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What I’m going to talk about
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This talk: !
the physics capabilities and 

some of the challenges

Last talk: !
the technology of liquid 

argon neutrino detectors



Goals For This Lecture
• Show selected examples of physics potential of 

Liquid Argon Time Projection Chambers (LArTPCs)!

• Get everyone thinking about some of the issues 
associated with analyzing data from a LArTPC.
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Please ask 
questions 

at anytime!



Extracting Physics

• The LArTPC is an imaging device that provides fine-grained 
detail about interactions.  Our analysis of this information 
should aspire to take maximal advantage of this.!

• Argon is a nuclear target, so this presents challenges, and 
opportunities, when defining physics measurements to be 
conducted.!

• Several people here have asked me to talk about 
reconstruction issues, so I will spend time on that.
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The Challenge

5

Translate recorded events into detailed information 
about the interaction.  Capture all we can see by eye.
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Gammas/neutrons?

Displaced shower-like 
object.

Pion re-interaction?
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TPC Signal Development
• Ionization produced by charged-tracks creates a signal on TPC wires.  !

• The measured signal is the convolution of multiple physical processes.!

• Try to model each process, in simulation and data-reconstruction.  
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M = R⌦ I ⌦D ⌦ F ⌦ E
RecombinationR

I Attachment to Impurities
D Diffusion
F Drift Field
E Electronics Shaping

Uber-function to 
represent LArTPC signal 

development 



In An Ideal World…
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In An Ideal World…
• Apply the inverse of this uber-function to measured 

signal and recover the distribution of ionization in 3d 
x-y-z space, then proceed to apply reconstruction.
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S = M · ⇢
M-1S = ⇢

S(wire, time)

⇢(x, y, z, t) Distribution of ionization in TPC as a function of time,space.

Signal measured on each wire as a function of time.



In An Ideal World…
• Apply the inverse of this uber-function to measured 

signal and recover the distribution of ionization in 3d 
x-y-z space, then proceed to apply reconstruction.

• In reality, we have no such transformation function, so 
we must take a different approach.
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� conversion following the ⇡o decay.

All these provide data samples available for current cross section studies and measurements.
These consist of approximately 900 ⌫ CC-interactions in the fiducial volume of the TPC in the
neutrino-beam configuration, and 4000 ⌫ and 3500 ⌫̄ CC interactions in the antineutrino-beam
configuration.

4.1. Event Imaging
The non-destructive configuration of the wire-planes and the individual wire signal read-

out/recording allow for imaging of the ionization event in the LArTPC volume.

Figure 13: Schematic of the ArgoNeuT LArTPC and the reference frames adopted for 2D and 3D imaging of the
ionization events. The coordinates (w, t) for the Collection view and (v, t) for the Induction view are explicitly
indicated in terms of wire index (nI,C

W and wire pitch (�s) for the wire coordinate and time tick index (nt) and sampling
time (�t) for the time coordinate.

In ArgoNeuT each of the two instrumented wire-planes provides a 2D-image corresponding to
the event projection on a plane whose axes are identified as “wire coordinate” and “time coordi-
nate”. Both coordinates are discrete, in terms of the wire-number in the plane (nw, from 1 to 240
for both Induction and Collection) and of the time tick of the signal digitization (nt, from 1 to 2048
samples).
A schematic view of the wire plane geometry and of the reference coordinate frames are shown
in figure 13. The two projection-planes are indicated as (w, t) for the Collection and (v, t) for the
Induction. The two planes have the time coordinate in common. The wire-coordinates lie along

23

The Reconstruction Challenge
Angled wireplane geometry is very tricky to decipher.  Hard 
enough to think in 3d, let alone in a tilted coordinate system
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 Paddles Information

5

time         1253656842
pmt1        221439   -1002376   -1002379    0
pmt2        221080     221087      221093      221442
pmt3        221086     221445      3604261    3604268
pmt4        0               0                0                0

•Event clearly has 2 tracks.
•Coincidence between 1st hit on 2&3 is 
one track.  

•Coincidence between 1st hit on 1, 4th hit 
on 2, and 2nd hit on 3.

•Negative numbers are garbage due to 
improperly flushed out DAQ buffer.

•DAQ records for 8ms per trigger, so Hit 
times can be between 1 and 8,000,000.

•Beam spill lasts from 214,000 - 224,500
•Times on a single Paddle that cluster very 
closely are probably ringing.

•Need to investigate efficiency of paddles 
as a function of time.

Muons Seen by ! Upstream & !

Downstream Paddle

Added Paddles to Display
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•4 rectangular boxes...one for each paddle.
•Color-code by coincidence in 1st hit only.
•Only consider hit times within beam window.



The Reconstruction Challenge
• We rely on common drift-time coordinate that all wireplanes share to 

“match” objects between planes.!

• If a track is parallel to wireplanes (i.e. - all at one drift-time coordinate), 
there is ambiguity about how it actually travelled in space.!

