-)neutrino flux, Exp is the total exposure and NFID is the number of argon nuclei in the
fiducial volume.

The measured cross sections for νµ and ν̄µ CC 0-pion events are reported in Fig. 1 and Tab. II.
Inclusive cross sections and exclusive cross sections at different proton multiplicity (N=0, 1, 2, 3, 4)
are shown. Proton multiplicity of 4 is the highest multiplicity found in the data.

Table II. ArgoNeuT CC 0-pion events. Inclusive and exclusive antineutrino and neutrino cross sections.
Statistical and systematics error are reported.

Proton Multiplicity ν̄µ Cross Section (10−38cm2/nucleon) νµ Cross Section (10−38cm2/nucleon)
at < Eν >= 3.6 ± 1.5 GeV at < Eν >= 9.6 ± 6.5 GeV

0 0.39±0.02±0.008 0.17±0.02±0.001
1 0.14±0.02±0.002 0.43±0.05±0.005
2 0.035±0.007±0.002 0.19±0.04±0.001
3 0.008±0.004±0.002 0.05±0.02±0.003
4 0.005±0.004±0.001 0.03±0.02±0.003
Total 0.58±0.03±0.06 0.87±0.08±0.04
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Fig. 1. ArgoNeuT CC 0-pion events. Inclusive and exclusive (N=0,1, 2, 3, 4 protons, with 21 MeV kinetic
energy threshold).ν̄µ (Left) and νµ (Right) cross sections, at the average energy of 3.6±1.5 and 9.6±6.5 GeV
respectively. Argon isoscalar target.

A comparison of the measured antineutrino cross sections as a function of the proton multiplicity
with predictions from GENIE [4] and GiBUU [5] neutrino event generators are show in Fig. 2. The
total cross section predicted by GENIE, σν̄µCC0π(GENIE) = 0.71 · 10−38cm2, is 22% higher than
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Results - Proton multiplicity

The ArgoNeuT ExperimentArgoNeuT data, with large difference at high proton multiplicity. The total cross section predicted by
GiBUU, σν̄µCC0π(GiBUU) = 0.48 · 10−38cm2, is 17% lower than ArgoNeuT data, with large difference
at 0 proton. As can be seen also in Tab. III, Monte Carlo generators predict varying amounts of proton
emission.
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Fig. 2. ν̄µ CC 0-pion events. Comparison of ArgoNeuT exclusive (N=0,1, 2, 3, 4 protons, with 21 MeV
kinetic energy threshold) cross sections with predictions from the GENIE (Left) and GiBUU (Right) neutrino
event generators. The 2p2h component in GiBUU predictions has large uncertainties. Argon isoscalar target.

Table III. ν̄µ CC 0-pion events. Comparison of ArgoNeuT measured fractions of events at different proton
multiplicity with different Monte Carlo generators (GENIE, GiBUU and NUWRO [13])

Proton Multiplicity ArgoNeUT data (%) GENIE (%) GiBUU (%) NUWRO (%)
0 67 61 61 65
1 24 18 24 23
2 6.0 7.3 9.5 8.0
3 1.3 4.9 3.5 2.8
≥ 4 12 1.8 1.6

A comparison of the measured neutrino cross sections as a function of the proton multiplicity
with predictions from GENIE neutrino event generator is show in Fig. 3. The total cross section
predicted by GENIE, σν̄µCC0π(GENIE) = 1.42 · 10−38cm2, is 64% higher than ArgoNeuT data, with
large difference at 1p and high multiplicity events.

The measured cross sections as a function of the neutrino energy reconstructed from the observed
final state particles kinematics, as described in Sect. 3.1.1, are reported in Fig. 4 (Left) for the νµ and
the ν̄µ CC 0-pion event samples. A comparison with predictions from GENIE [4] neutrino event
generator is show in Fig. 4 (Right). Predictions for anti-neutrino (yellow) and neutrino (red) CC
0-pion events (continuous line), QE only events (dash line) and for CC 0-pion events with proton
multiplicity ≤4 (long dash line) are reported to guide the comparison. A quite large disagreement can
be seen, in particular for neutrinos, in the higher energy region.
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The ArgoNeuT Experiment

GENIE prediction is 64% higher 
than ArgoNeuT data
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Fig. 4. CC 0-pion events. νµ (black) and ν̄µ (red) ArgoNeuT measured cross sections as a function of the
reconstructed neutrino energy. One-side errors are added to the data to account for systematic from neutrino
energy reconstruction (according to GENIE underestimation of Eν is 10% for ν and 4% for ν̄). Argon isoscalar
target. Comparison of ArgoNeuT neutrino (blue)and anti-neutrino (pink) data with GENIE predictions. Predic-
tions for anti-neutrino (yellow) and neutrino (red) CC 0-pion events (continuous line), QE only events (dash
line) and for CC 0-pion events with proton multiplicity ≤4 (long dash line) are reported.

