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LAr TPC concept 

LAr TPC concept

• See M. Soderberg on ArgoNeuT

Liquid Argon Neutrino Detectors
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•Neutrino interactions in the TPC produce charged particles that ionize the argon as they travel.

•Ionization is drifted along E-field to wireplanes, consisting of wires spaced ~millimeters apart.

•Location of wires within a plane provides position measurements...multiple planes give independent views.

•Timing of wire pulse information is combined with known drift speed to determine drift-direction coordinate.

Refs:
1.) The Liquid-argon time projection chamber: a new concept for Neutrino Detector, C. Rubbia, CERN-EP/77-08 (1977)

The LArTPC concept

Joshua Spitz, Yale University
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Wire pulses in time give the drift 
coordinate of the track 

induction plane + collection plane + time = 3D image of event (w/ calorimetric info) 
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ICARUS (LArTPC pioneer) 50 L in WANF neutrino beam
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Images from ICARUS* 50-liter TPC.  

*Pioneering LArTPC work done by the ICARUS 
collaboration. See talk by Francesco Pietropaolo on Sat.
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ArgoNeuT Event
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Understanding vertex activity
• Not only is ArgoNeuT able to characterize vertex activity in CCQE-like events, it can also differentiate 

neutrinos from anti-neutrinos with the help of the MINOS near detector.

• Comparing neutrino and anti-neutrino CCQE-like events may provide some sensitivity to a possible 
multinucleon channel, involving 2p (2n) pre-FSI final states for neutrino (anti-neutrino) events.

Joshua Spitz, Yale University
A zoomed-in view of a CCQE-like neutrino event with evidence of vertex activity

10 cm 10 cm 

Neutrino CCQE (2 protons) Anti-neutrino CCQE (0 protons)
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ArgoNeuT is largely blind to neutrons!
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Why Ar? 

n  Ar is a good target for neutrino (18 p, 22 n) 

n  Cheap and easy to obtain 

n  Good for large electric field 

n  Produces a lot of scintillation light as well as ionization 

n  Ionization can drift over large distance with high purity 

n  LArTPCs offer precise spatial resolution (mm scale) and 
good calorimetry 

n  LArTPCs allow excellent neutrino interaction characterization 
and  superior background rejection 
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ArgoNeuT 
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ArgoNeuT detector 
n  175 liter (active) LAr TPC 

n  Detector was designed and assembled in 2007-2008 

n  Moved underground in the NuMI beam at FNAL in early 2009 

n  Data taking in ν/ν mode from September 2009 to February 2010 

ArgoNeuT!
!  ArgoNeuT is a 175 liter (active) Liquid Argon Time Projection Chamber (LArTPC) !
                        jointly funded by DOE/NSF !
!  Designed and assembled in 2007-08, first commissioned (on surface) at FNAL in Summer 2008!
!  Moved underground in the NuMI beam at FNAL, in front of MINOS Near Detector, early 2009!
!  Exposed to          beam (LE beam option): June‘09 ! Sept’09-Feb.’10!

!"#$%&'()*+,-.*("'$*&%/"*

NuMI !
ν Beam!

MINOS Hall!
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ArgoNeuT in the NuMI beam

Joshua Spitz, Yale University

NuMI beamline at Fermilab
6

ArgoNeuT

MINOS ND

LE-10 neutrino-mode
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ArgoNeuT 

ArgoNeuT TPC and cryostat

Joshua Spitz, Yale University

The TPC, about to enter the inner cryostat

The fully-instrumented detector in the beamline

Cryostat Volume 500 Liters

TPC Volume 175 Liters

# Electronic Channels 480

Wire Pitch 4 mm

Electronics Style (Temperature) JFET (293 K)

Max. Drift Length (Time) 0.5m (330μs)

Light Collection None
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ArgoNeuT goals 

n  Development goals: 
n  R&D project for the LArTPC plan in the US 

 

n  Physics goals: 

n  Measure charged-current cross-sections in the 1-5 GeV range with high 
sensitivity to the products of FSI 

n  Demonstrate dE/dx particle separation (e.g. e/γ) capabilities of LArTPCs  

n  Develop automated reconstruction techniques to be used for all LArTPC 
experiments 

8 
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ArgoNeuT data taking 

n  NuMI beam in LE configuration 

n  Stable, shift-free operation for 
over 5 months! 

ArgoNeuT in the NuMI beam

Joshua Spitz, Yale University

NuMI beamline at Fermilab
6

ArgoNeuT

MINOS ND

LE-10 neutrino-mode

ArgoNeuT’s physics run
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ArgoNeuT POT delivered and accumulated

Off-the-shelf cryocooler failure

• ArgoNeuT (NSF/DOE) completed its phase I physics 
run, lasting from 9/14/2009-2/22/2010. 

• Physics goals:

• Measure charged-current absolute and differential 
cross sections in the 1-5 GeV range with high 
sensitivity to the products of FSI.

• dE/dx particle separation (e.g. e/γ) capabilities of 
LArTPCs will be demonstrated.

• Developing automated reconstruction techniques, 
to be used for ArgoNeuT and future LArTPCs.

• Stable, shift-free operation for >5 months! 

• The first 1000s of (anti-)neutrino LArTPC events 
collected in a low-energy (~3 GeV) neutrino beam ever!

Joshua Spitz, Yale University

2 weeks in neutrino-mode, 4.5 months in anti-neutrino-mode
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ArgoNeuT data: Events 

n  The color scale represents 
the energy deposited 
along the track 

n  The wire pulse can be seen 
in the wire view 

47 cm

90 cm

47 cm

Pixel size = 4.0x0.3 mm2

~7.5 fC/ADC count
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Joshua Spitz, Yale University 8

• The actual wire pulses can be seen here in the “wire view”.

• The color scale is indicative of the energy deposited along the track.

How to read the event display?
time

10 
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AgoNeuT events 

time

time

47 cm

47 cm

90 cm
Joshua Spitz, Yale University
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High chargeLow charge

ArgoNeuT Data
time

time

47 cm

47 cm

90 cm
Joshua Spitz, Yale University
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High chargeLow charge

ArgoNeuT Data
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Event reconstruction 

Existing Reconstruction Modules

4

Wire 
Calibration

Hit 
Finding

Hit 
Clustering

3D 
Tracking

3D Shower 
Finding

Vertex 
Finding

Calorimetry

EndPoint 
Finding

CalWire FFTHitFinder

DBCluster
HoughLineFinder

LineMerger

Track3Dreco
SpacePts

Track3DKalman
SpacePointService

ShowerReco

CaloArgoItaliano

HarrisVertexFinder
PrimaryVertexFinder

VertexFinder2D

EndPointModule

User can choose a path through this chain using as many of the modules as they wish. 

Reconstructing neutrino events

3D reconstructionHit finding + density-based clustering. 