• If a track is steeply inclined to wireplanes (i.e. - all ionization ends up 
on just a few wires), the pulse shapes become quite challenging to 
decipher.
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Track traveling towards one wire

Signal on that wire



Reconstruction Approach
• TPC reconstruction scheme builds up 3D objects from 

underlying 1-D, 2-D objects.!

• Light reconstruction finds signals on multiple PMTs that 
are consistent in time and space. 
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Wire 
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Hit 
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Clustering

3D 
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3D Shower 
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Vertex 
Finding

Calorimetry
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PMT Data

Construct 
Optical 
Flashes

Match to 
TPC 

activity

TPC Reco
PMT Reco This is only a cartoon…real 

reconstruction can make many 
paths through this maze.



Raw Signal Manipulation
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•Before any reconstruction takes place, raw signals from each wire 
can have electronics response deconvolved via a Fourier transform 
(FFT).  

•Bipolar signal shapes on the induction plane can be converted to 
unipolar during this FFT, facilitating Hit finding. 

•FFT technique also allows filtering to remove high/low freq. noise. 
!
!
!



Hit-Finding
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•A Hit is defined as a wire signal going above threshold for 
sufficient time.!

•Hits are identified using a Gaussian fitting technique.!
•Multi-Gaussian fit can be performed to identify closely 
spaced Hits.!
!
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Clustering
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•A Cluster is a grouping of associated Hits.!
•Several algorithms exist for this.!
•Old Example: Density-based clustering (called “DBscan”) 
allows arbitrarily shaped Clusters to be identified.!
‣Define some notion of proximity and connectedness (adjustable parameters)!
‣Density-connected Hits are placed in a Cluster.  “Noise” Hits are ignored.!

Deconvolution + 
Hit-Finding + 
Density-Based 

Clustering



Tracking
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•3D reconstruction relies on the common coordinate (i.e. - drift 
time) shared by all planes.!

•Goal is generalized 3D tracking that allows reconstruction of 
particles following arbitrary directions.!

• Input can be Hits or Clusters, depending on algorithm.
� Total visible energy: 887 MeV (including quenching and e- lifetime corrections).
� Out-of-time from CNGS spill AND angle w.r.t. beam direction: 35°.

Very small event

La Thuile, 03/05/2011 XXV Rencontres de Physique de la Vallée d'Aoste 12

� Total visible energy: 887 MeV (including quenching and e- lifetime corrections).
� Out-of-time from CNGS spill AND angle w.r.t. beam direction: 35°.

Very small event

La Thuile, 03/05/2011 XXV Rencontres de Physique de la Vallée d'Aoste 12

ICARUS Event and Reconstruction

Refs:!
1.)ICARUS and Status of Liquid Argon Technology, A. Fava, La Thuile 2011



Particle Identification
• Particles in the detector have distinct energy-deposition profiles as they come to a stop.!

• A likelihood comparison is performed between the energy-deposition profile of a 
reconstructed track and predictions from GEANT.!

• Notice that this technique offers little power to distinguish muons from pions.
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ADC to fC conversion factor, see Sec.3).
To account for the charge loss along the drift due to impurities, a first correction is applied to
obtain the free charge after recombination Qf ree = Qdet/e�t/⌧e , where t is the hit time (presampling
subtracted) and ⌧e is the current electron lifetime, routinely measured in ArgoNeuT during the
physics run (see Sec.6.2).
Finally, to account for the charge loss due to recombination, a second correction is applied to
obtain the total charge released Q0 = Qf ree/R. The recombination factor R is derived from a pa-
rameterization of the quenching e↵ect in LAr reported in [24] and based on the semi-empirical
Birks’s model developed for the description of quenching e↵ects in scintillators [25]. The R fac-
tor is a non-linear function of the ionization density (dQf ree/dx) freed at the actual electric field
strength. The free ionization density along the track can be sampled by the hit amplitude to the
track pitch length ratio (Qf ree/�x), which allows calculating the value of the R factor.
The charge Q0 released in the track pitch is directly related to the energy deposited (E = WeQ0).
The energy loss along the track (dE/dx) can thus be estimated in steps of length �x, and the total
energy deposited along the track is obtained by summing over the steps.

Figure 23: [Left] Energy loss per unit track length (average value) as a function of residual range (distance to the track
end) for di↵erent charged particles. Experimental data from calorimetric reconstruction of the energy loss along the
stopping track shown on the right are superimposed. [Right] Evt.#6474, Run#650: 2D views from Collection Plane
(top) and Induction Plane (bottom).

