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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.!

•I will give a brief overview of recent LArTPC activities in the U.S., 
focusing on the ArgoNeuT and MicroBooNE experiments at Fermilab.!

•These near-term activities are helping to bring the LArTPC technology 
to maturity for use in future long-baseline and short-baseline programs. !



Neutrino Interactions
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•Neutrino experiments that will 
search for CP-violation are 
operating in an energy-regime 
where several competing processes 
are active.!

•Nuclear targets in these 
experiments (e.g. - Carbon, Argon, 
Oxygen, etc…) introduce 
complications that can skew 
picture of observed interactions. !

Neutrinos

AntiNeutrinos



Why Liquid Argon for Neutrinos?
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Why Liquid Argon?

● Bubble chamber quality of 
data with added full 
calorimetry.

● Can produce physics results 
with a “table-top” size 
experiment:

– Benchmark - “standard 
candle” results.

– Physics enabled by LAr 
capabilities.

– Development towards 
future large detectors.

Muon

proton

Charged π

ν interaction

Muon

proton

Charged π

ν interaction

•Bubble chamber 
quality images 
combined with 
calorimetry.!

•Scalable to largest 
sizes necessary for 
neutrino CP-violation 
searches .

ArgoNeuT Event

12-foot bubble chamber @ Argonne National Laboratory



Liquid Argon Neutrino Detectors
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Refs:!
1.) Liquid-argon ionization chambers as total-absorption detectors, W. Willis and V. Radeka, Nuclear Instruments and Methods 120 (1974), no. 2, 221-236.!
2.) The Liquid-argon time projection chamber: a new concept for Neutrino Detector, C. Rubbia, CERN-EP/77-08 (1977)
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ArgoNeuT
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•LArTPC operated in Fermilab’s NuMI neutrino beam.!
•Located upstream of MINOS near detector, which provides muon reconstruction and sign selection.!
•Collected 1.35×1020 Protons on Target (POT).

ArgoNeuT in the NuMI Tunnel

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

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

A. M. Szelc, Neutrino 2014, Boston 66/7/14

ArgoNeuT in the NuMI beam line

● First LArTPC in a low (1-10 GeV) energy 
neutrino beam.

● Acquired 1.35 × 1020 POT, mainly in ν
µ
   

mode.

● Designed as a test experiment.

● But obtaining physics results!
ArgoNeuT tech-paper: 
JINST 7 (2012) P10019

<E> = 4.3 GeV
<E> = 3.6(9.6) GeV



ArgoNeuT: Physics
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•“Standard candle” measure of inclusive charged-current cross-sections have been 
performed using both antineutrinos and neutrinos.  First time ever on argon target.!

•Helps establish performance of our evolving reconstruction tools.

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, Phys. Rev. D 89, 112003 (2014) 
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FIG. 1: The measured di↵erential cross sections
in muon (top) angle and (bottom) momentum
for CC inclusive ⌫µ interactions in argon, per ar-
gon nucleus, in comparison with genie [19] and
nuwro [21] expectations. Both statistical and to-
tal errors are shown on the data points.

tor resolution, and the other calculation as-
sumes there is no smearing. The di↵erence
between these is taken as a systematic error on
the measured di↵erential cross sections. The
genie predictions agree with data for neutri-
nos but overestimate data slightly for antineu-
trinos. nuwro [21] expectations are consis-
tent with those from genie in most bins.

The total cross section systematic error con-
tributions are dominated by the uncertainty
in the energy-integrated flux. The flux used
in this analysis [22] is based on a simulation
of the NuMI beamline with the fluka [23]
hadron production tuned with MINOS near
detector data [24] and NA49 hadron produc-
tion measurements [25]. We assign a flat 11%
flux error which accounts for the uncertainties
in the hadron production and beamline model-
ing (e.g. horn focusing) and is consistent with
the error assignment recently chosen by MIN-
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FIG. 2: The measured di↵erential cross sections
in muon (top) angle and (bottom) momentum
for CC inclusive ⌫µ interactions in argon, per ar-
gon nucleus, in comparison with genie [19] and
nuwro [21] expectations. Both statistical and to-
tal errors are shown on the data points.

ERvA [10, 11] at low energies. The fluxes with
uncertainties used in this measurement are re-
ported in Table III. All considered sources of
systematic uncertainty on the total cross sec-
tion and their contributions are shown in Ta-
ble IV.

