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Introduction
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•Liquid Argon Time Projection Chambers (LArTPCs) are imaging 
detectors that offer exceptional capabilities for studying neutrinos.

•There are numerous efforts worldwide to develop this technology to 
study neutrino interactions in a long-baseline oscillation experiment.

•I will highlight several experiments that are “R&D” in the sense that they 
inform design of larger detectors.  Many offer compelling physics on their 
own. 
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Liquid Argon Neutrino Detectors
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•Ionization produced in neutrino interactions is drifted along E-field to highly segmented wireplanes.

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

•Calorimetry information is extracted from wire pulse characteristics.

•Abundant scintillation light also available for collection and triggering.

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

ArgoNeuT Data Event

LArTPC Principle



Why Noble Liquids for Neutrinos?
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Water

Boiling Point [K] @ 
1atm 4.2 27.1 87.3 120.0 165.0 373

Density [g/cm3] 0.125 1.2 1.4 2.4 3.0 1

Radiation Length [cm] 755.2 24.0 14.0 4.9 2.8 36.1

dE/dx [MeV/cm] 0.24 1.4 2.1 3.0 3.8 1.9
Scintillation [γ/MeV] 19,000 30,000 40,000 25,000 42,000
Scintillation λ [nm] 80 78 128 150 175

•Abundant ionization electrons and scintillation light can both be used for detection.
•If liquids are highly purified (<0.1ppb), ionization can be drifted over long distances.
•Excellent dielectric properties accommodate very large voltages.
•Noble liquids are dense, so they make a good target for neutrinos.
•Argon is relatively cheap and easy to obtain (1% of atmosphere).
•Drawbacks?...no free protons...nuclear effects.



Technical Considerations for LArTPCs
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•There are numerous technical issues to consider when designing LArTPCs:

‣Purity 

‣Wires vs. GEMs  

‣Electronics and S/N  (warm or cold?)

‣High Voltage (kV? 100’s of kV?  MV?)

‣Cryogenic recirculation scheme

‣Calibration

‣Reconstruction 

•R&D required to develop LArTPCs to the largest scales imagined.



LAr Worldwide
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US
Materials Test Stand

ArgoNeuT
Liquid Argon Purity Demonstrator

MicroBooNE
LBNE

1 kTon LArTPC
Test-Beam @ FNAL

Los Alamos LDRD LArTPC
GLADE

Europe
50-liter @ CERN

10m3

ICARUS
LArTPC in B-Field
LANDD @ CERN
ArgonTube @ Bern

UV Laser
GLACIER/LAGUNA

Double-LAr @ CERN-PS

Japan
Test-Beam (T32) at J-PARC

100 kTon @ Okinoshima island

LAr also pursued for Dark Matter: 
DarkSide, ArDM, DEAP/CLEAN, WARP, Depleted Argon, ...  

(Incomplete) List of Completed/Ongoing/Potential LAr Projects, 
separated by location of the detectors.



ICARUS @ Gran Sasso
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The ICARUS T600 detector 
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ICARUS
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Slide from P. Sala, NuTown2012 Meeting
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The ArgoNeuT Project @ Fermilab
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•ArgoNeuT (a.k.a. - Fermilab T962) deployed a ~175 liter LArTPC in Fermilab NuMI neutrino beam.
•Located directly upstream of MINOS near detector, which provides full muon reconstruction and 
sign selection.
•Collected 1.35×1020 Protons on Target (POT), predominantly in antineutrino mode.

MINOS Hall at FermilabNuMI Beam at Fermilab

NuMI 
ν Beam

MINOS Hall

ArgoNeuT

MINOS
Near Detector



ArgoNeuT: Detector Details
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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.,  arXiv:1205.6747
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ArgoNeuT: Data Event
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DATA!  Not reconstruction
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ArgoNeuT: Physics
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2 45. Neutrino Cross Section Measurements
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IHEP-ITEP, SJNP 30, 527 (1979)
IHEP-JINR, ZP C70, 39 (1996)
MINOS, PRD 81, 072002 (2010)
NOMAD, PLB 660, 19 (2008)
NuTeV, PRD 74, 012008 (2006)
SciBooNE, PRD 83, 012005 (2011)
SKAT, PL 81B, 255 (1979)