If the incident particle slows down and stops in the LArTPC active volume, the energy loss
displayed as a function of the residual range (the path length to the end point of the track) is
used as a powerful method for particle identification (PId). Charged particles of di↵erent mass (or
charge) have in fact di↵erent increasing stopping power at decreasing distance from the track end,
as shown in figure 23 [Left], where the di↵erent curves come from simulation of stopping muons,
pions, kaons and protons in LAr.
As an example of application of the current calorimetric reconstruction and particle identification
algorithms, the energy loss along a recorded stopping track, shown in figure 23 [Right], as sampled
by 147 wires in the Collection plane, is reported (black dots) on the dE/dx vs. residual range
plane [Left]. The distribution of the experimental points agrees with the proton hypothesis. For
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Refs:!
1.)A study of electron recombination using highly ionizing particles in the ArgoNeuT Liquid Argon TPC, R. Acciarri et al, 

3. Neutrino Detection and the Liquid Argon Time Projection Chamber 33
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Figure 3.4: A LArTPC’s wire planes and drift regions. ArgoNeuT instruments the induction and
collection plane. MicroBooNE will instrument the shield, induction, and collection planes.

dE/dx vs. kinetic energy Kinetic energy vs. range 

Figure 3.5: (Left) dE

dx

versus kinetic energy and (right) kinetic energy versus range for a variety of
relevant particles. These plots are taken from Reference [69].

of the amount of energy deposited along a stopping track and hence the kinetic energy of the

initial particle, calorimetry is useful for identifying particles. The energy deposited along

the track per unit length, dE

dx

, often used in conjunction with track range in the case that

the particle stops, can be utilized to di↵erentiate one particle from another (see Figure 3.5).

Separating gammas from electrons is vital to the success of future LArTPCs used as

detectors in long baseline electron-neutrino appearance searches. As one example, neutral-

current ⇡0 (⌫
l

N �! l±N⇡0, with N a nucleon and l± a charged lepton) events are a
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If the incident particle slows down and stops in the LArTPC active volume, the energy loss
displayed as a function of the residual range (the path length to the end point of the track) is
used as a powerful method for particle identification (PId). Charged particles of di↵erent mass (or
charge) have in fact di↵erent increasing stopping power at decreasing distance from the track end,
as shown in figure 23 [Left], where the di↵erent curves come from simulation of stopping muons,
pions, kaons and protons in LAr.
As an example of application of the current calorimetric reconstruction and particle identification
algorithms, the energy loss along a recorded stopping track, shown in figure 23 [Right], as sampled
by 147 wires in the Collection plane, is reported (black dots) on the dE/dx vs. residual range
plane [Left]. The distribution of the experimental points agrees with the proton hypothesis. For
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STOPPING TRACKS - CALORIMETRIC RECONSTRUCTION and PID 

. proton NIST tables!
* data

Contained proton
Measurement of:!

• dE/dx vs. residual range !
      along the track!

• kinetic energy vs. track length

residual range !
(from the track stopping point)

Kinetic Energy vs. track length

. data 

dE/dx vs. residual range 
(contained protons)

 stopping point

41

χ2 based method is used for PID
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Figure 6. Left: Histogram of (dE/dx)calo vs residual range for the proton sample (black) and the deuteron
sample (red). Equation 4.1 is plotted for protons (yellow line) and deuterons (green line). Right: The same
histogram plotted on a log-log scale.

6. Detector Simulation

The LArSoft simulation is based on GEANT4. The TPC is divided into 0.3 mm cubic voxels
imposing a maximum tracking step size ⇡10x smaller than the wire spacing. At each tracking step,
dE/dx is calculated using the step information and a Birks recombination correction applied to find
dQ using equation 2.6. The recombination correction does not include any angular dependence.
The deposited charge is split into clusters of 600 electrons which are each subjected to a simulation
of longitudinal diffusion, transverse diffusion and loss due to impurities. The number of arriving
electrons is stored in a time ordered array for each wire. When tracking of all particles in the
event is completed, wire signal waveforms are generated by convolving the wire time arrays with
a parameterized induction (collection) plane response and the electronics impulse response.

The Monte Carlo simulation is used to check the relative calibration of tracks at all f angles.
The rationale for such an effect becomes clear by considering two minimum ionizing tracks, both
traveling at the same angle relative to the collection plane wires. One track travels parallel to the
wire plane (f = 90�) and the other is inclined relative to the wire plane. The case of an inclined
track is shown in figure 7, where the inclination angle qu is the angle between the projection of the
track in the (u,y) plane and the u axis. The wire plane lies in the (x,z) plane. The inclination angle
is highly anti-correlated with f , e.g. f = 90� when qu = 0 in the parallel track case. Ionization
electrons arrive at the collection plane with a larger spread in time for the inclined track case than
for the parallel track case. A hit signal from the inclined track will therefore have a wider time
spread and lower amplitude but the total charge deposited per unit length, dQ/dx, will be the
same for both tracks. The power spectrum of the wire signal from the inclined track has lower
frequency components than the wire signal from the parallel track. The signals for the two cases
may therefore be processed differently by the readout electronics chain, signal deconvolution and
hit fitting, resulting in a slightly different measurement of dQ/dx.
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Particle Identification
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Electron/gamma separation

● An EM shower that starts after a gap 
from the vertex is always background 
(especially if you can see two of them).