4. Future prospects in LAr detectors

Nuclear effects significantly alter cross sections and final state particle topology and kinematics.
The main reason for the disagreement between ArgoNeuT data and Monte Carlo predictions is the
treatment of nuclear effects in the Monte Carlo generators. LAr data can provide an important dis-
criminator among models. Pion absorption in the nucleus is a dominant effect for CC 0-pion events.
Important measurements of charged pion interaction cross section in LAr will come soon from the
LArIAT experiment [7] at Fermilab.

LAr TPC detectors in the Short Baseline Neutrino (SBN) program [8] will provide huge data
sets of ν-Ar interactions from the Booster Neutrino Beam (BNB, <Eν >=800 MeV). Large samples
in MicroBooNE (82 t instrumented volume) [9] are coming. MicroBooNE experiment will record
50,000 νµ CC per year [10]. SBND experiment (112 t instrumented volume) [11] will record 1.5
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Figure 8 illustrates these expectations using our BNB-only MC simulation. The O
2

/O
1

ratio may be
sensitive to the proton kinematics from QE scattering. The O

3

/O
2

ratio may provide sensitivity to the
value of the � resonance production cross section relative to the QE cross section and to the pion kinematics
from resonance decay and propagation through the nucleus. Higher n values of On could test for the DIS
contribution and the presence of high energy tails in proton production by final state interactions (FSI).

We note that our kinetic energy thresholds limit acceptance in such a way that protons produced in FSI
may not significantly contribute to the observed CPMD. Furthermore, our analysis requires a forward-going
long contained track as a muon candidate, which restricts the final state phase space. Our results should
therefore not be compared to the low energy proton multiplicity measurement reported by ArgoNeuT [16].
A future publication will be devoted to a measurement of proton multiplicity in MicroBooNE over a larger
phase space.
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Figure 8: Observed (stacked) multiplicity distributions for di↵erent neutrino interaction types from our
BNB-only default MC simulation in linear scale (left) and in log y scale (right).

5 Analysis Method and Results

5.1 Cosmic ray Backgrounds in MicroBooNE

The MicroBooNE detector lacks appreciable shielding from cosmic rays. Most events that pass trigger con-
ditions during neutrino beam operations (“on-beam data”) contain no neutrino interactions, and triggered
events with a neutrino interaction typically have the products of several cosmic rays in the event readout
window contributing to the detector response along with the products of the neutrino collision. A large sam-
ple of events recorded under identical conditions as the on-beam data, except for the coincidence requirement
with the beam, (“o↵-beam-data”) has been recorded for use in characterizing CR backgrounds. A straight-
forward on-beam minus o↵-beam background subtraction is, however, di�cult, as the o↵-beam data does not
reproduce all correlated detector e↵ects associated with on-beam events containing a neutrino interaction
with several overlaid cosmic rays. The situation is particularly complicated with observed multiplicity=1
neutrino interaction events, which share a common topology with the abundant single muon CR background
MC simulations of the CR flux using the CORSIKA package provide useful guidance; however, the ability
of these simulations to describe the very rare CR topologies that closely match neutrino interactions is not
yet well understood.

For these reasons, this analysis employs a method to separate neutrino interaction candidates from CR
backgrounds that is driven by the data itself. The separation rests on the observation that a neutrino ⌫µ
CC interaction produces a final state µ� that slows down as it moves away from its production point at
the neutrino interaction vertex due to ionization energy loss in the liquid argon. As it slows down, its
rate of restricted energy loss, dE/dxR, increases, and deviations from a linear trajectory due to multiple
Coulomb scattering (MCS) become more pronounced. A CR muon track can produce an apparent neutrino
interaction vertex if it comes to rest in the detector, but the CR track will exhibit large dE/dxR and MCS

12

QE feed-down

RES feed-down

Dominant Process RES

MICROBOONE-NOTE-1024-PUB
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the fit and systematic error contributions added in quadrature.
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Neutral Current Charged Current 6

FIG. 9. Proton track candidate in MicroBooNE data. The
track was selected by the decision tree classifier as being very
likely a proton.

FIG. 10. Proton track candidate in MicroBooNE data. The
white arrow points to a track that was selected by the decision
tree classifier as being very likely a proton.

V. CONCLUSIONS

Whether the strange quarks in the nucleon sea con-
tribute negatively or not at all to the spin of the nucleon
is an open question. Elastic neutrino-proton scattering
o↵ers an unique way to determine �s that is independent
of the assumptions required by previous measurements.
The MicroBooNE liquid argon TPC can detect low-Q2

NC elastic events and is currently taking neutrino data at
Fermilab. Automated event reconstruction and selection
methods are being developed to analyze the large amount
of high-resolution neutrino events in MicroBooNE.
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MicroBooNE
Simulation
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FIG. 4. 2D event display of a simulated neutral-current elas-
tic event in MicroBooNE that was classified as a proton. The
top image is a close-up event display of the simulated proton
track. The bottom image shows the side view of the entire Mi-
croBooNE TPC. All of the additional tracks are from cosmic
rays.

mic background. The current reconstruction e�ciency
for tracks from NC elastic proton events in simulation
is approximately 0.5, and this number is rapidly improv-
ing. The reconstruction e�ciency for the proton with the
most hits in all BNB interactions is shown as a function
of simulated proton momentum in Fig. 3. Once tracks are
reconstructed we attempt to identify the type of particle
and interaction that produced them. In the NC elastic
case, we want to specifically select proton tracks.