ANL, PRD 19, 2521 (1979)
ArgoNeuT, PRL 108, 161802 (2012)
BEBC, ZP C2, 187 (1979)
BNL, PRD 25, 617 (1982)
CCFR (1997 Seligman Thesis)
CDHS, ZP C35, 443 (1987)
GGM-SPS, PL 104B, 235 (1981)
GGM-PS, PL 84B (1979)

Figure 45.1: Measurements of νµ and νµ CC inclusive scattering cross sections
divided by neutrino energy as a function of neutrino energy. Note the transition
between logarithmic and linear scales occurring at 100 GeV. Neutrino-nucleon cross
sections are typically twice as large as the corresponding antineutrino cross sections,
though this difference can be larger at lower energies. NC cross sections (not shown)
are generally smaller (but non-negligible) compared to their CC counterparts.

45.2. Quasi-elastic scattering

Historically, neutrino (or antineutrino) quasi-elastic scattering refers to the processes,
νµ n → µ− p and νµ p → µ+ n, where a charged lepton and single nucleon are ejected
in the elastic interaction of a neutrino (or antineutrino) with a nucleon in the target
material. This is the final state one would strictly observe, for example, in scattering
off of a free nucleon target. QE scattering is important as it is the dominant neutrino
interaction at energies less than about 1 GeV and is a large signal sample in many
neutrino oscillation experiments.

Fig. 45.2 displays the current status of existing measurements of νµ and νµ QE
scattering cross sections as a function of neutrino energy. In this plot, and all others in
this review, the prediction from a representative neutrino event generator (NUANCE) [7]
provides a theoretical comparator. Other generators and more sophisticated calculations
exist which can give different predictions [8].

In many of these initial measurements of the neutrino QE cross section, bubble
chamber experiments typically employed light targets (H2 or D2) and required both the

June 18, 2012 16:20
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The composition of the selected signal samples in both
distributions is predicted to be 95% pure.

After subtracting the expected 18 event background
contribution, the selected θµ and Pµ distributions are effi-
ciency corrected on a bin-by-bin basis according to Eq. 1.5

A νµ CC event that originates in the ArgoNeuT fiducial
volume enters the signal sample after ArgoNeuT-MINOS
reconstruction, track matching, and selection 57.6% of
the time in the θµ measurement range and 49.5% in
the Pµ range. These values receive contributions from10

muon acceptance between ArgoNeuT and MINOS, ver-
tex reconstruction inefficiencies in ArgoNeuT, track re-
construction inefficiencies in both detectors, and selection
efficiency. Inefficiencies due to acceptance arise from low-
energy or large-angle muons that do not enter the active15

region of MINOS. The poor acceptance of θµ> 36◦ muons
accords the Pµ sample with a lower detection efficiency
than that of the θµ sample.

The flux-integrated differential cross sections in θµ and
Pµ from νµ CC events on an argon target are shown in20

Figs. 2 and 3, respectively, and are tabulated in Tables II
and III. The data and GENIE expectation agree well
across most of the measurement ranges. More data are
needed to confirm the apparent discrepancies at low an-
gles and momenta. The cross sections correspond to the25

neutrino flux in Table IV; the energy-integrated flux from
0-50 GeV is (2.91±0.46)×105 ν/m2/109 POT.

The data were taken in neutrino-mode, with the down-
stream end of the target placed 10 cm from the neck of
the first focusing horn, a horn current of 185 kA, and the30

polarity set to focus positively charged mesons [1]. For
the 3-50 GeV NuMI neutrino energy range, the MINOS
flux prediction utilizes a low hadronic energy transfer (ν)
subset of neutrino events to estimate the shape of the
neutrino energy spectrum. As the differential cross sec-35

tion (dσdν ) is independent of neutrino energy in the limit
of ν → 0, the shape is predicted simply based on the
number of events at low-ν in bins of neutrino energy.
The flux shape is then normalized to the 1% precision
world average cross section measured from 30-50 GeV.40

The “low-ν” method is described in detail in Ref. [1].
For the 0-3 GeV range, the flux prediction is determined
using a Monte Carlo simulation of the NuMI beamline
and is independent of MINOS near detector data and
neutrino cross section assumptions.45