● Even if the gap is very small all is not 
lost.

– We can reconstruct the charge at the start 
of the shower - “dE/dx discrimination”.  

Reconstructed 
Single Shower MC

Average dE/dx 

Single electron 

EM Showers

e-/e+ pair producing gamma  

e

γ → e-+e+

Refs:!
1.)A. Szelc, Neutrino 2014

• Electron/Photon distinction provided by dE/dx difference at beginning of shower, plus 
topological clues like gaps between primary vertex and shower start.!

• Very important capability for electron-neutrino appearance analyses.
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Data-Based dE/dx plot
– Gammas defined as EM 

showers detached from visible 
vertex.

– Electrons defined as EM 
showers with visible vertex 
activity and no gap. 

– Electron events require no 
track matched to MINOS muon.
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event single hit charge depositions.
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• Electron/Photon distinction provided by dE/dx difference at beginning of shower, plus 
topological clues like gaps between primary vertex and shower start.!

• Very important capability for electron-neutrino appearance analyses.



Particle Identification
• Some examples.
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Calibration
• Test-beam exposure, LArIAT, will give us an invaluable data sample to measure dE/dx profiles for stopping 

particles of known identity.!

• Can also study dependance of recombination on electric-field.!

• Beam polarity is tunable, so can study possibility of muon sign-selection in non-magnetized detector (using  100% 
mu+ decay, and ~75%/25% mu- capture/decay).
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What's next? LArIAT phase-II

● LArIAT phase-I containment ~50%

● Much larger detector will allow to 
repeat same measurements but 
with much better containment

→ study hadronic showers in 
liquid argon

● Detailed calorimetry studies

● Ionization electrons

● Scintillation light

● Topology information

●  Cosmic ray background studies

LArIAT phase I

LArIAT phase I

10/16/14 F. Blaszczyk - Intensity Frontier Seminar 15

Charge sign determination w/o magnetic field

● Charge sign determination (w/o a magnetic 
field) for fully contained muons using statistical 
analysis :

– µ+ decay rate with e+ emission of a known 

energy spectrum = 100 %

– µ- capture on nuclei rate + γ / n emission ~ 

75% vs decay rate ~25%

→ capture rate higher in Ar than in lighter 
elements

→ systematic study of μ- capture in LAr has 
never been performed

● Beam tunable polarity will provide data for 
direct measurement of the sign separation 
efficiency and purity for muons (might be 
possible for pions)

LArTPC sign determination capability has yet to be explored

µ−
 capture in ArgoNeuT

π→μ→e decay in ArgoNeuT

π
μ

e
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Laser Calibration
• Laser systems allows for in-situ mapping of E-field.!
• Can precisely control where laser is pointing, so know exactly what reconstructed track 

should look like.  Removes issues of multiple-scattering and delta-rays that muons have.
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Refs:!
1.)Measurement of the drift field in the ARGONTUBE LAr TPC with 266 nm pulsed laser beams, A. Ereditato et al, arXiv:1408.6635

The ARGONTUBE detector is a liquid argon time projection chamber that allowed to achieve
for the first time a 5 m long drift distance for ionization electrons in liquid argon [1, 2, 3]. Given
the high aspect ratio of about 25 for the detector sensitive volume (narrow field cage), the mirror
charge induced on the surface of the field-shaping rings leads to a relatively fast removal of the
positive ions. This brings the distortion due to ion space charge to a negligibly low level.

Therefore, the dominating field distortion in ARGONTUBE originates from the non-uniform
potential distribution on the field-shaping rings created by the undercharged high voltage generator.
In order to demonstrate the feasibility of calibrating the drift field by means of straight ionization
tracks, the detector is equipped with a high-power pulsed UV laser beam. The technique is based
on the process of multi-photon ionization of argon atoms in liquid by a narrow (⇡ 2 mm diameter)
beam of UV radiation with a wavelength of 266 nm [4].

2. Drift field in ARGONTUBE

For a detailed description of the ARGONTUBE detector and of its subsystems and, in particular,
laser we refer to previous publications [1, 2, 3]. Electrostatic simulations of the TPC field cage
indicated a high uniformity of the electric drift field within the sensitive volume for the chosen
field cage geometry [3]. However, during detector runs it became evident that the drift field was
not as uniform as expected from simulations. The ionization tracks produced by cosmic ray muons
had apparent strong curvature at the readout plane. The curvature was not only much stronger than
expected from Coulomb multiple scattering, but also systematic. A similar effect was observed for
straight laser-induced ionization tracks which are free of Coulomb multiple scattering (Figure 1).
Such a behavior can be attributed to substantial longitudinal and transverse drift field distortions.
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Figure 1. A typical laser-induced ionization track in ARGONTUBE entering the detector from the top (left
in the figure) and crossing the entire sensitive volume longitudinally. The red rectangle marks the electron
cloud released from the detector cathode by photoelectric effect at about 5 mm drift distance.