Preliminary

Preliminary

Line finding/fitting + vertex/endpoint finding 

Preliminary

Strongest vertex
Strong vertex
Weak vertex

• ArgoNeuT has created an automated reconstruction framework 
currently capable of hit finding, calorimetry, cluster/line/vertex-finding, 
track fitting and 3D track matching. 

Joshua Spitz, Yale University 24
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Calorimetry 

                    

Minimum ionizing muon 

~ 2 MeV/cm

Calorimetry

A CCQE-like event’s proton and 
muon dE/dx reconstructed

25

Tlength=24.7 cm
Trec=193.8 MeV

in agreement with GEANT/NIST tables

muon
pion
kaon

proton
data

Heavy ionizing proton

• dE/dx is vital to tagging the muon and proton(s) in CCQE-like events

Joshua Spitz, Yale University

Preliminary

Preliminary

muon 

proton

                    

Minimum ionizing muon 

~ 2 MeV/cm

Calorimetry

A CCQE-like event’s proton and 
muon dE/dx reconstructed

25

Tlength=24.7 cm
Trec=193.8 MeV

in agreement with GEANT/NIST tables

muon
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data

Heavy ionizing proton

• dE/dx is vital to tagging the muon and proton(s) in CCQE-like events

Joshua Spitz, Yale University

Preliminary

Preliminary

muon 

proton
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Cross-section measurements with 
ArgoNeuT 

n  Address CCQE cross-section tension between NOMAD and 
MiniBooNE (FSI?) 

n  First natural measurement is the CC-inclusive cross section 
since it is minimally sensitive to FSIs and to the exclusive 
channel definitions 

n  Subsequent ArgoNeuT exclusive channel cross-section 
measurements can be compared to the inclusive one to 
perhaps disentangle the effects of FSI and nuclear modeling 
from actual neutrino-nucleus interactions (e.g. SciBooNE  for 
CC and NC coherent pion production cross sections) 

14 
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n  Data acquired in neutrino mode (8.5 x 1018POT) have been 
analyzed 

n  Ideally,  the double cross section would be reported 

n  However, it requires very high statistics in order to populate 
the two dimensional bins in (θ,p) space and the neutrino 
mode do not have enough statistics 

n  The double cross section will be measured for anti-neutrino 
mode data 

Measuring CC-inclusive XSec 

Why is this measurement interesting and relevant? !
The CC-inclusive set of channels provides a “standard candle” for determining 
the composition of a neutrino beam as it is minimally sensitive to the 
complicating effects of final state interactions (FSI) and exclusive channel 
definitions.!

Subsequent ArgoNeuT exclusive cross section measurements can also be 
compared to the inclusive one to perhaps disentangle the effects of FSI and 
nuclear modeling from the actual neutrino-nucleus interaction.   [As an example, 
SciBooNE has measured the CC coherent pion production and neutral-current pion production 
cross sections using a normalization based on their CC-inclusive measurement]!

Ideally, the double differential cross section                   would be reported. !

However, this requires very high statistics in order to populate the two dimensional bins in (!,p) 
space (low statistics " mode, to be done for the     mode run).!

! 

d"
d#µdpµ

! 

"
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Measuring CC-inclusive XSec 

6. ArgoNeuT Software: Simulation 79

Type Reaction

Quasi-elastic (QE) νµn −→ µ−p
Resonant pion (RES) νµp −→ µ−pπ+

νµn −→ µ−pπ0

νµn −→ µ−nπ+

Neutral-current (NC) νµp −→ νµpπ0

νµp −→ νµnπ+

νµn −→ νµnπ0

νµn −→ νµpπ−

Deep inelastic (DIS) νµN −→ µ−X
νµN −→ νµX

Figure 6.1: A table of common muon-neutrino interactions. Note that the products of the neutrino

interactions in this table have not yet been subject to final state interactions in the nucleus. All

hadrons produced in a neutrino-argon interaction are subject to final state interactions. That is, the

produced hadrons have to navigate through the dense nucleus before they are able to be detected

and reconstructed. The hadrons are subject to pion/nucleon absorption (e.g. πN −→ NN), pion

charge exchange (e.g. π+X −→ π0Y ), pion production (e.g. πX −→ ππY ), and inelastic and

elastic scattering (e.g. hX −→ hY and hX −→ hX). One can imagine how such reactions confuse

exclusive channel classification of neutrino events.

CCQE (νµn −→ µ−p)

W

n

νµ

p

µ−

Figure 6.2: A CCQE interaction.

With only an outgoing muon and proton, a CCQE event (see Figure 6.2) is perhaps the

easiest neutrino interaction to identify and reconstruct. Also, the cross section is compara-

tively high at energies typical of neutrino oscillation experiments (Eν=0-10 GeV). GENIE

handles CCQE interactions with an implementation of the Llewellyn-Smith model [116]

and Nuance uses Smith and Moniz [117]. Both generators use the Fermi gas model for

Pauli blocking. The free nucleon cross section for a given axial vector mass (MA) value is

well known, so any disagreement between the generators would largely come from different

nuclear suppression factors (a function of Q2) in the Fermi gas model. Note that the CCQE

6. ArgoNeuT Software: Simulation 82

Figure 6.6: The proton (left) and neutron (right) neutral-current elastic cross section on argon in

Nuance and GENIE.
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Figure 6.7: Single pion resonant interactions (charged-curent on left, neutral-current on right).

ID power of a LArTPC in CCpi+ and other resonant channels is important. Notably,

the MiniBooNE experiment has recently published a number of total and differential cross

section results on exclusive final state resonant interactions [126–129].

GENIE and Nuance use the Rein-Sehgal model [130] for neutral-current and charged-

current resonant interactions. The model employs the relativistic harmonic oscillator model [131]

for calculating the matrix elements of the nucleon to resonance excitation process. GENIE

neglects interference between resonances with equal isospin while Nuance’s single pion chan-

nels interfere coherently (with the other channels interfering incoherently). The axial vector

mass, essentially the main parameter in the Rein-Sehgal model, has been made the same

in Nuance and GENIE. However, the generators define non-resonant background in differ-

ent ways as discussed in Section 6.1.7. Aside from small width and mass differences, the

6. ArgoNeuT Software: Simulation 86

W
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X

X
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Z
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X

X

νµ

Figure 6.10: DIS interactions (charged-current on left, neutral-current on right).