The uncertainties in the differential cross section mea-
surements are statistics-limited as shown in Figs. 2 and
3. However, systematic uncertainties due to knowledge
of the flux as well as measurement resolution contribute
significantly. The 15.7% uncertainty on the energy-50

integrated flux leads the systematic error contributions.
The uncertainties associated with measurement resolu-
tion are determined by recalculating the differential cross
sections after adjusting the measured θµ and Pµ by ±1σ,
where σ comes from the reconstructed variable’s resolu-55

tion as determined by simulation and reconstruction in
each measurement bin. The muon angular resolution over
the majority of the measurement range is 1-1.5◦ and the

momentum resolution is 5-10%. The uncertainty is con-
servatively set equal to the largest deviation from the cen-60

tral value, due to either the plus or minus 1σ adjustment
and the resulting bin weight redistribution. Other possi-
ble sources of systematic uncertainty have been found to
be negligible.

 (degrees)µ!
0 5 10 15 20 25 30 35

/d
eg

re
e)

2
cm

-3
8

10" (
µ!

/d
#d

0

1

2

3

4

5

6

7

8

9

GENIE expectation
Data (w/ stat. and total error)

FIG. 2: The νµ CC differential cross section (per argon nu-
cleus) in muon angle.
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FIG. 3: The νµ CC differential cross section (per argon nu-
cleus) in muon momentum.

Differential cross sections on an isoscalar target are65

useful for a simple comparison of these results to other
measurements on different nuclei. The correction for
transforming the argon target measurement reported
here into an isoscalar one is arrived at by reweighting
each GENIE simulated νµ CC interaction based on its70

nucleon target. The extracted multiplication factor of
0.96 can be applied to each on-argon differential cross
section measurement bin in order to obtain the differen-
tial cross sections on an isoscalar target. This correction
factor is model-dependent as it relies on GENIE’s under-75

Inclusive CC cross-section
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Refs:
1.) First Measurements of Inclusive Muon Neutrino Charged Current Differential Cross Sections on Argon, C. Anderson et al.,  PRL 108 (2012) 161802, arXiv:1111.0103
2.) Neutrino cross section measurements, J. Beringer et al. (Particle Data Group), Phys. Rev. D86, 010001 (2012)

2012 PDG

ArgoNeuT



S. Zeller, Penn seminar, 04/17/12 

Liquid Argon TPCs 
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•  ArgoNeuT = 175L LAr TPC 
•  but need to take care to       
  disentangle 2p2h from FSI! 
(other effects can also produce multiple protons) 

J. Spitz, arXiv:1009.2515 [hep-ex] 

µ+p 

µ+p+p 

µ+p+p+p 

•  can measure proton kinematics 
  and multiplicities in LAr 
  (can detect protons down to very low energy) 

ArgoNeuT: Physics
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•Analyses in Progress:
‣Charged-Current Inclusive cross-section in antineutrino mode.
‣Charged-Current Quasi-Elastic exclusive analysis.
‣Stopping Protons to measure recombination behavior.
‣Hyperon Production
‣Initial measurements of dE/dx Particle ID effectiveness.

• Multinucleon Correlations, final-state activity, should be observable/
measurable in ArgoNeuT.

 GEANT4 MC predictions  

p 
k 
!"
µ"

Track length (cm) 

* Data (9 events) 
•  theory: NIST Table 

Refs:
1.) Analysis of a Large Sample of Neutrino-Induced Muons with the ArgoNeuT Detector, C. Anderson et al.,  arXiv:1205.6702

dE/dx curves from simulation...test beam data will be important.



The MicroBooNE Experiment @ Fermilab
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•MicroBooNE will operate in the Booster neutrino beam at Fermilab starting in early 2014.
•Combines physics with hardware R&D necessary for the evolution of LArTPCs.
‣MiniBooNE low-energy excess
‣Low-Energy neutrino cross-sections
‣Cold Electronics (preamplifiers in liquid)
‣Long drift (2.5m) 
‣Purity without evacuation.