The high voltage needed to set up the electric drift field in ARGONTUBE is directly gener-
ated inside the cryostat by means of a Greinacher voltage multiplier [5]. It is a circuit consisting
of capacitors and diodes, which is driven by an alternate current voltage source (Figure 2). 119
multiplier stages are installed in ARGONTUBE to reach the required high voltage. The longitudi-
nal component (w.r.t TPC drift direction) of the observed field distortions can be explained by the

– 2 –

Once the longitudinal coordinate of the laser track shown in Figure 1 is corrected using the
inferred EL(z) distribution (red line in Figure 5), the residual track curvature can be entirely at-
tributed to the transverse field distortion ET (z). To determine the latter, one performs a straight
line fit (shown in blue in Figure 5) for z 2 [0,300]mm to the laser track corrected for EL(z) as-
suming that ET (z) = 0 in the specified range of z. By analyzing the residual track deviation from
the extrapolated laser track, one can determine the transverse drift velocity vT at each point along
the laser-induced track and, therefore, derive the distribution of ET (z) in this specific region of the
detector sensitive volume.
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 order)th
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Figure 5. The red line represents a polynomial fit to the laser track (green markers) shown in Figure 1
corrected for longitudinal disuniformities of the drift field using the Greinacher model and measurements
described in the text. The blue line shows the extrapolated laser track determined by fitting the green markers
with a straight line for z 2 [0,300]mm assuming ET (z) = 0 in the specified range of z. The plot features two
different scales along the abscissa, drift time td (top axis) and drift coordinate z (bottom axis) which are
related by the function td(z).

The final result of the analysis is shown in Figure 6. The top plot represents the distribution
of the longitudinal (blue) and transverse (red) components of the drift field along the laser-induced
track region.

While the longitudinal field component is valid for the whole sensitive volume of the detector,
the transverse component is only correct along the laser path of the specific track and is found to
vary within the detector volume, depending on the location w.r.t the Greinacher circuit components.
Steering the laser beam across the sensitive volume allows to reconstruct ET for several beam
locations and hence to build up a full 3D map of the drift field components distribution.

The drift field data obtained for several runs of ARGONTUBE were used as a basis for the
calibration of the detector response to the ionization charge (using the field-dependent charge re-
combination factor) and for charge diffusion measurements. These analyses will be presented in
forthcoming publications.

– 6 –

Read today’s Fermilab Today

http://www.fnal.gov/pub/today/archive/archive_2014/today14-10-23.html


7. ArgoNeuT Software: Reconstruction 127

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.

to remove noise hits.

• Hough Transform based cluster finding and track fitting, to find and characterize

line-like clusters/tracks.

• Hit analysis, to characterize the hits that have been associated with a long, line-like

track in order to extract the electron lifetime.

The analysis of the hits belonging to long line-like tracks proceeds as follows. The

peak ADC height of every hit associated with a track that spans at least 120 wires is

plotted against the hit’s drift time. Note that the integrated area of the wire signal’s ADC

counts can also be used for the measurement and has been found to give similar results as

peak height. Figure 7.22 shows a two dimensional scatter plot of signal peak height (ADC

counts) versus time sample for a single ArgoNeuT physics sub-run that occurred on 9/27-

9/28/2009, spanning ⇠26 hours (40,619 beam spills with <27 ⇥ 1012> POT/spill). This

sub-run has been chosen as an example for this analysis due to the relatively high beam

intensity/consistency during this period, although the electron lifetime extraction is valid

Examples
•On the following slides I show examples of using the tools we currently have 
to do several measurements with ArgoNeuT data.!

•As a reminder, ArgoNeuT has no light-collection system or laser calibration, 
but it does have MINOS as a muon spectrometer, which is a huge advantage.
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ArgoNeuT at Fermilab

4

!
• First TPC in a low energy (1-10 GeV) US neutrino beam … 

• the Neutrinos-from-Main-Injector (NuMI) beam at Fermilab 
!

• Uses the Minos Near Detector as a spectrometer
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Electron Lifetime from Muons
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Drift time

Charge created very close to or behind wires
Hit threshold

CathodeWires

• An example of the full reconstruction chain being used in an 
automated analysis is the measurement of argon purity using 
through-going muons.!

• Due to non-infinite electron lifetime, tracks crossing further from 
the wireplanes will appear to have diminished signals.!