B. Proton track identification

1. Gradient decision tree boosting

To identify proton tracks, we use a gradient-boosted
decision tree classifier. We chose to use decision trees
because they are easily interpretable and the inputs can
be a mix of numeric and categorical variables. Below is
a short description of gradient tree boosting. A more
detailed description can be found in the documentation
for the XGBoost[18] software library that was used.

A decision tree can be thought of as a series of if/else
statements that separate a data set into two or more
classes. The goal of each cut is to increase the informa-
tion gain. For numerical variables any cut value can be
selected by the tree. At each node of the tree, a split is
chosen to maximize information gain until a set level of
separation is reached. At the terminus of the series of
splits, called a leaf, a class is assigned.

Two weaknesses of decision trees are their tendency to

over fit the training data and the fact that the output
is a class label and not a probability. Gradient-boosting
addresses both of these issues by combining many weak
classifiers into a strong one. Each weak classifier is built
based on the error of the previous one. For a given train-
ing set, whenever a sample is classified incorrectly by a
tree, that sample is given a higher importance when the
next tree is being created. Mathematically, each tree is
training on the gradient of the loss function. After all of
the trees have been created, each tree is given a weight
based on its ability to classify the training set, and the
output of the gradient-boosted decision tree classifier is
the probability that a sample is in a given class.

2. The decision tree model

We created a multi-class gradient-boosted decision tree
classifier, using the XGBoost software library, to separate
five di↵erent track types: any proton track, muons or pi-
ons from BNB neutrino interactions, tracks from electro-
magnetic showers from BNB interactions, and any non-
proton track produced by a cosmic ray interaction. The
classifier takes reconstructed track features as input and
outputs a probability of the track having been produced
by each of the given particle types. The reconstructed
features are based on the track’s geometric, calorimetric,
and optical properties.

The training data that we use to make the decision
trees comes from Monte Carlo simulation. The BNB in-
teractions are simulated using the GENIE neutrino gen-
erator [19], and cosmic interactions are simulated using
the CORSIKA cosmic ray generator [20]. The parti-
cles generated by GENIE and CORSIKA are passed to
Geant4 [21] where they are propagated through a simu-
lated MicroBooNE detector. For training and testing of
the trees we only use tracks that were reconstructed in
LArSoft.

Of the reconstructed test tracks that were input to the
classifier, 84% of the protons from simulated neutrino in-
teractions, and 63% of the protons from simulated cosmic
interactions were classified correctly as protons. Figure 5
shows the protons from simulated neutrino interactions
as a function of proton kinetic energy. Of the recon-
structed test tracks that were classified as protons, 89%
were true simulated protons (22% neutrino induced pro-
tons and 67% cosmic induced protons). Figure 6 shows
the breakdown of track types that are classified as pro-
tons. To maximize e�ciency or purity we can require
a lower or higher proton probability from the classifier.
Figure 7 shows the e�ciency versus purity for di↵erent
proton probability cuts in the range from zero to one.

The decision tree classifier was used on a small sam-
ple of MicroBooNE data as a performance check. Fig-
ures 8–10 show tracks from the data sample that were
selected by the classifier as being very likely protons.
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‣ We are able to detect protons that traverse as few as five wires (1.5 cm) 

‣ We expect 10,000 NC elastic proton events during MicroBooNE’s three 

year run  

‣ Makes up ~5% of neutrino interactions in MicroBooNE 

Large cosmic background: 

• Need automated reconstruction and selection! 

• Hasn’t been done before in a LArTPC!
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Boosted Decision Trees

Why trees?

• Conceptually similar to traditional
physics cuts

• The feature space is easily
interpretable/understandable

• Works with large datasets

Regression tree:

• A decision tree where each leaf contains
a continuous outcome

• Each split made to maximize information
gain or minimize loss function

Boosted trees:

• Ensemble method (many weak learners
combined)

• Trees are created iteratively

• Each new tree trains based on the
mis-classification of the previous trees
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FIG. 5. Number of simulated proton tracks as a function of
true simulated kinetic energy is shown. The light blue line
shows the total number of protons from simulated BNB neu-
trino interactions. The dark blue line shows the total number
of those tracks that were reconstructed with the Pandora al-
gorithms. The red line shows the subset of the reconstructed
tracks that are classified as protons by the boosted decision
trees.

FIG. 6. Breakdown of the simulated particle types that are
classified as protons by the boosted decision trees as a func-
tion of reconstructed track length. The blue filled area shows
all simulated protons, both cosmic and neutrino-induced, and
the dark blue line shows the protons from simulated BNB
neutrino interactions. The tan filled area shows all other sim-
ulated cosmic tracks that are classified as protons, and the
red filled area shows all other tracks from simulated BNB
neutrino interactions that are classified as protons.

FIG. 7. The e�ciency versus the purity of simulated protons
selected by the boosted decision tree classifier for a series of
proton probability cuts between zero and one.