The total integrated cross section per nu-
cleon in this analysis is calculated for both
neutrinos and antineutrinos. The measured
total ⌫µ (⌫µ) CC cross section is �/E⌫ =
0.66± 0.03± 0.08 (0.28± 0.01± 0.03) ⇥10�38

cm2/GeV per isoscalar nucleon at hE⌫i =
9.6(3.6) ± 6.5(1.5) GeV, where the first er-
ror is statistical and the second is systematic,
and the ±6.5(1.5) GeV represents the range
that contains 68% of the flux. The argon-
to-isoscalar correction has been applied in ar-
riving at these results. The corrections are
about -3% for neutrinos and 3% for antineu-
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ERvA [10, 11] at low energies. The fluxes with
uncertainties used in this measurement are re-
ported in Table III. All considered sources of
systematic uncertainty on the total cross sec-
tion and their contributions are shown in Ta-
ble IV.

The total integrated cross section per nu-
cleon in this analysis is calculated for both
neutrinos and antineutrinos. The measured
total ⌫µ (⌫µ) CC cross section is �/E⌫ =
0.66± 0.03± 0.08 (0.28± 0.01± 0.03) ⇥10�38

cm2/GeV per isoscalar nucleon at hE⌫i =
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NuTeV, PRD 74, 012008 (2006)
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ArgoNeuT (2014)
ArgoNeuT, PRL 108, 161802 (2012)
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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)
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ArgoNeuT: Physics
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Liquid Argon TPCs 
1 

•  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) 

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, Phys. Rev. D 90, 012008 (2014)!
2.) First Measurement of Neutrino and Antineutrino Coherent Charged Pion Production on Argon, R. Acciarri et al, paper in progress!

Multiplicity of protons in charged-current 
events with 0 pions in final state can help 

tune nuclear modeling.
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Observing proton multiplicities

● The granularity of the LArTPC allows seeing actual final state 
topologies.

● Measuring cross sections as a function of proton multiplicity. 

New,
 LArTPC enabled,

 physics 
result!

Pr
el
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y

�+ 2p

 � interaction vertex

Multiplicity of protons in charged-current 
events with 0 pions in final state can help 

tune nuclear modeling.
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Observing proton multiplicities

● The granularity of the LArTPC allows seeing actual final state 
topologies.

● Measuring cross sections as a function of proton multiplicity. 

New,
 LArTPC enabled,

 physics 
result!
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Multiplicity of protons in charged-current 
events with 0 pions in final state can help 

tune nuclear modeling.

Cross Section Values

Preliminary: running final checks for very low energy protons.
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‡‹̄µ =
!

8.0+2.6
≠2.1(stat)+1.2

≠1.3(syst)
"

◊ 10≠39 cm2/nucl.

‡‹µ =
!

2.2+1.0
≠0.8(stat) ± 0.3(syst)

"
◊ 10≠38 cm2/nucl.

,[2pt],

NuInt14, London
22/28

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

First measurement of charged-current 
coherent pion production on argon target.

DR
AF
T

3

ing tracks must amount to at least 86%(84%)
for antineutrino(neutrino) events. This verifi-
cation is crucial since it removes background
events with activities around the interaction5

vertex that are not originated from the muon
and the pion, such as the gamma de-excitation
of the nucleus.

The event selection defined makes the most
of the precise calorimetry and the high imag-10

ing resolution the ArgoNeuT detector is capa-
ble of and which are a characteristic of LArT-
PCs. We estimate the selection e�ciencies to
be 18.4% for neutrino and 21.8% for antineu-
trino events. The ine�ciency is dominated by15

the track reconstruction ine�ciency for over-
lapping tracks or complex topologies when the
pion interacts with the argon nucleus.