• A fit is done to charge deposition vs. drift distance to extract the 
electron lifetime.
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Figure 26: The e-lifetime extraction from the Collection plane with an exponential fit to the data. The fit gives an
e-lifetime of 764±3stat µs (statistical error only) for the DAQ-run #648 taken during the ⌫-beam period.

against its drift time. This is done separately for the hits of the Collection plane and the Induction
plane.
Each of the 2D scatter plots is broken up into time slices, eight samples wide (1.6 µs). Amplitudes

of the hits in the slice are distributed in a 1D histogram for each time slice. The time slice width
was chosen to be as small as possible, to minimize the smearing e↵ects of a finite e-lifetime within
the time region, while still allowing reasonable statistics per slice. The 1D histograms are fit using
a convoluted Landau-Gaussian distribution. The Landau distribution describes the features of the
energy loss by ionization and the Gaussian distribution accounts for fluctuations in the detected
charge due to electronic noise, di↵erences in track pitch length associated to the hit wire, electron
di↵usion and energy spectrum of the incident tracks. The fit has four parameters including the
most probable value (MP) of the charge in the Landau distribution and the Gaussian spread (�G)
of the convoluted Gaussian function. A separate fit is performed for each of the 190 time slices of
the total drift time from the cathode to the wire plane.
A plot of the MP charge vs drift time (time slice centre) for the Collection plane can be seen in

figure 26. The electron lifetime is extracted with an exponential function fit to the MP values for
each plane.
The two independent measurements are combined to arrive at the e-lifetime value associated to
the DAQ-run.
The e-lifetime measurement is minimally dependent on the time slice width. The extracted life-
time varies by less than one percent after choosing widths of 4, 8, 16, and 32 time samples.
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Refs:!
1.)The ArgoNeuT Detectorin the NuMI Low-Energy Beam Line at Fermilab, C. Anderson et al, JINST 7 P10019 (2012)
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The two independent measurements are combined to arrive at the e-lifetime value associated to
the DAQ-run.
The e-lifetime measurement is minimally dependent on the time slice width. The extracted life-
time varies by less than one percent after choosing widths of 4, 8, 16, and 32 time samples.
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Figure 27: The O2 equivalent impurity concentration in LAr (ppb) extracted from each DAQ-run as a function of
elapsed time (days) since the start of the ArgoNeuT physics run (about 160 days, beam in neutrino � antineutrino-
mode). Vertical lines and band indicate hardware interventions on the purification/recirculation system: [red dotted]
Filter exchange, [green dotted] GAr purge, [gray shaded] replacement of a cryocooler component - recirculation was
halted during this period (about two weeks) and DAQ paused.

From the e-lifetime the actual (O2 equivalent) impurity concentration in LAr is inferred through
Eq.1. The evolution of the impurity concentration (in ppb units) as a function of time for the entire
run (spanning both neutrino and antineutrino-mode periods) is shown in figure 27.
Considering the maximum drift time of 300 µs in the LArTPC, a level of about 1 ppb was tar-
geted as the maximum sustainable impurity concentration during operations. The LAr purity level
is maintained higher than this limit by the continuous operation of the GAr purification system
(Sec.2.2). The GAr recirculation however was unexpectedly halted for about two weeks, at the
beginning of the anti-neutrino run [gray shaded band in figure 27], due to a failure (and replace-
ment) of a commercial component in the cryo-cooling system. The level of impurities increased
soon after, as presumably due to di↵usion of impurities from air leakage into the cryostat during
cryogenics repairs. Purity was restored in about ten days of GAr recirculation through freshly
regenerated filters.

7. Conclusion

The ArgoNeuT detector was successfully operated on the NuMI beam at Fermilab for an ex-
tended physics run period. All technical aspects of the detector were tested and performed satis-
factorily, allowing for almost shift-free operation for the nine months long period of the run. About
9000 neutrino events have been collected with excellent data quality, enabling physics studies and
software development towards high resolution imaging, accurate deposited energy reconstruction
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Refs:!
1.)The ArgoNeuT Detectorin the NuMI Low-Energy Beam Line at Fermilab, C. Anderson et al, JINST 7 P10019 (2012)



CC-Inclusive
• Identify charged-current muon events in both neutrino and antineutrino mode.  !

• Selection simply requires a well reconstructed muon track originating in the TPC, matched to MINOS.  No 
other restriction on activity in the event (i.e. - could be QE, Res, DIS, etc…).!

• Fully automated analysis.
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Refs:!
1.)Measurements of Inclusive Muon Neutrino and Antineutrino Charged Current Differential Cross Sections on Argon in the NuMI Antineutrino Beam, R. Acciarri et al, PRD 89, 112003 (2014)



CC-Inclusive
• Differential cross-sections in terms of muon angle and momentum.
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differential cross-sections on 
Argon
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CC-Inclusive
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CC-Coherent
• Two-track event selection. !

• muon matched to MINOS!

• pion candidate track likely not 
contained, so:!

‣ must have <dE/dx> consistent with MIP!

‣ if contained, use calorimetry-based PID!

• no activity around vertex!

