
 

1

Mitch Soderberg, 
on behalf of the ArgoNeuT Collaboration

CPAD LAr R&D Workshop

March 21, 2013

Calibrations with Muons in ArgoNeuT



Introduction
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•I was specifically asked about calibrations with 
muons, so I’ll focus on that.

•I’ll briefly explain how we have used muons to: 

‣measure argon purity 
‣measure electron drift-velocity 
‣measure MIP energy
‣understand reconstruction/geometry



The ArgoNeuT Project
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Figure 5: Pictorial view of the ArgoNeuT LArTPC mechanics. Details of the anodic structure with the (±60o) inclined
wire-planes are indicated. In the insert, a picture of the inside the LArTPC volume showing the cathodic plane and
the copper strips of field shaping cage.

spaced apart with interplane gaps of �g = 4 mm.256

Wires are made of Beryllium-Copper Alloy #25, wire diameter 152 µm (0.006 inches), strung at a257

nominal tension force of 1 N by the wire-winding machine. Anchorage is provided by soldering258

the wire ends onto copper pads arranged on the rectangular anode wireplane frame of the TPC259

box. A series of G10 spreader bars are externally added to the frame to reinforce the mechanical260

structure against wires tension and thermal stresses. The tension force on the wires is increased261

with an additional ∼0.5 N via the spreader bars after wire plane assembly in the TPC frame. The262

wire spacing (pitch) is δs = 4 mm in all planes.263

This first plane has 225 parallel wires, vertically oriented with respect to the ground and perpen-264

dicular to the beam axis (+90◦). This plane is not instrumented for readout purposes but serves265

to shape the electric field near the wire-plane and to shield the outer, instrumented planes against266

induction signals from the ionization charges while drifting through the TPC volume. This first267

plane is thus indicated as the “Shield plane”. Wires are all equal in length (40.0 cm), stretched268

between the horizontal edges (top and bottom) of the frame.269

The second plane, indicated as “Induction plane”, consists of 240 wires all oriented at +60◦ rela-270

tive to the beam axis. Electrons induce signals on the wires of this plane only after crossing the271

Shield plane and moving toward, across and away from the Induction plane.272

The third (last) plane is made up of 240 wires oriented at −60◦ relative to the beam axis. Electrons273
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Cryostat Volume 500 Liters
TPC Volume 175 Liters (90cm x 40cm x 47.5cm)

# Electronic Channels 480
Electronics Style (Temp.) JFET (293 K)

Wire Pitch (Plane Separation) 4 mm (4 mm)
Electric Field 500 V/cm 

Max. Drift Length (Time) 0.5 m (330 μs)
Wire Properties 0.15mm diameter BeCu ArgoNeuT in the NuMI Tunnel

Refs:
1.) The ArgoNeuT detector in the NuMI low-energy beam line at Fermilab, C. Anderson et al.,  2012 JINST Vol. 7 P10019, arXiv:1205.6747



Through-Going Muons
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Refs:
1.) Analysis of a Large Sample of Neutrino-Induced Muons with the ArgoNeuT Detector, C. Anderson et al.,  2012 JINST Vol. 7 P10020, arXiv:1205.6702

Collection Wire Number

Induction Wire Number

Sa
m

pl
e 

N
um

be
r

Sa
m

pl
e 

N
um

be
r

Typical through-going muon in ArgoNeuT, with corresponding MINOS information.

These are muons associated with beam, not cosmics.



Electron Lifetime
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P1   1.358
P2 -0.1308E-02
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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 ν-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 effects 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, differences in track pitch length associated to the hit wire, electron
diffusion 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 (σG)
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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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 diffusion 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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Selected long tracks (spanning 
>120 wires in a wireplane), 
plot Hit charge vs. hit time.  

Fit to exponential.

Found consistent results using 
either collection or induction hits.

Did this for all Runs 
(~1500 muon tracks/

run), which shows 
fluctuations of impurity 
in ArgoNeuT vs. Time



Drift Velocity
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The drift time from cathode to wire plane can alternatively be determined using through-going

tracks that cross just one of the two planes, either the cathode or the anode wire plane, and mea-

suring their entry time or exit time.

The shield plane, delimiting the TPC drift volume opposite to the cathode, is not instrumented for

signal read-out. Therefore, the successive Induction plane has to be used for drift time determi-

nation. The corresponding drift distance includes the nominal drift length of the detector (�d=470

mm from cathode to Shield plane at Ed) together with the gap between Shield and Induction plane

at a higher field value (�g=4 mm at Eg1 = rT1 Ed, with rT1=1.45). A correction for the field change

in the gap will be taken into account in the drift velocity determination, as well as a correction due

to thermal contraction of the TPC frame from room to LAr temperature in the drift direction.

Figure 25: [Left] Hit time distribution from the Induction plane for neutrino induced through-going muon tracks.