FIG. 8. Proton track candidate in MicroBooNE data. The
track was selected by the decision tree classifier as being very
likely a proton.

C. NC elastic event selection

So far, we have kept the proton selection general to all
interaction types. For NC elastic events, we would use
the output of the decision trees along with other event
information such as the total number of reconstructed
tracks to select the events of interest. This can also be
used to select charged-current elastic events with a sim-
ilar e�ciency to use for normalization of the NC elastic
cross section. If we are only interested in one specific
topology, and do not wish to be general, it is trivial to
re-train the classifier using protons from NC elastic in-
teractions as the only positive input and protons from
other interactions as a background input.

Showing the number of simulated neutrino-

induced (“BNB”) protons generated, 

reconstructed, and classified correctly
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FIG. 5. Number of simulated proton tracks as a function of
true simulated kinetic energy is shown. The light blue line
shows the total number of protons from simulated BNB neu-
trino interactions. The dark blue line shows the total number
of those tracks that were reconstructed with the Pandora al-
gorithms. The red line shows the subset of the reconstructed
tracks that are classified as protons by the boosted decision
trees.

FIG. 6. Breakdown of the simulated particle types that are
classified as protons by the boosted decision trees as a func-
tion of reconstructed track length. The blue filled area shows
all simulated protons, both cosmic and neutrino-induced, and
the dark blue line shows the protons from simulated BNB
neutrino interactions. The tan filled area shows all other sim-
ulated cosmic tracks that are classified as protons, and the
red filled area shows all other tracks from simulated BNB
neutrino interactions that are classified as protons.

FIG. 7. The e�ciency versus the purity of simulated protons
selected by the boosted decision tree classifier for a series of
proton probability cuts between zero and one.

FIG. 8. Proton track candidate in MicroBooNE data. The
track was selected by the decision tree classifier as being very
likely a proton.

C. NC elastic event selection

So far, we have kept the proton selection general to all
interaction types. For NC elastic events, we would use
the output of the decision trees along with other event
information such as the total number of reconstructed
tracks to select the events of interest. This can also be
used to select charged-current elastic events with a sim-
ilar e�ciency to use for normalization of the NC elastic
cross section. If we are only interested in one specific
topology, and do not wish to be general, it is trivial to
re-train the classifier using protons from NC elastic in-
teractions as the only positive input and protons from
other interactions as a background input.
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track was selected by the decision tree classifier as being very
likely a proton.

C. NC elastic event selection

So far, we have kept the proton selection general to all
interaction types. For NC elastic events, we would use
the output of the decision trees along with other event
information such as the total number of reconstructed
tracks to select the events of interest. This can also be
used to select charged-current elastic events with a sim-
ilar e�ciency to use for normalization of the NC elastic
cross section. If we are only interested in one specific
topology, and do not wish to be general, it is trivial to
re-train the classifier using protons from NC elastic in-
teractions as the only positive input and protons from
other interactions as a background input.

Showing the different simulated 
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FIG. 9. Proton track candidate in MicroBooNE data. The
track was selected by the decision tree classifier as being very
likely a proton.

FIG. 10. Proton track candidate in MicroBooNE data. The
white arrow points to a track that was selected by the decision
tree classifier as being very likely a proton.

V. CONCLUSIONS

Whether the strange quarks in the nucleon sea con-
tribute negatively or not at all to the spin of the nucleon
is an open question. Elastic neutrino-proton scattering
o↵ers an unique way to determine �s that is independent
of the assumptions required by previous measurements.
The MicroBooNE liquid argon TPC can detect low-Q2

NC elastic events and is currently taking neutrino data at
Fermilab. Automated event reconstruction and selection
methods are being developed to analyze the large amount
of high-resolution neutrino events in MicroBooNE.
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MicroBooNE in the Future

Slide Courtesy: A. Schukraft
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MicroBooNE in the Future

Slide Courtesy: A. Schukraft
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MicroBooNE in the Future

Slide Courtesy: A. Schukraft
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MicroBooNE in the Future
MicroBooNE 
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Figure 14: A bin-by-bin fitted, area normalized, CR background-subtracted, observed neutrino multiplicity
distributions for MicroBooNE data overlaid with three GENIE predictions in linear scale. Data error bars
include statistical errors obtained from the fit. Monte Carlo error bands include MC statistical errors from
the fit and systematic error contributions added in quadrature.
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MicroBooNE Current Efforts
CCπ0 Channel

Use CC Muon filter to select 
CC + π0 events
‣ Enables data-based electromagnetic 

shower reconstruction. 
‣ Characterise background for electron 

neutrino search. 
‣ π0 energy reconstruction is excellent 

validation of detector calibration. 
‣ Pion production is an interesting cross 

section measurement for LArTPCs.

Very challenging analysis - electromagnetic shower reconstruction is hard due to 
the difficulty of automatic clustering and pattern recognition.

Slide Courtesy: C. Adams
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NuMI DATA: RUN 10811, EVENT 2549. APRIL 9, 2017.