• Fully automated analysis.
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Introduction: CC Coherent fi Production

Theoretical background

Small energy transfer to the nucleus:
æ forward going µ and fi,
æ nucleus stays in the ground state.

A A

π−

µ+ν̄µ
W−

Q2

|t|

PCAC Models (Rein-Seghal, Berger-Sehgal, Schalla-Paschos)
• relate ‡(‹ + A æ µ + fi + A) with the ‡(fi + A æ fi + A)
• valid for high neutrino energies, used in all neutrino generator

codes.

Microscopic Models (Alvarez-Ruso, Hernandez, Nieves, Nakamura)
• excitation of the � resonance, full quantum mechanical treatment.

,[2pt],

NuInt14, London
2/28

Event Selection

Recall the event topology:

‹µ + A æ µ≠ + fi+ + A (1)

‹̄µ + A æ µ+ + fi≠ + A (2)

where the µ and fi are forward going.

The neutrino interactions are reconstructed using the LARSOFT software.
We look for:

• Two-track events:
– µ track matched to MINOS;
– fi candidate track might not be contained;

I < dE/dx > cut: must correspond to ≥ 1 MIP;
I If contained, calorimetry based PID is used.

• No activity around the vertex

,[2pt],

NuInt14, London
7/28

Signal and Background Candidates

Run2800/Event2297452
BDT2=20.95

Run2767/Event273072
BDT2=2&1.00

Signal2candidate Background2candidate

25



CC-Coherent
• Low statistics in ArgoNeuT, and small detector size removes ability to contain 

pion and cut on |t|!
• MicroBooNE will solve both of those issues, in addition to being in a lower-

energy beam where this process has been the source of experimental intrigue.
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Data Fit with Signal and 
Background Shapes
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CC-Coherent
• Cross-sections measured for ArgoNeuT’s neutrino/antineutrino sample.!

• Use of BDT and similar machine-learning algorithms offer powerful 
discrimination tools.
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FIG. 3: ArgoNeuT’s CC coherent pion cross sec-
tion measurements (� and •) compared to Rein-
Seghal’s model as implemented in genie and
NuWro [5]. The statistical error is dominant (the
systematic uncertainty is shown alone for compar-
ison). Data from other experiments in the same
energy range is also shown. These consist in mea-
surements made by SKAT (⌅,⇤) and CHARM II
(H) (⌃) [25, 26]. These measurements are scaled
to Argon assuming the A1/3 dependance from the
Rein-Seghal model.

damental for this analysis, future LArTPC ex-
periments will be able to provide decisive mea-
surements for the understanding of neutrino
induced coherent pion production.
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CC 0-pion
• Study charged-current events with no final-state pions, and any number of 

protons.!
• Muons are matched to MINOS, and protons are contained and identified 

based on calorimetry.!
• Proton kinetic energy threshold is 21 MeV.!
• Hand-scanning is used in reconstruction of very low-energy protons.
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Topological characterization of the events: Count (PId) and 
reconstruct protons at the neutrino interaction vertex !

(low proton energy threshold) !
Analysis fully exploiting LAr TPC’s capabilities !

5

!+1p
" interaction vertex

ν beam!

2D views from the two wire planes

ArgoNeuT νµ CC 0 pion topological analysis

Topological characterization of the events: Count (PId) and 
reconstruct protons at the neutrino interaction vertex* !

(low proton energy threshold)!
Analysis fully exploiting LAr TPC’s capabilities !

4

*The%muon+Np%sample%can%also%contain%
neutrons.%The%presence%of%neutrons%in%the%
events%cannot%be%measured,%since%
ArgoNeuT%volume%is%too%small%to%have%
signicant%chances%for%n%to%convert%into%
protons%in%the%LAr%volume%before%escaping.%

!+0p
" interaction vertex

ν beam!

2D views from the two wire planes

ArgoNeuT νµ CC 0 pion topological analysis

Topological characterization of the events: Count (PId) and 
reconstruct protons at the neutrino interaction vertex !

(low proton energy threshold) !
Analysis fully exploiting LAr TPC’s capabilities !

6

ArgoNeuT νµ CC 0 pion topological analysis

!+2p

" interaction vertexν beam!

2D views from the two wire planes

Multi-p accompanying 
the leading muon



CC 0-pion
• Distribution of N-protons in these events compared to model. 
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 anti-νµ CC 0 pion cross section - comparison with GiBUU MC*  

�⌫̄
CC0⇡ = 0.50± 0.03(stat.)± 0.06(syst.) 10�38cm2

Preliminary

*ArgoNeuT Coll. is grateful to Olga Lalakulich and Ulrich Mosel for providing !
 the GiBUU predictions and for many useful discussions!

Note: 2p2h component has large uncertainties

�

⌫̄
CC0⇡ = 0.48 10�38

cm

2
/nucleon

21 MeV proton threshold 



Surprises?
• Looking in two-proton subsample, find events with protons in back-to-back 

configuration that is a signature of correlated nucleons.!