Figure 6.11: The DIS cross sections on argon in Nuance and GENIE.

pecially important for long baseline neutrino oscillation experiments as it is a background

for the signal electron-neutrino process. Nuance and GENIE both use the Rein and Sehgal

cross section calculation [139] for coherent scattering. However, GENIE uses the updated

Rein version [140] with the modified PCAC formula, including destructive interference be-

tween some terms for charged-current interactions. There is more than 100% uncertainty

on the cross section for the neutral-current coherent π0
channel at relevant energies. Also,

6. ArgoNeuT Software: Simulation 87

pion absorption in coherent interactions is poorly understood and can lead to a factor of

two difference in coherent rate [138]. MiniBooNE has recently published a coherent π0 to

single π0 resonant fraction of (19.5± 2.7)% at <Eν>≈1.1 GeV, 35% lower than the Rein-

Sehgal prediction [141, 142]. SciBooNE reports the ratio of coherent π0 to total CC cross

section of (0.007±0.004) based on the Rein Sehgal model at <Eν>≈1.1 GeV with a Monte

Carlo prediction of the ratio equal to 0.0121 [143]. The K2K collaboration has shown data

consistent with no charged-current coherent π+ production at <Eν>≈1.3 GeV [144]. Sim-

ilar behavior is seen from SciBooNE [145]. These results are inconsistent with the original

Rein-Sehgal paper as the model (while assuming σ∼A
1
3 in order to compare different tar-

gets) predicts σ(CC)=2σ(NC). However, the updated Rein paper predicts a suppression of

coherent π+ production in the Q2<0.1 GeV2 region of a factor of ≈0.77 [140]. Other coher-

ent production models are difficult to test and do not provide pion kinematics [144]. The

MINERνA experiment [99], taking data in the NuMI beamline since 2009, may shed some

light on this issue as it is poised to measure 85000 charged-current coherent π+ and 37000

neutral-current coherent π0 on different targets (He, C, Fe, Pb). Measuring the dependence

of the coherent cross section on atomic number is a priority for the experiment.

The coherent cross sections according to each generator can be seen in Figure 6.13.

Figures 6.14 and 6.15 show the Q2 (left) and π+ angle (with respect to the beam axis)

distributions in single pion resonant and coherent events. The coherent event signature, a

forward-scattered pion, may be difficult to discern with low statistics in ArgoNeuT and low

event containment. However, ArgoNeuT and future LArTPCs will benefit from being able

to throw out those single pion events with a clear proton/neutron track or vertex activity

in general, indicative of a resonant event.

W

A

νµ

A

π+

µ−

Z

A

νµ

A

π0

νµ

Figure 6.12: Coherent interactions (charged-current on left, neutral-current on right).

CCQE CC RES 

CC DIS CC COH 
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Measuring CC-inclusive XSec 
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CC interactions   

n  The key is the μ- 

n  Most muons escape ArgoNeuT 

n  Need MINOS near detector 

! beam!

! event’s topologies!

muon!

ArgoNeuT is a modest size LAr-TPC: MINOS ND spectrometer used for  !
                                                   complete ! event reconstruction!

(large sample)!
(few events)!

2.  And 3.: good neutrino events to be selected!
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n  Events are reconstructed in ArgoNeuT 

n  They are then matched to muons in MINOS 7. ArgoNeuT Software: Reconstruction 126

ArgoNeuT reconstruction
[hits, clusters, (merged-)lines, 3D space-points, 3D tracks]

MINOS reconstruction

ArgoNeuT

MINOS

Figure 7.21: The ArgoNeuT reconstruction chain, applied to both the simulation and data. The

drawings are not to scale.

induced muons have a narrow and well-known energy spectrum,
dE
dx , and directionality

suitable for such a measurement. There is also a built-in trigger for these muons, in the

form of the accelerator beam-timing signal which is used as the neutrino-event trigger for

ArgoNeuT. Depending on the through-going muon rate, an electron lifetime measurement

using long tracks can have a precision of a few percent or less. The method can also

be thought of as an independent cross-check/calibration of the purity monitor’s electron

lifetime measurement for calorimetric reconstruction and recirculation-system operations

monitoring.

ArgoNeuT’s automated reconstruction software is employed in order to find and char-

acterize long tracks and the hits associated with them. For the purpose of determining the

electron lifetime, the procedure is as follows:

• Deconvolution of each event’s raw data information.

• Hit finding, to find the hits that are associated with particle tracks in the detector.

• DBSCAN-based cluster finding, to group proximal hits together to form clusters and

Joshua Spitz, Yale University

ArgoNeuT employs the downstream MINOS near 
detector to fully reconstruct muon sign and energy

• The “lining up” of ArgoNeuT and MINOS has 
been accomplished with the use of neutrino-
induced through-going muons.

23
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Scenario 1: A match occurs between a single 
ArgoNeuT track and a single MINOS track.
Result:  Matched ArgoNeuT+MINOS track is 
identified as a muon and the event enters the 

CC-inclusive sample.

Scenario 2: A match does not occur.
Result:  ArgoNeuT event does not enter 

the CC-inclusive sample.

ArgoNeuT

MINOS

ArgoNeuT

MINOS

Figure 8.7: The scenarios and outcomes for simple cases of track matching between ArgoNeuT and

MINOS.

Scenario 4: A match occurs between a single 
ArgoNeuT track and multiple MINOS tracks.
Result:  The MINOS track that best aligns with 

the ArgoNeuT track is matched.  The ArgoNeuT
+MINOS track is identified as a muon and the 

event enters the CC-inclusive sample.

Scenario 3: A match occurs between multiple 
ArgoNeuT tracks and a single MINOS track.

Result:  The ArgoNeuT track that best aligns with 
the MINOS track is matched.  The ArgoNeuT
+MINOS track is identified as a muon and the 

event enters the CC-inclusive sample.
MINOS

MINOS

ArgoNeuT

ArgoNeuT

Scenario 5: A match occurs between multiple 
ArgoNeuT tracks and multiple MINOS tracks. 

Result:  The ArgoNeuT-MINOS track combination 
that best aligns is chosen as the matched track 
combination.  The ArgoNeuT+MINOS track is 
identified as a muon and the event enters the 

CC-inclusive sample.

ArgoNeuT

MINOS

Figure 8.8: The scenarios and outcomes for multiply matched tracks between ArgoNeuT and

MINOS.
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Fiducial volume

requirements 3 cm < X < 44 cm (3 cm from boundaries)

-16 cm < Y < 16 cm (4 cm from boundaries)

6 cm < Z < 86 cm [6(4) cm from up(down)stream boundary]

Matching

requirements θ < 0.4 rad

∆r < 27 cm

MINOS

requirement q < 0

Table 8.5: The cuts imposed in the CC νµ analysis. ∆r and θ refer to the radial difference between

the projected ArgoNeuT track and the vertex of the MINOS track and the angle between the two

tracks, respectively. q is the reconstructed charge of the track according to MINOS.

The efficiency on a per-bin basis is given by the simple equation:

�i =
# of truly CC νµ events reconstructed in FV after cuts

# of MC-generated CC νµ events in FV
, (8.25)

where “FV” stands for fiducial volume. The efficiency distribution is formed using true bins

rather than reconstructed measurement bins in θµ/Pµ. That is, a bin i refers to the true,

according to the Monte Carlo, value of the variable in question. The efficiency is assumed

to be largely unaffected by the underlying neutrino physics of the event. In a scenario in

which some aspect of the neutrino event generation is problematic or biased, for example,

the numerator and denominator in the above equation will both see a similar effect and

ultimately cancel.

Neutrino events are generated outside of the fiducial volume of the TPC as well as inside.