We also detect events from the NuMI Beamline! 
νe CC cross section using NuMI neutrinos is ongoing

NuMI DATA: RUN 10811, EVENT 2549, APRIL 9, 2017

MicroBooNE Current Efforts
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Next Plans for Cross Section Measurements
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Next Plans for Cross Section Measurements

!" CC	inclusive
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‣ MicroBooNE has a wide cross section program 
‣ Many analysis are currently ongoing 
‣ Stay tuned for future results!

Check out our public notes: 
http://www-microboone.fnal.gov/publications/publicnotes/  

http://www-microboone.fnal.gov/publications/publicnotes/
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Back up
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CC0π Interactions
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Quasi elastic scattering

Need to calculate the matrix element:

Using Lorentz-invariant form factors:
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Figure 10

with MEC included, and one with the TEM+ESF
model, both used GENIE 2.10.6. These samples
will be ran through the event selections and com-
pared to final kinematic distributions with the
baseline MC. The plots will be added to section
8.

Neutrino interactions on argon are simulated
using the GENIE [73] neutrino event generator.
GENIE simulates each stage of the interaction
including inclusive and exclusive differential cross
sections off individual nucleons and the effects
of the nuclear medium on final state particles as
they propagate out of the target nucleus (final
state interactions).

Quasi-elastic scattering (e.g. ⌫µ + n ! µ

�
+ p)

is modelled using an implementation of the
Llewellyn-Smith model [llewellyn]. In this
model, the hadronic current is express in terms
of the most general Lorentz-invariant form fac-
tors. Among all these form factors, the only one
unknown is the axial vector. We assume a dipole
form for this form factor: FA(q

2
) = (1�q

2
/M

2
A)

�2,
with the axial vector mass MA remaining as the
sole free parameter with a default value of 0.99
GeV/c2.

If we associate the following momenta to the
particles:

⌫µ(k1) + n(p1) ! µ

�
(k2) + p(p2)

we can then write the hadronic current as:

hp(p2)| Jµ |n(p1)i = cos ✓C ū(p2)�µu(p1)

where ✓C is the Cabibbo angle. We can express
�µ in terms of the most general Lorentz-invariant
form factors:
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�2

Usually a dipole form is assumed for the axial vector form factor

Violate G parity 
Can be related via CVC to electromagnetic form factors  
Assumed to have the form suggested by the partially conserved axial current (PCAC) hypothesis 
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CC0π - Experimental Results

Analysis used neutrino interactions 

occurring in the inner region

Neutrino Beam

Fiducial Volume: CH2

MiniBooNE Experiment - Detector
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CC0π - Experimental Results
MINERvA Experiment - Detector

Analysis used neutrino interactions 

occurring in the tracker

‣ 88% carbon 

‣ 7.5% hydrogen 

‣ 3.2% oxygen

Neutrino Beam

Fiducial Volume
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CC0π - Experimental Results
T2K Experiment - Detector

Analysis used neutrino 

interactions occurring in FGD1:

Fiducial Volume: 

‣ 86.1% carbon 

‣ 7.35% hydrogen 

‣ 3.70% oxygen 

‣ Ti, Si, N

Neutrino Beam

Phys. Rev. D93, 112012 (2016)
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CC0π - Experimental Results
NuSTEC White Paper, 

Phys. Rev. D81, 092005 (2010)

MiniBooNE data agrees well with predictions that include both 2p2h and RPA

MiniBooNE Experiment - Results
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FIG. 8: Nominal model predictions for the MiniBooNE double-differential datasets with M
A

= 1.01GeV/c2 and all
other model parameters at their default values. The relativistic RPA calculation is shown. Normalization

parameters are applied as given in Table III.

MA = 1.01 GeV/c2 
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MiniBooNE data agrees with an effective value of MA = 1.35 GeV

MiniBooNE Experiment - Results
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FIG. 9. Double di↵erential cross section as a function of transverse p
T

and longitudinal p
L

muon mo-
mentum for neutrinos measured by MINERvA [261]. The predictions from nominal GENIE MC (blue)
without RPA and 2p2h and a modified version (red) with RPA and an enhanced 2p2h based on data from
the MINERvA are shown.

useful for comparison with models [250, 262]. T2K published CCQE total cross sections for the one-
and two-track sample separately [256]. The disagreements between them may be key to the under-
standing of the hadronic system. The majority of hadronic studies is provided by the MINERvA
collaboration. MINERvA utilized vertex activity to identify extra hadronic energy deposits, which
indicates the presence of extra protons stemming from multinucleon interactions [258, 259]. For the
first time MINERvA also tested Q2 reconstruction using lepton versus hadron kinematics [263].