Booster 
ν Beam

MiniBooNE
MicroBooNE

MicroBooNE DetectorBooster Neutrino Beam at Fermilab
Refs:
1.) Proposal for a New Experiment Using the Booster and NuMI Neutrino Beamlines, H. Chen et al., FERMILAB-PROPOSAL-0974



MicroBooNE: Detector Details
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Cryostat Volume 150 Tons

TPC Volume (l x w x h) 89 Tons (10.4m x 2.5m x 2.3m)

# Electronic Channels 8256

Electronics Style (Temp.) CMOS (87 K)

Wire Pitch (Plane Separation) 3 mm (3mm)

Max. Drift Length (Time) 2.5m (1.5ms)

Wire Properties 0.15mm diameter SS, Cu/Au plated

Light Collection ~30 8” Hamamatsu PMTs

Collection Plane Wire-Carrier Board TPC

PMT Assembly

BNB 
Beam

Drift 
Direction

Plate coated with 
wavelength shifter



MicroBooNE: Electronics
•CMOS preamplifiers located in liquid, attached to TPC, to minimize noise.
•12-bit ADCs sampled at 2MHz (i.e. - 500ns per sample) for 4.8ms (x3 drift window).
•1-hour data buffering for Supernova detection signal from SNEWS.
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ADC
CLK

1
2
3
4
5
6
7
8

On Board Memory

CLK/
PLL

"Cold"-Twisted Pair
Cables  
[~2-5 m]

Warm
Feedthrough

LAr

CMOS Analog 
Front End ASIC
in LAr @ ~90K

TPC Readout Board 

GAr

Decoupling
and Wire Bias

Warm Flange
2x8 + 2x7 rows pin carriers
32 readout channels/row

"Warm"- Shielded
Twisted Pair Cables  
[~10-20 m]

DAQ in Detector Hall

Intermediate Amplifier 
Line Driver

Faraday Cage Extension

Single Vessel Cryostat with 8-10% Ullage
Foam Insulation

Optical Link

Receiver

To DAQ PC

Backplane

Transmit Module 

Optical
Transmitter

Digitizing Section Data Handling Section

PA+Sh+Drv

Flange

PMT Shaper

ADC
CLK

1
2
3
4
5
6
7
8

On Board Memory

CLK/
PLL

PMT Readout Board 

Optical Link

Receiver

To DAQ PC

Backplane

Transmit Module 

Optical
Transmitter

Digitizing Section Data Handling Section Trigger
Board

Beam Gate

FEM (Front End Module)

FPGA

D-SER

FPGA

D-SER

FEM (Front End Module)

8256 TPC channels

30 PMT channels



MicroBooNE: UV Laser
• MicroBooNE is considering adopting UV laser calibration system 

developed at Bern University.
• Can be used to map electric-field distortions in TPC, as well as allowing 

precision purity measurements.
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Bern 5m TPC 

7/19/2012 UV Laser for MicroBoone 3 

Steering the 
beam 

Optimal 
coverage of the 
TPC by using a 
moveable mirror  
Except for the 
mirror, all parts 
have been 
developed, used 
and tested in the 
Argontube TPC 
TPC Volume 
scan in a few 
minutes 
Two lasers to 
cover the full 
volume 

7/19/2012 UV Laser for MicroBoone 10 

Refs:
1.) A prototype liquid Argon Time Projection Chamber for the study of UV laser multi-photonic ionization, B. Rossi et al., arXiv:0906.3437

UV Laser in MicroBooNE sweeps 
through TPC volume.



T32 @ J-PARC
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T32 @ J-PARC
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Black : DATA

Blue : MC
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Purity R&D
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•LBNE pursuing membrane cryostats, using experience from industry.
•Currently building 35-ton membrane cryostat to demonstrate liquid purity 

without initial evacuation (as has previously been demonstrated by Liquid 
Argon Purity Demonstrator in “traditional” cryostat).
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Figure 7–5: Liquid Argon Purity Demonstration Filtration and Tank

Liquid Argon Far Detector Configuration

LAPD 
(30-ton cryostat)

35-ton
Membrane Cryostat

Membrane Cryostat for 
industrial LNG shipping

35 Ton Membrane Cryostat Prototype

11

• Membrane cryostats appear to be a 
good option for large LAr detectors

• Well understood technology with 
industry suppliers

• Prototype will demonstrate thermal 
performance, leak tightness, and use 
for LAr

• Will also show there are no issues 
related to this technology that can 
affect LAr purity