Events that are generated outside can enter the numerator in the above equation if the event

vertex is misreconstructed and found to be inside the fiducial volume. Likewise, events that

originate inside the fiducial volume can be reconstructed as being outside and reduce the

numerator. Of course, the neutrino events generated outside the fiducial volume have

the same properties as those generated inside. Since the Monte Carlo generator accounts

for both of the inside⇔outside scenarios in setting the numerator, the efficiency equation

remains applicable in turning the per-bin measured rate into the true rate.

There are many components that contribute to a non-100% CC νµ reconstruction prob-

ability:

• Failing to consider a CC νµ as a candidate event.
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constructed MINOS track match are shown in Figure 8.15. Both data and reconstructed

simulation are shown in the plots with statistical errors only reported and no background

subtraction to the data. Simulation and data are seen to agree to within about 1 cm. The

X distribution is seen to be more narrow than the Y distribution in simulation and data

as the X drift-time-based coordinate information in ArgoNeuT is more reliable and precise

than the Y and Z wire-based coordinate information, as discussed previously.
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Figure 8.14: The MINOS radial coordinate vertex for all events passing cuts in simulation (left)

and data (right).
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Figure 8.15: The distance in X (left) and Y (right) between the projected ArgoNeuT track and

reconstructed MINOS track for matched events passing all cuts in data and (reconstructed) sim-

ulation. No background subtraction has been applied to the data and the errors are statistical

only.

The difference between the angular components of the matched ArgoNeuT and MINOS

tracks are shown in Figure 8.16. Once again, the X angle distribution is more narrow than

the Y and Z distributions for the reasons discussed above. A simulation-data disagreement

of about 1◦ is especially apparent in the∆θx distribution. As discussed previously, the affect
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constructed MINOS track match are shown in Figure 8.15. Both data and reconstructed

simulation are shown in the plots with statistical errors only reported and no background

subtraction to the data. Simulation and data are seen to agree to within about 1 cm. The

X distribution is seen to be more narrow than the Y distribution in simulation and data

as the X drift-time-based coordinate information in ArgoNeuT is more reliable and precise

than the Y and Z wire-based coordinate information, as discussed previously.
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Figure 8.14: The MINOS radial coordinate vertex for all events passing cuts in simulation (left)

and data (right).
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Figure 8.15: The distance in X (left) and Y (right) between the projected ArgoNeuT track and

reconstructed MINOS track for matched events passing all cuts in data and (reconstructed) sim-

ulation. No background subtraction has been applied to the data and the errors are statistical

only.

The difference between the angular components of the matched ArgoNeuT and MINOS

tracks are shown in Figure 8.16. Once again, the X angle distribution is more narrow than

the Y and Z distributions for the reasons discussed above. A simulation-data disagreement

of about 1◦ is especially apparent in the∆θx distribution. As discussed previously, the affect
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longer track or tracks and negatively affect the probability of reconstruction.

The definitions of “Total reconstruction probability” and “ArgoNeuT+matching recon-

struction probability” are given below.

Total reco. probability =
# of completely reconstructed CC νµ events in FV

# of CC νµ events in FV

(8.26)

ArgoNeuT +matching reco. probability =
# of completely reconstructed CC νµ events in FV

# of CC νµ events in FV with a (−)charged particle reconstructed by MINOS

(8.27)

Note that these definitions place no restrictions on the kinematics of the outgoing muon.

That is, all muon angles and momenta are considered when reporting the reconstruction

probability numbers. The reconstruction probability in terms of muon angle drops as the

angle of the muon increases. This behavior includes effects from 1) acceptance, the decreas-

ing likelihood of the muon to be reconstructed in MINOS as the angle with respect to the

beam axis increases, 2) low angle muons, which are more likely to have low momentum and

never reach MINOS, and 3) ArgoNeuT’s track reconstruction generally improving as the

muon angle gets smaller.

The muon reconstruction probability behavior as a function of muon angle with re-

spect to the initial neutrino has a number of noteworthy features. As stated previously,

the reconstruction probability generally increases as the angle gets smaller. However, the

probability is seen to decrease by a few percent going down from about 12◦. This is a result

of the space-point creation issue for tracks that are fairly constant in time. The probability

is seen to increase again as the muon becomes parallel to the initial neutrino direction.

This effect can be explained by the downward angle of the neutrino beam with respect to

ArgoNeuT/MINOS of ∼3◦ compounded with the space-point issue.

The reconstruction probability in terms of the muon momentum behavior also has a

number of interesting features. The reconstruction probability increases as the muon gains

momentum and becomes more likely to enter and be reconstructed by MINOS until it peaks

in the heart of the QE/RES regime at about 3 GeV/c (see Figure 8.2 for reference). The

reconstruction probability is then seen to decrease as DIS takes over and track multiplicity

increases, leading to possible reconstruction issues, usually involving three dimensional

track matching, in ArgoNeuT. Then, the reconstruction probability is seen to increase
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continuity. Also, instrumenting three or more wire planes, as in MicroBooNE, can help in

breaking some of the degeneracies associated with tracks that are fairly constant in time as

well as assist in three dimensional reconstruction in general.
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Figure 8.18: The total CC νµ reconstruction probability for events originating in the ArgoNeuT

fiducial volume in terms of outgoing muon angle (left) and momentum (right).

CC νµ events with a muon that are not matched from ArgoNeuT to MINOS do not

enter the final sample. A failed match can occur due to a reconstruction failure by either

ArgoNeuT or MINOS. Furthermore, muons that stop in between ArgoNeuT and MINOS

as well as muons that fail to enter the active region(s) of MINOS are not reconstructed. An

attempt to deconstruct the reconstruction probability has been made. While Figure 8.18

shows the total CC νµ reconstruction probability, Figure 8.19 shows the reconstruction

probability as a function of outgoing muon θµ and Pµ for CC νµ events featuring a neg-

atively charged particle reconstructed by MINOS. This probability is referred to at the

“ArgoNeuT+matching reconstruction probability” and is only relevant in the attempt to

deconstruct the total reconstruction probability. The total reconstruction probability is

the only efficiency that is actually used in this analysis. The ArgoNeuT+matching recon-

struction probability is not completely independent of MINOS as the matching efficiency

is conditional upon MINOS vertex/angular resolutions. Also, the ArgoNeuT+matching re-

construction probability receives contributions from events featuring a negatively charged

non-muon particle in MINOS. The ArgoNeuT-specific reconstruction probability is further

reduced due to the aggressive fiducial volume cuts employed in this analysis, necessary due

to the small event sample acquired. Events close to the edge of the detector but still inside

the fiducial volume may only travel a few centimeters before leaving the active volume.

These events are less likely to be reconstructed than more extended events featuring a

Josh Spitz, PhD Thesis 2011 Josh Spitz, PhD Thesis 2011 
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longer track or tracks and negatively affect the probability of reconstruction.