The sample includes tracks crossing either the cathode or the Induction plane of the TPC. These tracks provide the

hits at the edges of the distribution and thus determine the drift time measurement through Eq.5. The precision on

the determination of the r.h.s. edge of the distribution (cathode maximum crossing time detected, tmax
C = 310 ± 2µs)

is the main contribution to the systematic error of the drift velocity measurement (Eq.6). [Right] The drift velocity

measurement in ArgoNeuT, and associated systematic uncertainties, is compared with expectation values from [26]

as a function of the electric field and for different LAr temperatures corresponding to the range of variation of the

current LAr temperature during operations.

The distribution of the reconstructed hit times in the Induction wire signals from a sample

of neutrino induced through-going muon tracks is shown in figure 25 [Left]. A fraction of these

tracks cross either the cathode or the anode plane of the TPC.

As neutrino interactions are randomly distributed in time within the NuMI spill duration (∆tspill =

9.7 µs), the absolute hit time corresponding to a single plane crossing is also distributed over this

time interval. The earliest neutrino interactions, at the beginning of the spill, will produce tracks

with the minimum value of the absolute hit time (tmin
I ) when crossing the Induction plane, while

the latest neutrinos in the spill produce tracks with maximum hit time (tmax
C ) when crossing the

cathode.

The drift time td from cathode to Induction plane can thus be determined from the hit time distri-

bution of through-going tracks as

td = tmax
C − tmin

I − ∆tspill = 300.5 µs (5)
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Hit time distribution from the Induction 
plane for a sample of crossing muons. where the values are obtained from figure 25 [Left].

The electron drift velocity can finally be calculated as:

vd =
�d + �g/rT1 − ∆�

td
= 1.57 ± 0.02 mm/µs (6)

where the first correction to the drift length, applied to account for the field change in the gap, is
based on the linear dependance of the drift velocity on the electric field within the current range
and the second one (∆� � 2 mm) for the thermal contraction at LAr T is inferred from NIST data
on integrated coefficient of thermal expansion for the G10 material of the TPC structure.
The result of the drift velocity measurement in (6) refers to LAr in a temperature range of ± 0.1
K around the set point and under the operational electric field strength established with � 1%
precision. The estimated relative error σv/vd � 2% includes uncertainties on the cathode and
anode plane crossing time determination, related to the intrinsic precision of the hit finding algo-
rithm, and uncertainties on the effective drift length evaluation, mainly due to the error associated
with the correction for the thermal contraction (not directly measured). The measured value is in
very good agreement with expectations based on a common parametrization [26] of the electron
drift velocity in liquid argon as a function of electric field strength, in the actual range of LAr
temperature during the run, as reported in figure 25 [Right].

6.2. Electron lifetime
Accurate determination of the electron lifetime in LAr, an indicator of the level of chemical

purity of the liquid, is a key element in the calorimetric energy reconstruction of ionization tracks
and related particle identification. When measured, the electron lifetime allows to account for the
free electron loss during the drift time due to attachment to electro-negative impurities (from ma-
terial outgassing and residual leaks).
The impurities concentration in the liquid may vary in time, depending on the filters’ removal effi-
ciency and saturation level during operation in the recirculation/recondensation loop. The electron
lifetime variation in time thus needs to be periodically monitored. A τe measurement per DAQ-run
(about 21 hrs on average) during the beam period was considered appropriate both for the determi-
nation of the charge correction factor to be used with the data collected during the corresponding
DAQ-run and for filter saturation monitoring/replacement. This imposed the need for a fast, fully
automated off-line procedure for the lifetime extraction during the physics run.
For this measurement, the abundant “through-going track(s) event” sample (mainly muons from
upstream ν-interactions) is used. These impinge upon the front side of the detector and longitudi-
nally cross the TPC volume, and have a narrow (and known) energy spectrum. Almost constant
directionality and energy loss along the track make these tracks suitable for this measurement.
The accelerator beam-timing signal is used as the neutrino-event trigger for ArgoNeuT and the
through-going muon rate was found in the range of 60 (selected) events per hour.
Samples of about 1500 tracks per DAQ-run are used to extract the electron lifetime through a fully
automated off-line procedure derived from [27]. Selected tracks span most (at least 120) of the
wires in both Collection and Induction plane and are evenly distributed along the drift distance,
from cathode to anode plane (see [17] for a detailed analysis of the through-going muon sample).
The peak amplitude (i.e. the detected charge Qdet) of every hit of the tracks in the sample is plotted
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Divide max. drift length (corrections for 
thermal contraction and inter-plane 

velocity) by max. drift time to get velocity.

This profile is shown as Fig. 1 and is represented as
probability density functions (PDFs) P5

1!t1" and P6
1!t1".