Recently, MINERvA performed the once-thought-impossible energy-momentum transfer (! and
|q|) reconstruction by using the measurement of the hadronic energy deposit [264], which shows
that current 2p-2h models are not able to describe the MINERvA data. Figure 11 shows the
double-di↵erential cross section d�/dEdq

3

in six regions of q
3

as a function of available energy. The
available energy quantity is a metric for the visible energy in the MINERvA detector and is the
sum of kinetic energies of proton and charged pions, and total energy of photons and elections.
ArgoNeuT performed the first two-proton final-state CC measurement [265]. This is analogous to
the triple coincidence measurement at JLab’s Hall A [266], which identifies short-range correlations
(SRC) by reconstructing back-to-back protons in the initial state. ArgoNeuT’s low statistics do
not make it possible to arrive at any final conclusions, but high statistics data from new LArTPC
experiments, such as Fermilab’s short baseline SBN program [64] are expected. These measurements
are all interesting because the hadron system provides such a rich source of information. However,
extracting information of the primary weak interaction is complicated by the presence of final stat
interactions (FSI), which also contribute significantly to observed final state particles and their
kinematics

Another type of constraint is provided by electron kinematics from ⌫
e

CC interactions. These
measurements are essential to reduce uncertainties in the knowledge of ⌫

e

/⌫
µ

ratio error, as most
cross-section model studies are done with muon neutrinos. Still, systematic errors on ⌫

e

CC cross
sections need to be reduced for �

CP

studies. At this moment, MINERvA is the only experiment that
has published ⌫

e

CCQE-like cross section data [267]. QE-like interactions dominate ⌫
e

CC inclusive
samples from T2K and agree with simulations including 2p-2h contributions [268]. However, the
errors on the data ares too large to make any conclusions.

These new experimental approaches address the issues mentioned above from two independent

Nominal GENIE 
MC (no RPA, no 
2p2h) 

Modified MC 
(with RPA and 
enhanced 2p2h)

MINERvA data agrees with with simulations that include multinuclear processes
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FIG. 8. Measured cross section with shape uncertainties (error bars: internal systematics, external statistical) and fully correlated
normalization uncertainty (gray band). The results from the fit to the data are compared to predictions from Martini et al. without 2p2h
(black line), and with 2p2h (red line).
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FIG. 9. Measured cross section with shape uncertainties (error bars: internal systematics, external statistical) and fully correlated
normalization uncertainty (gray band). The results from the fit to the data are compared to predictions from Nieves et al. without 2p2h
(black dashed line), and with 2p2h (red dotted line).
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FIG. 8. Measured cross section with shape uncertainties (error bars: internal systematics, external statistical) and fully correlated
normalization uncertainty (gray band). The results from the fit to the data are compared to predictions from Martini et al. without 2p2h
(black line), and with 2p2h (red line).
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FIG. 9. Measured cross section with shape uncertainties (error bars: internal systematics, external statistical) and fully correlated
normalization uncertainty (gray band). The results from the fit to the data are compared to predictions from Nieves et al. without 2p2h
(black dashed line), and with 2p2h (red dotted line).
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FIG. 8. Measured cross section with shape uncertainties (error bars: internal systematics, external statistical) and fully correlated
normalization uncertainty (gray band). The results from the fit to the data are compared to predictions from Martini et al. without 2p2h
(black line), and with 2p2h (red line).
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Motivations

‣ Neutrino oscillation goals require precise 
measurements of neutrino (and 
antineutrino) cross sections (e.g. DUNE 
experiment).  

‣ MicroBooNE can probe different theories 
of nuclear effects in ν-Ar scattering 

‣ ν-Ar is important as there are only limited 
measurements and the future short and 
long baseline neutrino programs will 
both use argon for their neutrino 
detectors

MicroBooNE
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CC-inclusive event selection performances
CC Interactions @ MicroBooNE

‣ Working on way to improve the 

current event selection 

‣ New results will come out in a few 

months 

‣ Recently finished installation of 

the Cosmic Ray Tagger, that will 

help us in tagging and removing 

cosmic rays.
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Figure 2: MicroBooNE flux-integrated ⌫µ CC cross section prediction derived
from an as-designed detector MC compared to other data[9].

6 Results

Using the equations shown above, the total flux integrated cross section results
in

�MC
(as designed) =

⇥
0.854± 0.018 (stat.)± 0.117 (sys.)

⇤
⇥ 10�38 cm2. (3)

This is in agreement with the GENIE prediction, which is 0.84 ⇥ 10�38 cm2,
when integrating the cross section spline weighted with the BNB flux spectrum.
The MicroBooNE flux-integrated cross section prediction is compared to other
experiments in Figure 2.

Figure 3 shows the di↵erential cross section result. As expected, the ex-
tracted data points follow the original GENIE simulation, which was used as
input to this study.