The definitions of “Total reconstruction probability” and “ArgoNeuT+matching recon-

struction probability” are given below.

Total reco. probability =
# of completely reconstructed CC νµ events in FV

# of CC νµ events in FV

(8.26)

ArgoNeuT +matching reco. probability =
# of completely reconstructed CC νµ events in FV

# of CC νµ events in FV with a (−)charged particle reconstructed by MINOS

(8.27)

Note that these definitions place no restrictions on the kinematics of the outgoing muon.

That is, all muon angles and momenta are considered when reporting the reconstruction

probability numbers. The reconstruction probability in terms of muon angle drops as the

angle of the muon increases. This behavior includes effects from 1) acceptance, the decreas-

ing likelihood of the muon to be reconstructed in MINOS as the angle with respect to the

beam axis increases, 2) low angle muons, which are more likely to have low momentum and

never reach MINOS, and 3) ArgoNeuT’s track reconstruction generally improving as the

muon angle gets smaller.

The muon reconstruction probability behavior as a function of muon angle with re-

spect to the initial neutrino has a number of noteworthy features. As stated previously,

the reconstruction probability generally increases as the angle gets smaller. However, the

probability is seen to decrease by a few percent going down from about 12◦. This is a result

of the space-point creation issue for tracks that are fairly constant in time. The probability

is seen to increase again as the muon becomes parallel to the initial neutrino direction.

This effect can be explained by the downward angle of the neutrino beam with respect to

ArgoNeuT/MINOS of ∼3◦ compounded with the space-point issue.

The reconstruction probability in terms of the muon momentum behavior also has a

number of interesting features. The reconstruction probability increases as the muon gains

momentum and becomes more likely to enter and be reconstructed by MINOS until it peaks

in the heart of the QE/RES regime at about 3 GeV/c (see Figure 8.2 for reference). The

reconstruction probability is then seen to decrease as DIS takes over and track multiplicity

increases, leading to possible reconstruction issues, usually involving three dimensional

track matching, in ArgoNeuT. Then, the reconstruction probability is seen to increase
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with Pµ >10 GeV/c as the DIS muons straighten out and the possibility of a match with

MINOS increases.
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Figure 8.19: The outgoing muon angle (left) and momentum (right) ArgoNeuT+matching recon-

struction probability for a CC νµ event originating in the ArgoNeuT fiducial volume. The “Ar-

goNeuT+matching reconstruction probability” is defined as the probability for a CC νµ event which

leads to a negatively charged particle reconstructed by MINOS to enter the final sample.

Tables 8.6 and 8.7 show the reconstruction probabilities broken up in terms of event

class. The probability for a CC νµ event originating inside the ArgoNeuT fiducial volume

to be fully reconstructed, pass cuts, and enter the final sample is 51.3%. The probability

for a QE νµ event, the simplest event topology in general, to enter the sample is 76.4%.

The probability for a CC νµ event originating inside the ArgoNeuT fiducial volume–with a

negatively charged particle reconstructed by MINOS–to be fully reconstructed, pass cuts,

and enter the final sample is 61.5%. The ArgoNeuT reconstruction probabilities are seen

to increase as the event topology becomes less complicated. The most complicated event

topology in general, DIS, has an ArgoNeuT+matching reconstruction probability of 52.4%

while the RES and QE probabilities are 69.2%, and 84.5%, respectively, as the events

become less and less convoluted and multiplicity decreases.

Total reconstruction

probability

νµ CC 51.3%

νµ CCQE 76.4%

νµ CCRES 59.4%

νµ CCDIS 42.3%

Table 8.6: The total reconstruction probability for the most relevant neutrino interaction channels.

The total probability includes contributions from ArgoNeuT reconstruction, MINOS reconstruction,

ArgoNeuT-MINOS track matching, angular acceptance, and energy acceptance.
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n  NC neutrino-induced track originating in ArgoNeuT  can be 
matched with through-going muon MINOS track  

n  The charge of a wrong-sign neutrino event’s muon 
originating in ArgoNeuT can be reconstructed as negatively 
charged  

n  A pion from NC event originating in ArgoNeuT  can be 
matched with a pion that enters MINOS 

n  A through-going muon that enters ArgoNeuT  and is 
reconstructed by MINOS 
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that originates in the fiducial volume to be reconstructed by ArgoNeuT and MINOS and

enter the signal sample after all cuts is 51.3%, as discussed in Section 8.8. This number is a

combination of inefficiencies due to acceptance, ArgoNeuT vertex and track reconstruction,

and MINOS track reconstruction. Inefficiencies due to acceptance include muons that lose

all their energy before reaching MINOS and muons that do not enter the active region of

MINOS due to (e.g.) a high angle. The purity, efficiency, and background contributions

are summarized in Table 8.8.

Signal (CC νµ) reconstruction probability 51.3%

Signal (CC νµ) purity 95.5%

NC/WS background contamination 2.1%

TG muon background contamination 1.2%

NC match w/ TG muon background contamination 1.1%

Table 8.8: The reconstruction probability and purity of the CC νµ sample along with the expected

level of background contamination from various sources. The background estimate reported in this

table is made before the parameterization of the background, although the differences are negligible.

The effect of several of the reconstruction cuts imposed on the total reconstruction

probability and the background contamination can be seen in Table 8.9. The muon start

position fiducial volume cut, MINOS-based negatively charged particle reconstruction, and

high-level ArgoneuT-MINOS track matching requirements are studied. The combination

of these three cuts brings the total signal purity from 78.0% to 95.5%. The requirement

that the muon start position be inside the fiducial volume is seen to reduce the through-

going muon contamination of the signal by a factor of 3-4 as this extra cut assists in

determining whether the event originated inside ArgoNeuT or not. This cut reduces the

total reconstruction probability by 4%. The requirement that the track in question be

reconstructed as negatively charged by MINOS reduces the wrong-sign contribution to the

sample by a factor of 4-5 with a 2-3% drop in signal reconstruction probability. The high-

level MINOS matching requirements increase signal purity by 2.5% and reduce the total

reconstruction probability by 2%.

The total number of background events expected in bins of angle and momentum from

all contributions and their parameterizations are shown in Figure 8.34. A parameterization

is employed for the to-be-subtracted background estimate. There is a significant level of

statistical error in the background expectation as a fraction of the estimate is based on a

statistics-limited in-situ measurement. The parameterization works to largely remove the
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Figure 8.46: The CC νµ differential cross sections in muon angle on an argon target. The differential
cross sections are reported “per argon nucleus”.
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Figure 8.47: The CC νµ differential cross sections in muon momentum on an argon target. The
differential cross sections are reported “per argon nucleus”.

The flux-integrated differential cross sections for CC νµ interactions on argon are re-

ported along with the differential cross sections on an isoscalar (equal number of protons

and neutrons) target. The latter is useful for more simply comparing these results to other

measurements with different nuclei. Recalling that stable argon has 18 protons and 22 neu-

trons, the correction factor for turning the argon target measurement into an isoscalar one
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Figure 8.46: The CC νµ differential cross sections in muon angle on an argon target. The differential
cross sections are reported “per argon nucleus”.
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Figure 8.47: The CC νµ differential cross sections in muon momentum on an argon target. The
differential cross sections are reported “per argon nucleus”.