Applying the event selection described on
data yields 30 antineutrino and 24 neutrino20

candidate events. This event sample contains
a background fraction, predominantly reso-
nant and deep inelastic interactions, that ide-
ally would be reduced by selecting events with
low |t| =

��(q � p⇡)2
��, where q represents the25

momentum transfer from the neutrino and p⇡

is the momentum carried by the pion. This ap-
proach is not feasible because most pions are
not contained in the ArgoNeuT TPC so their
momentum can’t be estimated. Instead, we30

achieve signal from background separation by
applying a multivariate method which exploits
the topological information reconstructed in
each event. The ROOT Toolkit for Multi-
variate Analysis [21] was used to create a35

Boosted Decision Tree (BDT). The classifica-
tion is based on the angles of the pion and
muon tracks, the visible energy loss of the pion
from the TPC’s calorimetry, the reconstructed
muon momentum from MINOS and the mean40

stopping power of the first third of the muon
track. The last of these parameters was added
to help distinguish events where the start of
the muon and pion tracks is overlapping. The
angular parameters have the highest discrimi-45

nation power and the dependance of the BDT
classification on the Monte Carlo simulation is
minimised by smearing the training data. An
example of a neutrino interaction classified as
signal by the BDT is show in Figure 1.50
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FIG. 1: An example of CC Coherent pion produc-
tion from a neutrino in ArgoNeuT. The neutrino’s
incoming direction is along the horizontal coordi-
nate; the muon track corresponds to the most for-
ward going one, making an angle of 1.2� with the
incoming neutrino direction. The opening angle
between the muon and the pion track is 10.6�.

To estimate the rate of signal events, the
BDT distribution in data is fitted to a lin-
ear combination of templates for signal and
background obtained from simulation. The fit
preserves the shape of the signal and back-55

ground BDT distributions and finds the scale
of these which best agrees with the data by
minimising the e↵ective �

2 = �2 lnL, where
L represents the likelihood assuming Poisson-
distributed counts in each bin. The statistical60

error is found by evaluating the 1� interval,
determined by ��

2 = �

2 � �

2
min = 1. Fig-

ure 2 shows the data and the best-fit signal
and background distributions. The antineu-
trino signal is estimated to be 10.8+3.9

�3.1 events65

and the neutrino signal is 7.6+3.2
�2.5 events. The

purity of the antineutrino and neutrino sam-
ples are 36% and 32%, respectively.

The systematic uncertainties a↵ecting the
measurement are listed in Table I. These are70

dominated by the flux-scale uncertainty (10�
12%). Reconstruction e↵ects have their im-
pact estimated by adjusting the reconstructed
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A. M. Szelc, Neutrino 2014, Boston 146/7/14
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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.

Landau-like distribution of electron  
event single hit charge depositions.

Single Hit dE/dx [MeV/cm]

PRELIM
IN

ARY

DATA

(area       

normalized)

average dE/dx 

Electron/single gamma separation

DATA

New,

 LArTPC enabled,

 physics 

analysis!

PRELIM
IN

ARY

Topology cut 

not folded in.

Topology cut 

only

•Particle ID of electrons vs. photons relies on ability to see displaced 
vertices, and to reconstruct energy at beginning of shower.!

•ArgoNeuT is developing this technique using a small data sample.
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Examples of Displaced Vertices in 
ArgoNeuT Data 

4 

Muon is not the only primary track 

Event with Displaced Vertex  
in ArgoNeuT Data 

Muon Matched with MINOS with +1 charge 

3 

ArgoNeuT Data 𝑣ஜ event 

P��

P��

Q�

Q�

Muon is not the only primary track 

•Excellent resolution allows direct measurement of Hyperon production 
in neutrino interactions.!

•Due to ArgoNeuT’s small size, statistics are very limited and 
containment is a problem, but several candidates are observed. 

ArgoNeuT Data Event ArgoNeuT Data Event

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 

𝚲0→𝜋++p
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•MicroBooNE will operate in the Booster neutrino beam at Fermilab.!
•Combines physics with hardware R&D necessary for the evolution of LArTPCs.!
‣MiniBooNE low-energy excess!
‣Low-Energy (<1 GeV) neutrino cross-sections!
‣Cold Electronics (preamplifiers in liquid)!
‣Long drift (2.5m) !
‣Purity without evacuation.!

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

MicroBooNE Experiment

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
Light Collection 30 8” Hamamatsu PMTs



MicroBooNE Construction

13



MicroBooNE Installation: June 2014

14
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•Address the “low energy excess” seen by the MiniBooNE experiment.!
‣MiniBooNE is a Cerenkov detector that looks for νe appearance from a beam of νμ !
‣Does MicroBooNE confirm the excess?!
‣If confirmed, is the excess due to an electron-like or gamma-like process?