7 Conclusions

This study estimates the performance of the MicroBooNE experiment for an ini-
tial ⌫µ CC inclusive measurement using 5.3⇥ 1019 POT of BNB data (roughly
3 months of running at 1 Hz with 5⇥1012 POT per spill). The study is entirely

6
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CC-inclusive event selection performances
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26%

Cosmic Other
NC NuMu CC

Acceptance x Efficiency: 30% Purity: 65% 

CC Interactions @ MicroBooNE
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FIG. 5. Pictorial diagrams of examples of two-proton knock-
out CC reactions involving np SRC pairs. Short range cor-
related (green symbol) nucleons in the target nucleus are de-
noted by open-full dots (n-p), wide solid lines (purple) repre-
sent RES nucleonic states, (purple) lines indicate pions.

trino energy. On the other hand, neutrinos can e↵ectively
probe the nucleus for its SRC content through both one-
body and two-body CC reactions on np SRC pairs and,
with the advent of LArTPC detectors, two-proton knock-
out topologies can be identified unambiguously. The two
protons can indeed be detected at any emission angle in
the 4⇡ sensitive LAr volume and down to energies be-
low the Fermi level (detection threshold in ArgoNeut is
T thr
p = 21 MeV, i.e. about 200 MeV/c momentum, less

than kF of Ar).
To elucidate the role of SRC, we consider here the fol-
lowing neutrino CC interactions leading to two-proton
knock-out:

- CC RES pionless mechanisms involving a pre-existing
SRC np pair in the nucleus. For example, (i) via nucleon
RES excitation and subsequent two-body absorption of
the decay ⇡+ by a SRC pair (Fig.5 [Left]), or (ii) from
RES formation inside a SRC pair (hit nucleon in the pair)
and de-excitation through multi-body collision within the
A-2 nuclear system (Fig.5 [Center]). Initial state SRC
pairs are commonly assumed to be nearly at rest, i.e.
~p i
p ' �~p i

n . The detection of back-to-back pp pairs in the
Lab frame can be seen as “snapshots” of the initial pair
configuration in the case of RES processes with no or low
momentum transfer to the pair. As noticed, four events
in our (µ�+2p) sample are found with the proton pair in
a back-to-back configuration in the Lab frame (cos(�)<-
0.95, Fig.2). Visually the signature of these events gives
the appearance of a hammer, with the muon forming the
handle and the back-to-back protons forming the head.
As an example, the 2D views from the two wire planes
of the LArTPC for one of these “hammer” events is re-
ported in Fig. 4. In all four events, both protons in the
pair have momentum significantly above the Fermi mo-
mentum, with one almost exactly balanced by the other,
i.e. ~pp1 ' �~pp2. All events show a rather large miss-
ing transverse momentum, PT

miss & 300 MeV/c. These
features look compatible with the hypothesis of CC RES
pionless reactions involving pre-existing SRC np pairs.

- CC QE one-body neutrino reactions, through vir-
tual charged weak boson exchange on the neutron of a
SRC np pair (Fig.5 [Right]). The high relative momen-
tum will cause the correlated proton to recoil and be
ejected. Within impulse approximation, identification of

the struck neutron requires a large momentum transfer
such that the momentum of the proton emitted in this
type of event is much larger than the momentum of the
spectator proton in the pair, i.e.:

~pp1 = ~p i
n + ~q � kF ; ~pp2 = ~p i

p > kF (2)

with both protons exceeding the Fermi momentum, the
struck nucleon p1 being the higher in momentum and the
lower p2 identified as the recoil spectator nucleon from
within the SRC. As mentioned above, momentum trans-
fer in neutrino events is a reconstructed quantity, less
precisely determined than in electron scattering experi-
ments. However, with an approach similar to the electron
scattering triple coincidence analysis, we determine the
initial momentum of the struck neutron from the [Left]
equation in (2), i.e. by transfer momentum vector sub-
traction to the higher proton momentum (~p i

n = ~pp1�~q).
This procedure is applied to the remaining sub-sample
of fifteen ArgoNeuT events (µ� + 2p) with both pro-
tons above Fermi momentum, after excluding the four
hammer events already ascribed to other types of reac-
tions. In most cases the reconstructed initial momentum
is found above kF and with cos(�i) < 0 (opening an-
gle �i between the reconstructed struck neutron and the
recoil proton in the initial pair), i.e. opposite to the di-
rection of the recoil proton. In particular, a fraction of
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FIG. 6. Cosine of the reconstructed opening angle �i of the
initial state vs. cosine of the observed opening Lab angle �
of the final state proton pairs (both protons with momen-
tum above kF ). In the inset, the cos(�i) distribution of the
reconstructed initial pair opening angle.

the events exhibit a strong angular correlation peaking
at large, back-to-back initial momenta, as shown in the
inset of Fig.6. The bin size includes the e↵ect of the
uncertainty in the transfer momentum reconstruction on
the measurement of cos(�i). The measured transverse
component of the missing momentum in these events is
typically small (. 250 MeV/c). Under the above as-
sumptions and within the limits of our reconstruction,
these events appear compatible as originating from SRC
pairs through CC QE reactions.