The flux-integrated differential cross sections for CC νµ interactions on argon are re-

ported along with the differential cross sections on an isoscalar (equal number of protons

and neutrons) target. The latter is useful for more simply comparing these results to other

measurements with different nuclei. Recalling that stable argon has 18 protons and 22 neu-

trons, the correction factor for turning the argon target measurement into an isoscalar one
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Conclusions 

n  ArgoNeuT took 2 weeks of data in neutrino mode 

n  The neutrino data have been analyzed to make a CC-
inclusive measurement 

n  Full reconstruction software operational 

n  First CC-inclusive differential cross section measurement  

n  The anti-neutrino mode data will be analyzed with higher 
(~15x) statistics for CC-inclusive double differential cross 
section 

n  Exclusive channels analysis will be performed soon 
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True energy distributions 
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less than zero. A stricter cut (e.g.
q
p<-0.3) was considered for this analysis but was not

established. Notably, the MINOS-based cuts employed are not representative of those used

by MINOS in their analyses.

The MINOS reconstruction cuts serve to single out the reconstructed track in question

as a negatively charged muon. The effect of these cuts can be seen in Figure 8.17. The

plots show the true neutrino energy distributions for the most relevant classes of neutrino

interaction, normalized to the number of events expected given the analysis exposure. Be-

fore the cuts, the neutral-current and wrong-sign (ν) sample represents about 1/4 of the

total. After cuts, the neutral-current and wrong-sign sample becomes negligible (2.1%) as

there is no negatively charged muon to reconstruct by MINOS in such interactions. Note

that all of the reconstruction cuts are applied in the plots displaying “after cuts” distribu-

tions, not just the MINOS reconstruction ones. A summary of the cuts and reconstruction

requirements used in this analysis is presented in Table 8.5.
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Figure 8.17: The true neutrino energy distribution before (left) and after (right) cuts according

to Monte Carlo simulation. Note that the neutral-current (NC) and wrong sign (WS) background

becomes negligible after applying the cuts as an ArgoNeuT-MINOS match is highly unlikely for a

neutral-current event. “Wrong sign” refers to νµ.

8.8 Efficiency

A measure of the probability to reconstruct a CC νµ event is necessary in order to turn the

observed rate into the true rate required for a cross section measurement. The Monte Carlo

event generation and detector model is necessary for this procedure. Detection efficiency

and acceptance affects are considered together when discussing reconstruction probability.
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with Pµ >10 GeV/c as the DIS muons straighten out and the possibility of a match with

MINOS increases.
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Figure 8.19: The outgoing muon angle (left) and momentum (right) ArgoNeuT+matching recon-

struction probability for a CC νµ event originating in the ArgoNeuT fiducial volume. The “Ar-

goNeuT+matching reconstruction probability” is defined as the probability for a CC νµ event which

leads to a negatively charged particle reconstructed by MINOS to enter the final sample.

Tables 8.6 and 8.7 show the reconstruction probabilities broken up in terms of event

class. The probability for a CC νµ event originating inside the ArgoNeuT fiducial volume

to be fully reconstructed, pass cuts, and enter the final sample is 51.3%. The probability

for a QE νµ event, the simplest event topology in general, to enter the sample is 76.4%.

The probability for a CC νµ event originating inside the ArgoNeuT fiducial volume–with a

negatively charged particle reconstructed by MINOS–to be fully reconstructed, pass cuts,

and enter the final sample is 61.5%. The ArgoNeuT reconstruction probabilities are seen

to increase as the event topology becomes less complicated. The most complicated event

topology in general, DIS, has an ArgoNeuT+matching reconstruction probability of 52.4%

while the RES and QE probabilities are 69.2%, and 84.5%, respectively, as the events

become less and less convoluted and multiplicity decreases.

Total reconstruction

probability

νµ CC 51.3%

νµ CCQE 76.4%

νµ CCRES 59.4%

νµ CCDIS 42.3%

Table 8.6: The total reconstruction probability for the most relevant neutrino interaction channels.

The total probability includes contributions from ArgoNeuT reconstruction, MINOS reconstruction,

ArgoNeuT-MINOS track matching, angular acceptance, and energy acceptance.
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ArgoNeuT+matching

reconstruction probability

νµ CC 61.5%

νµ CCQE 84.5%

νµ CCRES 69.2%

νµ CCDIS 52.4%

Table 8.7: The probability for an event originating in the ArgoNeuT fiducial volume which leads

to a negatively charged particle reconstructed by MINOS to enter the final sample.

8.9 Measurement Resolution

Understanding the measurement resolution is necessary in order to estimate the systematic

errors associated with finding the differential cross sections. Comparing Monte Carlo truth

and reconstructed values of a number of variables also assists in determining the efficacy

of the reconstruction and the validity of the simulation. An observed systematic disagree-

ment between a true and reconstructed value can also help in determining if an unfolding

procedure is necessary.

There are three relevant angles for the muon reconstruction in this analysis: the ini-

tial muon angle in the TPC at the neutrino interaction vertex, the muon angle as the

track leaves the TPC, and the initial reconstructed muon angle in MINOS. The initial in-

ArgoNeuT reconstructed muon angles with respect to the transverse coordinate axes versus

true distributions are shown in Figure 8.20. Just like in the case of the radial distributions

of the projected ArgoNeuT track on the MINOS face as compared to the MINOS vertex,

as well as the angular differences (see Figures 8.15 and 8.16), the X distribution is seen

to be more narrow than the Y distribution. Note that these angles are with respect to

the ArgoNeuT/MINOS coordinate system, rather than with initial neutrino direction. The

downward angle of the neutrino beam with respect to the ArgoNeuT orientation and coor-

dinate system is apparent in the θy distributions. The neutrino beam is oriented downward

(in the negative Y direction in the ArgoNeuT/MINOS coordinate systems) by about 3 de-

grees so that it can successfully reach the MINOS far detector in Minnesota. This slight

offset is taken into account when reporting θµ, the angle of the outgoing muon with respect

to the initial neutrino direction.

The three dimensional Kalman-filter based track fitter returns the position and angle

of both the initial in-ArgoNeuT muon and the muon as it leaves the TPC. The initial

angle is relevant for understanding the neutrino interaction and the exit angle is relevant

30 



+
Reconstructed muon parameters 
8. Charged-Current Muon-Neutrino Analysis 168

210

310

 (degrees)x, recosim!
60 70 80 90 100 110 120

 (d
eg

re
es

)
x,

 tr
ue

!