• Statistics are low, but results are suggestive that SRC are active.  MicroBooNE 
can look for this, and will have an even lower proton threshold.
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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

Refs:!
1.)The detection of back-to-back proton pairs in Charged-Current neutrino interactions with the ArgoNeuT Detector in the NuMI low energy beam line, R. Acciarri et al, PRD 90 012008 (2014)
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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.

cos(γ)<-0.95

(µ-+2p) data sample - 4 “Hammer Events”

!-
p

p



Hyperon Production
• Spatial resolution allows displaced vertices to easily be identified.!

• Look for displaced vertex consistent with neutral Lambda decay.!

• ArgoNeuT has a small sample of candidates that are being analyzed.

31

Motivation 

• Charge Current Quasi-Elastic (CCQE) Hyperon Production is 
the Simplest 𝑣µμഥN Process after CCQE Neutron Production 

 

• Existing Experimental Data on Hyperon Production via 
CCQE scattering with anti-neutrinos is Sparse 

 

• CCQE Hyperon Production will have Different Nuclear 
Response than CCQE  Neutron Production due to the 
absence of Pauli effects for the Hyperons 

  

• LArTPC can SEE a Hyperon. Other Coarser Grained 
Detectors Probably Cannot 

 

• Much of the ArgoNeuT Data is in  𝑣µμഥ  Mode 

2 

/0→S�+p 



Apologies for skipping…
• Light-collection system reconstruction and matching 

to TPC information.!

• Neutral-current analysis and pi0 mass reconstruciton.!

• Lots of other great topics pursued by MicroBooNE/
LArIAT/LAr1-ND/LBNF/ICARUS/etc…
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Conclusions
• LArTPCs offer detailed view into neutrino interactions.!

• Reconstructing interactions presents interesting 
challenges.  Very active software development effort 
ongoing to catch up to the pace of hardware 
development.!

• Numerous physics results have already emerged (e.g. - 
ArgoNeuT, ICARUS), and with MicroBooNE/LArIAT 
poised to take data you should expect many more.
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Tracking
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ArgoNeuT Data Event

10

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)

mu+mu-

muonmuon

Multinucleon neutrino CCQE Multinucleon anti-neutrino CCQE

DataData
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ArgoNeuT is largely blind to neutrons!
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a measured track length of 74.1 cm in LAr, the incident kinetic energy of a stopping proton also
agrees with the total deposited energy of 352.3 MeV from the calorimetric reconstruction.

5.7. MINOS-ND Track reconstruction and association
Particles from GeV-neutrino interactions in ArgoNeuT can easily propagate outside the TPC

boundaries, and are thus identified as exiting tracks. In particular, energetic muons can easily
reach and be detected as entering tracks in the downstream MINOS-ND, as shown in figure 24.

Figure 24: Full neutrino event reconstruction with 3D ArgoNeuT-MINOS ND track matching (Run#627, Evt.#4192).
This event was already shown in previous figures at di↵erent stages of the reconstruction procedure, from 2D imaging
to hit clustering up to 3D display).

Track reconstruction in MINOS-ND is performed by MINOS o↵-line analysis code [8] and the
results are provided directly by the MINOS experiment. A track-finding algorithm is applied. It
uses a Hough-transform, embedded in a Kalman filter algorithm, to identify the initial track seed.
Track segments are then chained together to form longer tracks taking into account timing and
spatial correlations. The track momentum is estimated from range if the track stops within the
detector, or from a measurement of its curvature in the MINOS-ND toroidal magnetic field if it
exits. The curvature measurement is obtained from fitting the trajectory of the track using Kalman
filter techniques that take into account bending of the track from both multiple Coulomb scattering
and the magnetic field. This procedure also determines the charge of the reconstructed track.
All MINOS-ND tracks with first hit coordinate along the beam axis Z  20 cm from the first
MINOS-ND plane (Z=0) are considered as entering tracks and candidate for ArgoNeuT-MINOS
matching.

Tracks exiting ArgoNeuT and tracks enteringMINOS-ND are pre-selected for matching on a
spill-by-spill basis based on a common timestamp from the accelerator complex.
The actual matching is based on the orientation and position of the ArgoNeuT and MINOS-ND
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Particle Identification
• Neutral pions can be identified through both calorimetry and 

topology.!

• Two showers, with photon-like dE/dx, pointing to a common vertex.
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A. M. Szelc, Neutrino 2014, Boston 166/7/14

NC π0 Study

Work continuing to refine the energy corrections and 
analyze the full data set

Angle between 
photons

2 x γ

ArgoNeuT is too small to 
contain the majority of 
photon showers from 

π0's.

An MC based set of 
energy corrections 
based on event topology 
is needed.

New
 Physics 
Analysis!