• Will share LAPD cryogenic filtration 
and pumping system 

• Part of the LBNE project

Monday, June 18, 2012

Refs:
1.)Towards a liquid Argon TPC without evacuation: filling of a 6 m^3 vessel with argon gas from air to ppm impurities concentration through flushing, A. Curioni et al., arXiv:1009.4073 



Further R&D
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•Liquid Argon detectors can be magnetized to allow lepton sign discrimination:
‣One previous LArTPC operated in magnetic field[1].
‣Magnetic field could impact PMTs used for triggering in “typical” LArTPC, requiring new light-collection methods[2] 

(e.g. - cryogenic lightguides coated with wavelength shifting substance)

•Cryogenic light guides to enhance triggering and minimize volume of light collection system. 
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Refs:
1.) First results from a Liquid Argon Time Projection Chamber in a Magnetic Field, A. Badertscher et al., arXiv:0505151 
2.) Demonstration of a Lightguide Detector for Liquid Argon TPCs, L. Bugel et al., arXiv:1101.3013
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Conclusions

• LArTPCs are powerful detectors for studying neutrinos.

• Efforts are underway worldwide to develop technology to large 
scale required for long-baseline oscillation studies.

• Interesting physics results from ICARUS, ArgoNeuT, MicroBooNE, 
etc... will continue to appear along the way to large detectors.  
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Nuclear effects 
can alter final-
state topology.

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

νµn→ µ−pp νµp→ µ+nn
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ArgoNeuT is largely blind to neutrons!
|
p p

}pre-FSI final state

ArgoNeuT can 
see ~50 MeV 
protons, so 

“vertex activity” 
readily observed.
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ArgoNeuT: Physics
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3

The composition of the selected signal samples in both
distributions is predicted to be 95% pure.

After subtracting the expected 18 event background
contribution, the selected θµ and Pµ distributions are effi-
ciency corrected on a bin-by-bin basis according to Eq. 1.5

A νµ CC event that originates in the ArgoNeuT fiducial
volume enters the signal sample after ArgoNeuT-MINOS
reconstruction, track matching, and selection 57.6% of
the time in the θµ measurement range and 49.5% in
the Pµ range. These values receive contributions from10

muon acceptance between ArgoNeuT and MINOS, ver-
tex reconstruction inefficiencies in ArgoNeuT, track re-
construction inefficiencies in both detectors, and selection
efficiency. Inefficiencies due to acceptance arise from low-
energy or large-angle muons that do not enter the active15

region of MINOS. The poor acceptance of θµ> 36◦ muons
accords the Pµ sample with a lower detection efficiency
than that of the θµ sample.

The flux-integrated differential cross sections in θµ and
Pµ from νµ CC events on an argon target are shown in20

Figs. 2 and 3, respectively, and are tabulated in Tables II
and III. The data and GENIE expectation agree well
across most of the measurement ranges. More data are
needed to confirm the apparent discrepancies at low an-
gles and momenta. The cross sections correspond to the25

neutrino flux in Table IV; the energy-integrated flux from
0-50 GeV is (2.91±0.46)×105 ν/m2/109 POT.

The data were taken in neutrino-mode, with the down-
stream end of the target placed 10 cm from the neck of
the first focusing horn, a horn current of 185 kA, and the30

polarity set to focus positively charged mesons [1]. For
the 3-50 GeV NuMI neutrino energy range, the MINOS
flux prediction utilizes a low hadronic energy transfer (ν)
subset of neutrino events to estimate the shape of the
neutrino energy spectrum. As the differential cross sec-35

tion (dσdν ) is independent of neutrino energy in the limit
of ν → 0, the shape is predicted simply based on the
number of events at low-ν in bins of neutrino energy.
The flux shape is then normalized to the 1% precision
world average cross section measured from 30-50 GeV.40

The “low-ν” method is described in detail in Ref. [1].
For the 0-3 GeV range, the flux prediction is determined
using a Monte Carlo simulation of the NuMI beamline
and is independent of MINOS near detector data and
neutrino cross section assumptions.45