60

70

80

90

100

110

120

 recosim and truth (after cuts)x! muon µ"CC  recosim and truth (after cuts)x! muon µ"CC Entries  123827

Mean   -0.07748

RMS     4.208

 (degrees)x, true! - x, recosim!
-60 -40 -20 0 20 40 60

fr
ac

tio
n 

of
 e

ve
nt

s

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Entries  123827

Mean   -0.07748

RMS     4.208

 recosim - truth (after cuts)x! muon µ"CC 

210

 (degrees)y, recosim!
60 70 80 90 100 110 120

 (d
eg

re
es

)
y,

 tr
ue

!

60

70

80

90

100

110

120

 recosim and truth (after cuts)y! muon µ"CC  recosim and truth (after cuts)y! muon µ"CC Entries  123827

Mean   -0.7266

RMS     5.876

 (degrees)y, true! - y, recosim!
-60 -40 -20 0 20 40 60

fr
ac

tio
n 

of
 e

ve
nt

s

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18
0.2

0.22
0.24

Entries  123827

Mean   -0.7266

RMS     5.876

 recosim - truth (after cuts)y! muon µ"CC 

Figure 8.20: The reconstructed-by-ArgoNeuT muon angles with respect to the X (top) and Y

(bottom) axes as compared to the true values at the interaction vertex for events that pass all cuts.

for matching the track to MINOS. Plots of the angle between the initial track and the

exiting track in data, reconstructed simulation, and truth are shown in Figure 8.21. The

true difference in angle largely comes from the muon multiple Coulomb scattering as it

travels through the liquid argon medium. A difference in initial and exiting reconstructed

angle of less than 3◦ is apparent for >90% of events in reconstructed simulation and data.

Along with the simulation-data agreement, the shape of the reconstructed angular difference

distributions is seen to match the expected true distribution well, after accounting for

resolution smearing affects.

Muon momentum reconstruction is accomplished using the MINOS near detector. In the

case that a muon stops in MINOS, the energy deposited along its track is tabulated and used

for the momentum measurement. In the case that the muon does not stop in MINOS, the

track curvature in the magnetic field is employed to make the momentum determination.

Of course, the momentum as determined by MINOS is usually an underestimate of the

initial, in-ArgoNeuT muon momentum. The muon loses energy as it travels through the

ArgoNeuT TPC, a few centimeters of stainless steel in the form of the inner and outer
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neutrino and muon momentum. However, a shape-only comparison with SciBooNE is made

difficult as the result reported by them is specific to the Booster Neutrino Beam flux at

the SciBooNE location and the 0.25-3.0 GeV energy range. The MINOS result covers the

energy range 3-50 GeV with the same flux used in this measurement. However, as the extra

0-3 GeV energy bin employed in this analysis contributes about 43% to the total 0-50 GeV

flux according to the MINOS-supplied Monte Carlo prediction, a direct comparison with

the shape-only MINOS muon rates is difficult.
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Figure 8.45: (Top) The Monte Carlo expectation for the composition of the outgoing muon angle
and momentum distributions for CC νµ events in terms of neutrino interaction type. (Bottom) The
total reconstruction probability and background/efficiency corrected event rate as a function of the
measured variables. The data (with statistical and systematic errors) and Monte Carlo expectation
are shown. The Monte Carlo statistical errors are too small to be seen.

The integrated neutrino flux and protons on target exposure along with the number of

targets in the ArgoNeuT fiducial volume are used to turn corrected rate into differential

cross section using Equation 8.21. The flux-integrated differential cross sections in outgoing

muon angle and momentum from CC νµ events on an argon target corresponding to the

flux in Tables 8.1 and 8.2 are reported in Figures 8.46 and 8.47, respectively. The shape of

these distributions is identical to those in Figure 8.45.
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no cuts µ µ+q µ+q+M

Signal (CC νµ) reconstruction probability 60.1% 55.8% 53.2% 51.3%

Signal purity 78.0% 82.5% 93.0% 95.5%

NC/WS contamination 12.6% 13.0% 2.8% 2.1%

TG muon contamination 6.5% 1.7% 1.5% 1.2%

NC match w/ TG muon contamination 2.7% 2.7% 2.6% 1.1%

Table 8.9: The effect of each cut on the signal efficiency/purity and background. “µ” refers to the

requirement that the muon start position be inside the fiducial volume, “q” refers to the requirement

that the track be reconstructed as negatively charged by MINOS, and “M” refers to the “high-level”

ArgoNeuT-MINOS track matching requirements.

effects of statistical fluctuations in the relevant measurement bins. About 18 background

events are expected to have entered the signal-like sample. The distribution of background

events in θµ is parameterized using a three parameter Landau fit. The distribution of

background events in Pµ is parameterized using a three parameter shifted power fit of

the form a(x − c)b. The background histograms corresponding to the parameterizations

with one sigma errors (the error on the fit) are shown in Figure 8.35. The fits have been

produced with each bin given equal weight. These parameterization-based background

histograms are subtracted directly from the raw signal histograms in order to arrive at

the background-corrected rates. The reconstruction probability (efficiency) correction is

applied after background subtraction as in Equation 8.21.
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Figure 8.34: The total background expected. There are contributions from through-going muons,

NC/WS events, and NC/WS events that are matched to through-going muons in MINOS.
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Figure 8.31: The expected number of neutral-current (NC) and wrong-sign (WS) background
events matched to through-going muons in MINOS that pass all selection criteria and enter the
signal sample.

in MINOS are shown in Figure 8.32. The distributions have been normalized to the number

of such events that are expected given the ArgoNeuT neutrino-mode exposure. About 4

mismatched non-background events are expected in the final analysis sample.
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Figure 8.32: The expected number of CC νµ events that are matched to an unrelated muon in
MINOS. These events are not considered a background because they are CC νµ events. However,
they do affect the muon angle and momentum measurement resolutions.

8.10.3 Through-going muons

The through-going muon simulation, discussed in Section 6.4, is employed in order to de-

termine the expected number of through-going muons that are reconstructed by ArgoNeuT

and MINOS and enter the sample. The simulated through-going muons that enter the TPC,

ionize argon atoms, and eventually induce signals on the simulated wires are reconstructed

by the ArgoNeuT software and passed to the MINOS reconstruction software. That is, the

simulated through-going muons are allowed to enter the Monte Carlo expected signal sample
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Figure 8.31: The expected number of neutral-current (NC) and wrong-sign (WS) background
events matched to through-going muons in MINOS that pass all selection criteria and enter the
signal sample.

in MINOS are shown in Figure 8.32. The distributions have been normalized to the number

of such events that are expected given the ArgoNeuT neutrino-mode exposure. About 4

mismatched non-background events are expected in the final analysis sample.
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Figure 8.32: The expected number of CC νµ events that are matched to an unrelated muon in
MINOS. These events are not considered a background because they are CC νµ events. However,
they do affect the muon angle and momentum measurement resolutions.