Results - Back-to-back protons
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out CC reactions involving np SRC pairs. Short range cor-
related (green symbol) nucleons in the target nucleus are de-
noted by open-full dots (n-p), wide solid lines (purple) repre-
sent RES nucleonic states, (purple) lines indicate pions.

trino energy. On the other hand, neutrinos can e↵ectively
probe the nucleus for its SRC content through both one-
body and two-body CC reactions on np SRC pairs and,
with the advent of LArTPC detectors, two-proton knock-
out topologies can be identified unambiguously. The two
protons can indeed be detected at any emission angle in
the 4⇡ sensitive LAr volume and down to energies be-
low the Fermi level (detection threshold in ArgoNeut is
T thr
p = 21 MeV, i.e. about 200 MeV/c momentum, less

than kF of Ar).
To elucidate the role of SRC, we consider here the fol-
lowing neutrino CC interactions leading to two-proton
knock-out:

- CC RES pionless mechanisms involving a pre-existing
SRC np pair in the nucleus. For example, (i) via nucleon
RES excitation and subsequent two-body absorption of
the decay ⇡+ by a SRC pair (Fig.5 [Left]), or (ii) from
RES formation inside a SRC pair (hit nucleon in the pair)
and de-excitation through multi-body collision within the
A-2 nuclear system (Fig.5 [Center]). Initial state SRC
pairs are commonly assumed to be nearly at rest, i.e.
~p i
p ' �~p i

n . The detection of back-to-back pp pairs in the
Lab frame can be seen as “snapshots” of the initial pair
configuration in the case of RES processes with no or low
momentum transfer to the pair. As noticed, four events
in our (µ�+2p) sample are found with the proton pair in
a back-to-back configuration in the Lab frame (cos(�)<-
0.95, Fig.2). Visually the signature of these events gives
the appearance of a hammer, with the muon forming the
handle and the back-to-back protons forming the head.
As an example, the 2D views from the two wire planes
of the LArTPC for one of these “hammer” events is re-
ported in Fig. 4. In all four events, both protons in the
pair have momentum significantly above the Fermi mo-
mentum, with one almost exactly balanced by the other,
i.e. ~pp1 ' �~pp2. All events show a rather large miss-
ing transverse momentum, PT

miss & 300 MeV/c. These
features look compatible with the hypothesis of CC RES
pionless reactions involving pre-existing SRC np pairs.

- CC QE one-body neutrino reactions, through vir-
tual charged weak boson exchange on the neutron of a
SRC np pair (Fig.5 [Right]). The high relative momen-
tum will cause the correlated proton to recoil and be
ejected. Within impulse approximation, identification of

the struck neutron requires a large momentum transfer
such that the momentum of the proton emitted in this
type of event is much larger than the momentum of the
spectator proton in the pair, i.e.:

~pp1 = ~p i
n + ~q � kF ; ~pp2 = ~p i

p > kF (2)

with both protons exceeding the Fermi momentum, the
struck nucleon p1 being the higher in momentum and the
lower p2 identified as the recoil spectator nucleon from
within the SRC. As mentioned above, momentum trans-
fer in neutrino events is a reconstructed quantity, less
precisely determined than in electron scattering experi-
ments. However, with an approach similar to the electron
scattering triple coincidence analysis, we determine the
initial momentum of the struck neutron from the [Left]
equation in (2), i.e. by transfer momentum vector sub-
traction to the higher proton momentum (~p i

n = ~pp1�~q).
This procedure is applied to the remaining sub-sample
of fifteen ArgoNeuT events (µ� + 2p) with both pro-
tons above Fermi momentum, after excluding the four
hammer events already ascribed to other types of reac-
tions. In most cases the reconstructed initial momentum
is found above kF and with cos(�i) < 0 (opening an-
gle �i between the reconstructed struck neutron and the
recoil proton in the initial pair), i.e. opposite to the di-
rection of the recoil proton. In particular, a fraction of
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FIG. 6. Cosine of the reconstructed opening angle �i of the
initial state vs. cosine of the observed opening Lab angle �
of the final state proton pairs (both protons with momen-
tum above kF ). In the inset, the cos(�i) distribution of the
reconstructed initial pair opening angle.

the events exhibit a strong angular correlation peaking
at large, back-to-back initial momenta, as shown in the
inset of Fig.6. The bin size includes the e↵ect of the
uncertainty in the transfer momentum reconstruction on
the measurement of cos(�i). The measured transverse
component of the missing momentum in these events is
typically small (. 250 MeV/c). Under the above as-
sumptions and within the limits of our reconstruction,
these events appear compatible as originating from SRC
pairs through CC QE reactions.

Other 4 events are compatible 
with a reconstructed back-to-back 

configuration of a np pair in the 
initial state inside the nucleus

Results - Back-to-back protons
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Charged Current Interactions
CC-inclusive event selection
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The MicroBooNE Detector

32 8” Cryogenic 
PMTs + 4 light 

guide “paddles” 

MicroBooNE cryostat lowered into the pit

Inside the detector: PMT system

170 ton LArTPC 
(total mass)

8192 wires 
(3 mm pitch) 
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Fermilab

To MicroBooNE

To NOvA, 
MINOS and 
MINERvA
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Motivations for MicroBooNE
LSND MiniBooNE
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Phys.Rev.C54: 

2685- 2708,1996 

Phys.Rev.Lett.102: 

101802,2009 

Could be explained by 
oscillations 
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SBN - Neutrino oscillation

“A Proposal for a Three Detector Short-Baseline Neutrino Oscillation Program in the 
Fermilab Booster Neutrino Beam”, arXiv:1503.01520v1 