The uncertainties in the differential cross section mea-
surements are statistics-limited as shown in Figs. 2 and
3. However, systematic uncertainties due to knowledge
of the flux as well as measurement resolution contribute
significantly. The 15.7% uncertainty on the energy-50

integrated flux leads the systematic error contributions.
The uncertainties associated with measurement resolu-
tion are determined by recalculating the differential cross
sections after adjusting the measured θµ and Pµ by ±1σ,
where σ comes from the reconstructed variable’s resolu-55

tion as determined by simulation and reconstruction in
each measurement bin. The muon angular resolution over
the majority of the measurement range is 1-1.5◦ and the

momentum resolution is 5-10%. The uncertainty is con-
servatively set equal to the largest deviation from the cen-60

tral value, due to either the plus or minus 1σ adjustment
and the resulting bin weight redistribution. Other possi-
ble sources of systematic uncertainty have been found to
be negligible.
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FIG. 2: The νµ CC differential cross section (per argon nu-
cleus) in muon angle.
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FIG. 3: The νµ CC differential cross section (per argon nu-
cleus) in muon momentum.

Differential cross sections on an isoscalar target are65

useful for a simple comparison of these results to other
measurements on different nuclei. The correction for
transforming the argon target measurement reported
here into an isoscalar one is arrived at by reweighting
each GENIE simulated νµ CC interaction based on its70

nucleon target. The extracted multiplication factor of
0.96 can be applied to each on-argon differential cross
section measurement bin in order to obtain the differen-
tial cross sections on an isoscalar target. This correction
factor is model-dependent as it relies on GENIE’s under-75

Inclusive CC cross-section
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The composition of the selected signal samples in both
distributions is predicted to be 95% pure.

After subtracting the expected 18 event background
contribution, the selected θµ and Pµ distributions are effi-
ciency corrected on a bin-by-bin basis according to Eq. 1.5

A νµ CC event that originates in the ArgoNeuT fiducial
volume enters the signal sample after ArgoNeuT-MINOS
reconstruction, track matching, and selection 57.6% of
the time in the θµ measurement range and 49.5% in
the Pµ range. These values receive contributions from10

muon acceptance between ArgoNeuT and MINOS, ver-
tex reconstruction inefficiencies in ArgoNeuT, track re-
construction inefficiencies in both detectors, and selection
efficiency. Inefficiencies due to acceptance arise from low-
energy or large-angle muons that do not enter the active15

region of MINOS. The poor acceptance of θµ> 36◦ muons
accords the Pµ sample with a lower detection efficiency
than that of the θµ sample.

The flux-integrated differential cross sections in θµ and
Pµ from νµ CC events on an argon target are shown in20

Figs. 2 and 3, respectively, and are tabulated in Tables II
and III. The data and GENIE expectation agree well
across most of the measurement ranges. More data are
needed to confirm the apparent discrepancies at low an-
gles and momenta. The cross sections correspond to the25

neutrino flux in Table IV; the energy-integrated flux from
0-50 GeV is (2.91±0.46)×105 ν/m2/109 POT.

The data were taken in neutrino-mode, with the down-
stream end of the target placed 10 cm from the neck of
the first focusing horn, a horn current of 185 kA, and the30

polarity set to focus positively charged mesons [1]. For
the 3-50 GeV NuMI neutrino energy range, the MINOS
flux prediction utilizes a low hadronic energy transfer (ν)
subset of neutrino events to estimate the shape of the
neutrino energy spectrum. As the differential cross sec-35

tion (dσdν ) is independent of neutrino energy in the limit
of ν → 0, the shape is predicted simply based on the
number of events at low-ν in bins of neutrino energy.
The flux shape is then normalized to the 1% precision
world average cross section measured from 30-50 GeV.40

The “low-ν” method is described in detail in Ref. [1].
For the 0-3 GeV range, the flux prediction is determined
using a Monte Carlo simulation of the NuMI beamline
and is independent of MINOS near detector data and
neutrino cross section assumptions.45

The uncertainties in the differential cross section mea-
surements are statistics-limited as shown in Figs. 2 and
3. However, systematic uncertainties due to knowledge
of the flux as well as measurement resolution contribute
significantly. The 15.7% uncertainty on the energy-50

integrated flux leads the systematic error contributions.
The uncertainties associated with measurement resolu-
tion are determined by recalculating the differential cross
sections after adjusting the measured θµ and Pµ by ±1σ,
where σ comes from the reconstructed variable’s resolu-55

tion as determined by simulation and reconstruction in
each measurement bin. The muon angular resolution over
the majority of the measurement range is 1-1.5◦ and the