8.10.3 Through-going muons

The through-going muon simulation, discussed in Section 6.4, is employed in order to de-

termine the expected number of through-going muons that are reconstructed by ArgoNeuT

and MINOS and enter the sample. The simulated through-going muons that enter the TPC,

ionize argon atoms, and eventually induce signals on the simulated wires are reconstructed

by the ArgoNeuT software and passed to the MINOS reconstruction software. That is, the

simulated through-going muons are allowed to enter the Monte Carlo expected signal sample
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in order to obtain an estimate of the through-going muon background contamination. The

expected number of through-going muons that actually pass through ArgoNeuT is arrived

at after correcting the MINOS reconstructed muon rate for the MINOS-specific reconstruc-

tion probability in bins of muon angle and momentum separately. This is necessary as the

flux of through-going muons from ArgoNeuT is based on MINOS post-reconstruction data.

This efficiency correction is distinct from the “total reconstruction probability” correction

that is applied to the data after background subtraction. The expected through-going muon

contamination in the signal sample is shown in Figure 8.33. The statistics are rather low

for this background estimate as the prediction is based on an in-situ measurement. Over-

sampling from the actual collected through-going muon data was avoided. There are about

5 through-going muon events expected to be reconstructed as CC νµ events by ArgoNeuT-

MINOS in the final analysis sample, contributing about 1% to the total.
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Figure 8.33: The expected number of through-going (TG) muon background events that pass all

selection criteria and enter the signal sample.

8.10.4 Background summary

After all of the cuts are applied to the signal candidates, the total CC νµ sample (380

events) is 95.5% pure. The purity is defined simply as:

Signal (CC νµ) purity =
# of true CC νµ events that pass all cuts

# of events that pass all cuts
(8.28)

Approximately 2.1% of the sample is composed of neutral-current/wrong sign events.

Through-going muon background makes up 1.2% of the sample and the remaining 1.1%

of background events come from true neutral-current events in ArgoNeuT that have been

incorrectly matched to through-going muons in MINOS. The probability for a CC νµ event
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8.12.7 Error summary

The contributions to the uncertainty in each bin of muon angle/momentum can be seen

in Figures 8.42 and 8.43. The one sigma fractional errors are reported as well as the total

error (after the efficiency correction and background subtraction) on the corrected number

of events. These measurements are statistics-limited in most of the bins reported. The

measurement scale error contributes significantly to the uncertainty, however, especially for

the bins at the edge of each plot and where the slope of the distribution is rapidly changing,

as discussed above. The uncertainty on the flux is another leading error, with all other

sources contributing negligible amounts.
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Figure 8.42: Contributions to the muon angle measurement uncertainty. The fractional errors
are reported on the left and the contributions in terms of the efficiency and background corrected
number of events are reported on the right.
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Figure 8.43: Contributions to the muon momentum measurement uncertainty. The fractional errors
are reported on the left and the contributions in terms of the efficiency and background corrected
number of events are reported on the right.
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8.12.7 Error summary

The contributions to the uncertainty in each bin of muon angle/momentum can be seen

in Figures 8.42 and 8.43. The one sigma fractional errors are reported as well as the total

error (after the efficiency correction and background subtraction) on the corrected number

of events. These measurements are statistics-limited in most of the bins reported. The

measurement scale error contributes significantly to the uncertainty, however, especially for

the bins at the edge of each plot and where the slope of the distribution is rapidly changing,

as discussed above. The uncertainty on the flux is another leading error, with all other

sources contributing negligible amounts.
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Figure 8.42: Contributions to the muon angle measurement uncertainty. The fractional errors
are reported on the left and the contributions in terms of the efficiency and background corrected
number of events are reported on the right.
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Figure 8.43: Contributions to the muon momentum measurement uncertainty. The fractional errors
are reported on the left and the contributions in terms of the efficiency and background corrected
number of events are reported on the right.
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Figure 8.40: The effect of adjusting the muon angle/momentum by plus and minus one sigma from
the central value, where sigma comes from the measurement resolution on a per-bin basis. The
central value represents the unfolded background subtracted distribution of reconstructed Monte
Carlo events. The systematic error associated with the measurement scale is conservatively taken
as the largest fractional deviation from the central value in each bin.

of bins adjacent to the physical bounds of each plot are significantly affected. Bins within

the steep slope regions of each distribution are also subject to significant measurement

scale alterations. The effect is pronounced in the 0-8◦ region of the muon angle plot where

the weight in each bin is rapidly rising. Such bins receive largely varying contributions

from their neighbors with each plus or minus one sigma shift. This is in contrast to a flat

distribution with adjacent bins being filled with the same weights. The shape of a flat

distribution would be largely unaffected by a change in measurement scale.

8.12.4 POT counting

The protons on target counting error is estimated at 1% [197].

8.12.5 Fiducial volume cuts

As described in Section 8.12.5, this analysis is sensitive to the fiducial volume cuts. The

systematic error associated with these cuts is found by calculating the reconstructed Monte

Carlo simulation rate on a per-bin basis three times in terms of θµ/Pµ; once with the

nominal fiducial volume, once with the fiducial volume increased by 1.0 cm on all sides, and

once with the fiducial volume decreased by 1.0 cm on all sides. The value of 1.0 cm was

chosen as it is loosely representative of the reconstruction software’s vertex resolution as

seen in Figure 8.9. Note once again that the neutrino interaction vertex as well as the muon

start position are required to be inside of the fiducial volume. The systematic uncertainty
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on the differential cross section due to the fiducial volume cuts is conservatively set equal

to the largest fractional deviation from the central value, due to either the 1.0 cm increase

or 1.0 cm decrease on all sides of the fiducial volume, in each θµ/Pµ bin. The effects of the

fiducial volume adjustments can be seen in Figure 8.41. The corrected number of events

reported in the plot for each distribution is the expectation for the nominal fiducial volume.

That is, the fiducial volume decrease (increase) does not feature less (more) events than

the fiducial volume increase as the appropriate volume normalization correction has been

applied.
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Figure 8.41: The effect of adjusting the fiducial volume by plus and minus one 1 cm on all sides.
The increase or decrease occurs all at once. The central value represents the background subtracted
distribution of reconstructed Monte Carlo events. The systematic error associated with the fiducial
volume cut is taken as the largest fractional deviation from the central value in each bin.

8.12.6 Statistics

There are 380 ArgoNeuT events that pass all cuts. There are 373 events that fall in the

0◦ < θµ < 36◦ measurement range and 362 events in the 0.0 < Pµ < 25.0 GeV/c range. The

number of bins reported is 18 for θµ and 20 for Pµ. These values seem reasonable as the

square root of the number of data points in the sample (∼19 in this case) is often used to

set the number of bins in a histogram. Also, the bin width choice allows every bin reported

to have ≥2 events. There are no momentum contraints/requirements placed on events that

enter the θµ plot and no angle constraints/requirements placed on events that enter the Pµ

plot.

The statistical error associated with the Monte Carlo signal event generation is consid-

ered negligible but is accounted for in this error analysis. Also, the errors on the background

generation and the background parameterization fits are included.
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