The arrival time distribution of neutrinos at the FD is
similar, but the relative jitter of the two GPS clocks further
degrades the time resolution. These clocks have a maxi-
mum error of #200 ns relative to UTC, with a typical error
of 100 ns. The uncorrelated jitter of two clocks, in addition
to detector time resolution, gives a total relative (FD/ND)
time uncertainty of ! $ 150 ns. We therefore compose
PDFs of the expected FD neutrino arrival time distribution
P5
2 and P6

2:

 

Pn
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The resulting PDF describes the predicted time distri-
bution at the FD. The time of each event in the FD (ti2) was
compared to this PDF. The deviation # from the expected
time was found by maximizing a log-likelihood function
(L), summing each event (i) in the 5- and 6-batch data:

 L $
X
i
lnP2!ti2 % $% #": (2)

The distribution of measured FD times is shown in Fig. 2,
along with the predicted distribution for the best fit value of
#. The deviation was found to be # $ %126# 32!stat:" #
64!syst:" ns at a 68% (C.L.). The systematic uncertainty is
due to timing offsets shown in Table II. The goodness-of-fit
probability was determined by Monte Carlo (MC) to be
10%, and the likelihood is Gaussian in #.

IV. RELATIVISTIC MASS MEASUREMENT

If the neutrino had a relativistic mass m% and total
energy E%, the time of flight would be

 Tm%
!E%" $

$
!!!!!!!!!!!!!!!!!!!!!!!
1% !m%c2

E%
"2

q ; (3)

where $ is the time of flight of a massless particle. For
contained %& and !%& CC events, the MINOS detectors
measure the neutrino energy, allowing the hypothesis of a
nonzero mass to be tested by measuring the arrival time as
a function of E%.

The measured event times are fitted to a model with m%
as a free parameter. For symmetry, the fit allowed m% to
become negative; positive masses indicated retarded ar-
rival times, while negative masses were interpreted as
advanced arrival times, i.e., T%m%

! $& !$% Tm%
". The

detector energy response R!E%; Ereco" was parametrized by
a PDF derived from MC, where Ereco is the energy recon-
structed in the detector. The true energies Ei

% are unknown,
and so are fitted as a set of 258 parameters constrained by R
and Ereco. At the peak beam energy, R is approximately
Gaussian in E% % Ereco with a width of '30%.

The offset # is taken as a parameter constrained by the
earlier systematic measurements as a Gaussian about zero
with !# $ 64 ns. A log likelihood is constructed using the
expected arrival time PDF P2!t2", the arrival times ti2, the
fitted true energies Ei

%.
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FIG. 2. Time distribution of FD events relative to prediction
after fitting the time of flight. The top plot shows events in 5-
batch spills, the bottom 6-batch spills. The normalized expecta-
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2!t" are shown as the solid lines.

0 2 4 6 8 10

N
D

 N
eu

tr
in

o 
E

ve
nt

s

0
500

1000
1500
2000
2500

3000

5-Batch Spills

s)µ (
1

Time Relative to Spill, t
0 2 4 6 8 10

N
D

 E
ve

nt
s 

/ 1
8.

8 
ns

0

200

400

600

800

1000

6-Batch Spills

FIG. 1. Neutrino event time distribution measured at the
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MIP dE/dx
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•Accounted for hits from delta-rays
•Fit of dQ/dx with Landau+Gaussian.
•⟨dE/dx⟩ = 2.3±0.2 MeV/cm

Example Event

3



Reconstruction/Geometry

• With enough crossing muons, an “x-ray” of the detector emerges.

• Can reveal E-field distortions, as well as reconstruction issues.

8

Z (cm)
0 10 20 30 40 50 60 70 80 90

X 
(c

m
)

0

10

20

30

40

50
ArgoNeuT Through-Going Tracks: Neutrino Mode



Conclusions
• Crossing muons are a very useful sample for calibrations.

• Laser system may very well be better for much of this, but muons 
are free and readily available in most detectors.

• More in depth studies of recombination using heavily ionizing 
stopping tracks (not muons) are also underway.
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ABSTRACT: ArgoNeuT, or Argon Neutrino Test, is a 170 liter liquid argon time projection chamber
designed to collect neutrino interactions from the NuMI beam at Fermi National Accelerator Lab-
oratory. ArgoNeuT operated in the NuMI low-energy beam line directly upstream of the MINOS
Near Detector from September 2009 to February 2010, during which thousands of neutrino and
anti-neutrino events were collected. The MINOS Near Detector was used to measure muons down-
stream of ArgoNeuT. Though ArgoNeuT is primarily an R&D project, the data collected provide
a unique opportunity to measure neutrino cross sections in the 0.1-10 GeV energy range. Fully
reconstructing the muon from these interactions is imperative for these measurements. This paper
focuses on the complete kinematic reconstruction of neutrino-induced through-going muons tracks.
Analysis of this high statistics sample of minimum ionizing tracks demonstrates the reliability of
the geometric and calorimetric reconstruction in the ArgoNeuT detector.

KEYWORDS: Time projection chambers; Noble-liquid detectors; Data analysis.
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