momentum resolution is 5-10%. The uncertainty is con-
servatively set equal to the largest deviation from the cen-60

tral value, due to either the plus or minus 1σ adjustment
and the resulting bin weight redistribution. Other possi-
ble sources of systematic uncertainty have been found to
be negligible.
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Differential cross sections on an isoscalar target are65

useful for a simple comparison of these results to other
measurements on different nuclei. The correction for
transforming the argon target measurement reported
here into an isoscalar one is arrived at by reweighting
each GENIE simulated νµ CC interaction based on its70

nucleon target. The extracted multiplication factor of
0.96 can be applied to each on-argon differential cross
section measurement bin in order to obtain the differen-
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factor is model-dependent as it relies on GENIE’s under-75

Refs:
1.) First Measurements of Inclusive Muon Neutrino Charged Current Differential Cross Sections on Argon, C. Anderson et al.,  PRL 108 (2012) 161802, arXiv:1111.0103

•First Results: Using 2 weeks of neutrino-
mode data (8.5×1018 POT), the differential 
cross-section for inclusive charged-current 
muon neutrino production was measured.
•Analysis Selection:
‣Track originating within ArgoNeuT fiducial region.
‣Match to corresponding track in MINOS near detector.
‣MINOS track is negatively charged.

•First such measurement on Argon!

***DRAFT*** First Measurements of Inclusive Muon Neutrino Charged Current
Differential Cross Sections on Argon

C. Anderson,1 M. Antonello,2 B. Baller,3 T. Bolton,4 C. Bromberg,5 F. Cavanna,6 E. Church,1 D. Edmunds,5 A.
Ereditato,7 S. Farooq,4 B. Fleming,1 H. Greenlee,3 R. Guenette,1 S. Haug,7 G. Horton-Smith,4 C. James,3 E. Klein,1

K. Lang,8 P. Laurens,5 S. Linden,1 D. McKee,4 R. Mehdiyev,8 B. Page,5 O. Palamara,2 K. Partyka,1 A. Patch,1 G.5

Rameika,3 B. Rebel,3 B. Rossi,7 M. Soderberg,3, 9 J. Spitz,1 A.M. Szelc,1 M. Weber,7 T. Yang,3 and G. Zeller3

(The ArgoNeuT Collaboration)
1
Yale University, New Haven, CT 06520

2
INFN - Laboratori Nazionali del Gran Sasso, Assergi, Italy
3
Fermi National Accelerator Laboratory, Batavia, IL 6051010

4
Kansas State University, Manhattan, KS 66506

5
Michigan State University, East Lansing, MI 48824

6
Universita dell’Aquila e INFN, L’Aquila, Italy

7
University of Bern, Bern, Switzerland

8
The University of Texas at Austin, Austin, TX 7871215

9
Syracuse University, Syracuse, NY 13244

The ArgoNeuT collaboration presents the first measurements of inclusive muon neutrino charged

current differential cross sections on argon. Obtained in the NuMI neutrino beamline at Fermilab,

the results are reported in terms of outgoing muon angle and momentum. The data are consistent

with the Monte Carlo expectation across the full range of kinematics sampled, 0
◦< θµ< 36

◦
and

0< Pµ< 25 GeV/c. Along with confirming the viability of liquid argon time projection chamber

technology for neutrino detection, the measurements allow tests of low energy neutrino scatter-

ing models important for interpreting results from long baseline neutrino oscillation experiments

designed to investigate CP violation and the orientation of the neutrino mass hierarchy.

Precision neutrino cross section measurements are re-
quired in order to fully characterize the properties of
the neutrino-nucleus interaction and are important for
the reduction of systematic uncertainties in long base-20

line neutrino oscillation experiments sensitive to non-
zero θ13, CP-violation in the lepton sector, and the ori-
entation of the neutrino mass hierarchy. The inclusive
muon neutrino charged current (νµ CC) interaction can
be considered a “standard candle” for characterizing the25

composition of a neutrino beam as event identification
is insensitive to the complicating effects of intra-nuclear
effects and experiment-specific exclusive channel defini-
tions. As such, CC-inclusive samples remain free from
significant background contamination, regardless of the30

experimental configuration. Despite the preponderance
of total cross section results, most recently in Refs. [1–
3], differential cross section measurements as a function
of outgoing particle properties are sparse. Such mea-
surements are necessary for obtaining a complete kine-35

matic description of neutrino-nucleus scattering. This
letter presents νµ CC differential cross sections as mea-
sured with ArgoNeuT (Argon Neutrino Test) in a neu-
trino/muon kinematic range relevant for MINOS [4],
T2K [5], NOvA [6], and LBNE [7]. The total νµ CC40

cross section at �Eν� = 4.3 GeV is also reported.