MiniBooNE νe 

Appearance Result Excess
AntiNeutrino:  78.4±28.5 events (200-1250 MeV)!
Neutrino:       162.0±47.8 events (200-475 MeV)

Refs:!
1.) Unexplained Excess of Electron-Like Events From a 1-GeV Neutrino Beam MiniBooNE Collaboration, Phys. Rev. Lett. 102, 101802 (2009) !
2.) Improved Search for ν μ̄ → ν ē Oscillations in the MiniBooNE Experiment MiniBooNE Collaboration, Phys. Rev. Lett. 110, 161801 (2013) 
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QE
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tistical errors) and background (histogram with systematic
errors).

ing the predicted e↵ects on the ⌫µ, ⌫̄µ, ⌫e, and ⌫̄e CCQE
rate from variations of parameters. These include uncer-
tainties in the neutrino and antineutrino flux estimates,
uncertainties in neutrino cross sections, most of which
are determined by in-situ cross-section measurements at
MiniBooNE [20, 23], uncertainties due to nuclear e↵ects,
and uncertainties in detector modeling and reconstruc-
tion. A covariance matrix in bins of EQE

⌫ is constructed
by considering the variation from each source of system-
atic uncertainty on the ⌫e and ⌫̄e CCQE signal, back-
ground, and ⌫µ and ⌫̄µ CCQE prediction as a function of
E

QE
⌫ . This matrix includes correlations between any of

the ⌫e and ⌫̄e CCQE signal and background and ⌫µ and
⌫̄µ CCQE samples, and is used in the �

2 calculation of
the oscillation fits.

Fig. 1 (top) shows the E

QE
⌫ distribution for ⌫̄e CCQE

data and background in antineutrino mode over the full
available energy range. Each bin of reconstructed E

QE
⌫

corresponds to a distribution of “true” generated neu-
trino energies, which can overlap adjacent bins. In an-
tineutrino mode, a total of 478 data events pass the
⌫̄e event selection requirements with 200 < E

QE
⌫ <

1250 MeV, compared to a background expectation of
399.6±20.0(stat.)±20.3(syst.) events. For assessing the
probability that the expectation fluctuates up to this 478
observed value, the excess is then 78.4 ± 28.5 events or
a 2.8� e↵ect. Fig. 2 (top) shows the event excess as a
function of EQE

⌫ in antineutrino mode.

Many checks have been performed on the data, includ-
ing beam and detector stability checks that show that
the neutrino event rates are stable to < 2% and that
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the detector energy response is stable to < 1% over the
entire run. In addition, the fractions of neutrino and an-
tineutrino events are stable over energy and time, and
the inferred external event rate corrections are similar in
both neutrino and antineutrino modes.

The MiniBooNE antineutrino data can be fit to
a two-neutrino oscillation model, where the probabil-
ity, P , of ⌫̄µ ! ⌫̄e oscillations is given by P =
sin2 2✓ sin2(1.27�m

2
L/E⌫), sin

2 2✓ = 4|Ue4|2|Uµ4|2, and
�m

2 = �m

2
41 = m

2
4 � m

2
1. The oscillation parame-

ters are extracted from a combined fit of the observed
E

QE
⌫ event distributions for muon-like and electron-like

events. The fit assumes the same oscillation probabil-
ity for both the right-sign ⌫̄e and wrong-sign ⌫e, and
no significant ⌫µ, ⌫̄µ, ⌫e, or ⌫̄e disappearance. Using a
likelihood-ratio technique [4], the confidence level values
for the fitting statistic, ��

2 = �

2(point) � �

2(best), as
a function of oscillation parameters, �m

2 and sin2 2✓,
is determined from frequentist, fake data studies. The
critical values over the oscillation parameter space are
typically 2.0, the number of fit parameters, but can be
as a low as 1.0 at small sin2 2✓ or large �m

2. With
this technique, the best antineutrino oscillation fit for
200 < E

QE
⌫ < 3000 MeV occurs at (�m

2, sin2 2✓) =
(0.043 eV2, 0.88) but there is little change in probabil-
ity in a broad region up to (�m

2, sin2 2✓) = (0.8 eV2,
0.004) as shown in Fig. 3 (top). In the neutrino oscilla-
tion energy range of 200 < E

QE
⌫ < 1250 MeV, the �2

/ndf

for the above antineutrino-mode best-fit point is 5.0/7.0

MiniBooNE

MiniBooNE
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•Prove effectiveness of electron/gamma separation technique (e.g. - using dE/dX information), and 
exploit to characterize any observed MiniBooNE-like “low-E” excess signals.!
•Low Energy Neutrino Cross-Section Measurements: CCQE, NC πo, ∆→Nγ, etc...!
•Study backgrounds relevant for Proton Decay searches in larger detectors (e.g. - Kaon production), 
and develop SuperNova analysis capabilities.!
•Probe the Strange Quark content of Proton.!
•Continue development of automated reconstruction (building on ArgoNeuT’s effort).

Example CCQE νe event simulated in MicroBooNE Collection Plane (zoomed in view)



Conclusions
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•LArTPCs are powerful detectors for studying neutrinos.!

•Tremendous ongoing progress in development of LArTPC technology, 
driven by “small” efforts like ArgoNeuT and MicroBooNE.!

•Next few years should be very exciting as MicroBooNE come online.!

•Informed by these ongoing activities, future massive (~kiloTon) 
LArTPCs offer potential for discovering CP-violation in neutrino sector, 
and short-baseline experiments will search for sterile neutrinos.
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Water

Boiling Point [K] @ 
1atm 4.2 27.1 87.3 120 165 373

Density [g/cm 0.125 1.2 1.4 2.4 3 1

Radiation Length [cm] 755.2 24 14 4.9 2.8 36.1

dE/dx [MeV/cm] 0.24 1.4 2.1 3 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.
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2 45. Neutrino Cross Section Measurements
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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

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 �µ and Pµ distributions are e⌅-
ciency corrected on a bin-by-bin basis according to Eq. 1.5

A ⇥µ 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 �µ measurement range and 49.5% in
the Pµ range. These values receive contributions from10

muon acceptance between ArgoNeuT and MINOS, ver-
tex reconstruction ine⌅ciencies in ArgoNeuT, track re-
construction ine⌅ciencies in both detectors, and selection
e⌅ciency. Ine⌅ciencies due to acceptance arise from low-
energy or large-angle muons that do not enter the active15

region of MINOS. The poor acceptance of �µ> 36� muons
accords the Pµ sample with a lower detection e⌅ciency
than that of the �µ sample.

The flux-integrated di�erential cross sections in �µ and
Pµ from ⇥µ 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 ⇥/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 (⇥)
subset of neutrino events to estimate the shape of the
neutrino energy spectrum. As the di�erential cross sec-35

tion (d⇤d⇥ ) is independent of neutrino energy in the limit
of ⇥ ⇤ 0, the shape is predicted simply based on the
number of events at low-⇥ 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-⇥” 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 di�erential 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 di�erential cross
sections after adjusting the measured �µ and Pµ by ±1⇤,
where ⇤ 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 1⇤ adjustment
and the resulting bin weight redistribution. Other possi-
ble sources of systematic uncertainty have been found to
be negligible.
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Di�erential cross sections on an isoscalar target are65

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

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

•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.!

!
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The ArgoNeuT collaboration presents the first measurements of inclusive muon neutrino charged
current di�erential 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�< �µ< 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 ⇥13, CP-violation in the lepton sector, and the ori-
entation of the neutrino mass hierarchy. The inclusive
muon neutrino charged current (⇤µ CC) interaction can
be considered a “standard candle” for characterizing the25

composition of a neutrino beam as event identification
is insensitive to the complicating e⇤ects of intra-nuclear
e⇤ects 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], di⇤erential 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 ⇤µ CC di⇤erential 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 ⇤µ CC40

cross section at ⇤E⇥⌅ = 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/di⇤use 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 ⇤µ CC candidate
event collected in the 47 ⇥ 40 ⇥ 90 cm3 (drift ⇥ vertical
⇥ beam coordinate) ArgoNeuT TPC.70

The di⇤erential cross section in terms of a measured
variable u in bin i is given by

⌥⌅(ui)

⌥u
=

Nmeasured,i �Nbackground,i

�ui �i Ntarg ⇥
, (1)

where Nmeasured,i represents the number of signal
and background events passing analysis selection,
Nbackground,i is the number of expected background
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2 45. Neutrino Cross Section Measurements
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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
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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 �µ and Pµ distributions are e⌅-
ciency corrected on a bin-by-bin basis according to Eq. 1.5