ArgoNeuT is the first liquid argon time projection
chamber (LArTPC) [8] to take data in a low energy neu-
trino beam, and the second at any energy [9]. ArgoNeuT
collected neutrino and anti-neutrino events in Fermilab’s45

NuMI beamline [10] at the MINOS near detector (hence-
forth referred to as “MINOS) hall from September 2009

to February 2010. Along with performing timely and
relevant physics, the ArgoNeuT experiment represents
an important development step towards the realization50

of a kiloton-scale precision LArTPC-based detector to
be used for understanding accelerator- and atmospheric-
based neutrino oscillations, proton decay, and supernova
burst/diffuse neutrinos.
ArgoNeuT employs a set of two wire planes at the edge55

of a 175 liter TPC in order to detect neutrino-induced
particle tracks. An electric field imposed in the liquid
argon volume of the TPC allows the ionization trails cre-
ated by charged particles to be drifted toward the sensing
wire planes. The ionization induces a current on the in-60

ner “induction” wire plane as it approaches and recedes
and is subsequently collected on the outer “collection”
wire plane. The signal information from the wire planes,
oriented with respect to one another at an angle of 60◦,
combined with timing provide a three dimensional pic-65

ture of the neutrino event with complete calorimetric in-
formation [11]. Table I summarizes the most important
detector properties. Figure 1 depicts a νµ CC candidate
event collected in the 47 × 40 × 90 cm3 (drift × vertical
× beam coordinate) ArgoNeuT TPC.70

The differential cross section in terms of a measured
variable u in bin i is given by

∂σ(ui)

∂u
=

Nmeasured,i −Nbackground,i

∆ui �i Ntarg Φ
, (1)

where Nmeasured,i represents the number of signal
and background events passing analysis selection,
Nbackground,i is the number of expected background



MicroBooNE: TPC
• TPC has 3 instrumented wireplanes (Two Induction at +/-60 from vertical, One Collection with vertical wires).

• Cathode is held at -125kV, setting up 500V/cm drift field.

• Wires are individually terminated around brass ferrules, then positioned on wire carriers.

27

Schematic of MicroBooNE TPC Prototype wires and wire carrier  boards.



MicroBooNE: Detector Details
• MicroBooNE will be located in new Liquid Argon Test Facility 

(LArTF), just upstream of MiniBooNE location.

• Building construction is well underway.

28

Liquid Argon Test Facility: June 2012 MicroBooNE Layout



MicroBooNE: Cryogenics
•Cryogenic system consists of filters/pumps/etc... for circulating and purifying LAr.

•Cryostat is evacuable (though the plan is not to evacuate) and foam insulated.

29

3D Piping Design

• Justin Tillman has been 
putting a lot of effort into 
modeling the piping and the 
enclosure

• Building work is 95% 
complete

• Piping work is 80% 
complete

• Shop drawings can be made 
once the 3D design is done

• Lab F is being cleaned out 
to make room for cryogenic 
piping construction

5

Friday, September 23, 2011
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Figure 7–5: Liquid Argon Purity Demonstration Filtration and Tank

Liquid Argon Far Detector Configuration

Schematic of MicroBooNE Layout LAPD @ Fermilab



Large Detectors: Purity

30

Gaseous Argon Purge

5

• Set of sniffer tubes monitored the oxygen content of the gas inside the vessel at 
various depths throughout the purge

• Plot shows the content relative to the pre-purge state of the tank in solid lines

• Clear front of argon gas moving through the vessel

• Comparison to calculations (points) shows good agreement, aside from some 
discrepancy in time that is likely due to 3D flow and mixing as argon gas is forced 
into the bottom of the tank

Near Vessel Center

Bottom 
of Tank

Top of 
Tank

Monday, June 18, 2012

Slide from B. Rebel, 2012 Fermilab PAC Meeting