A ⇥µ 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 �µ measurement range and 49.5% in
the Pµ range. These values receive contributions from10

muon acceptance between ArgoNeuT and MINOS, ver-
tex reconstruction ine⌅ciencies in ArgoNeuT, track re-
construction ine⌅ciencies in both detectors, and selection
e⌅ciency. Ine⌅ciencies due to acceptance arise from low-
energy or large-angle muons that do not enter the active15

region of MINOS. The poor acceptance of �µ> 36� muons
accords the Pµ sample with a lower detection e⌅ciency
than that of the �µ sample.

The flux-integrated di�erential cross sections in �µ and
Pµ from ⇥µ 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 ⇥/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 (⇥)
subset of neutrino events to estimate the shape of the
neutrino energy spectrum. As the di�erential cross sec-35

tion (d⇤d⇥ ) is independent of neutrino energy in the limit
of ⇥ ⇤ 0, the shape is predicted simply based on the
number of events at low-⇥ 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-⇥” 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 di�erential 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 di�erential cross
sections after adjusting the measured �µ and Pµ by ±1⇤,
where ⇤ 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 1⇤ adjustment
and the resulting bin weight redistribution. Other possi-
ble sources of systematic uncertainty have been found to
be negligible.

 (degrees)µθ
0 5 10 15 20 25 30 35

/d
eg

re
e)

2
cm

-3
8

10× (
µθ

/d
σd

0

1

2

3

4

5

6

7

8

9

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

FIG. 2: The �µ CC di�erential cross section (per argon nu-
cleus) in muon angle.
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cleus) in muon momentum.

Di�erential cross sections on an isoscalar target are65

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

nucleon target. The extracted multiplication factor of
0.96 can be applied to each on-argon di�erential cross
section measurement bin in order to obtain the di�eren-
tial cross sections on an isoscalar target. This correction
factor is model-dependent as it relies on GENIE’s under-75
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contribution, the selected �µ and Pµ distributions are e⌅-
ciency corrected on a bin-by-bin basis according to Eq. 1.5
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reconstruction, track matching, and selection 57.6% of
the time in the �µ measurement range and 49.5% in
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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-
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neutrino flux in Table IV; the energy-integrated flux from
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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 (⇥)
subset of neutrino events to estimate the shape of the
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tion (d⇤d⇥ ) is independent of neutrino energy in the limit
of ⇥ ⇤ 0, the shape is predicted simply based on the
number of events at low-⇥ 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-⇥” 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 di�erential 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.
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useful for a simple comparison of these results to other
measurements on di�erent nuclei. The correction for
transforming the argon target measurement reported
here into an isoscalar one is arrived at by reweighting
each GENIE simulated ⇥µ CC interaction based on its70

nucleon target. The extracted multiplication factor of
0.96 can be applied to each on-argon di�erential cross
section measurement bin in order to obtain the di�eren-
tial cross sections on an isoscalar target. This correction
factor is model-dependent as it relies on GENIE’s under-75
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The ArgoNeuT collaboration presents the first measurements of inclusive muon neutrino charged
current di�erential 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�< �µ< 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 ⇥13, CP-violation in the lepton sector, and the ori-
entation of the neutrino mass hierarchy. The inclusive
muon neutrino charged current (⇤µ CC) interaction can
be considered a “standard candle” for characterizing the25

composition of a neutrino beam as event identification
is insensitive to the complicating e⇤ects of intra-nuclear
e⇤ects 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], di⇤erential 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 ⇤µ CC di⇤erential 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 ⇤µ CC40

cross section at ⇤E⇥⌅ = 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/di⇤use 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 ⇤µ CC candidate
event collected in the 47 ⇥ 40 ⇥ 90 cm3 (drift ⇥ vertical
⇥ beam coordinate) ArgoNeuT TPC.70

The di⇤erential cross section in terms of a measured
variable u in bin i is given by

⌥⌅(ui)

⌥u
=

Nmeasured,i �Nbackground,i

�ui �i Ntarg ⇥
, (1)

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

MicroBooNE TPC (Nov. 2013)
TPC Wires

Drift 
Direction


