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• DUNE is a long-baseline neutrino experiment aiming to solve mass hierarchy 
and CP-violation by measuring νμ to νe/ν̅μ to ν̅e  oscillation in one single 
experiment. 

• 40 kton LAr TPC as the far detector in Lead, SD.  
• A capable near detector is crucial for DUNE to constrain systematic 

uncertainties, including flux uncertainty.

2

12/2/201515 Mark Thomson | DUNE

… then repeat for antineutrinos
•  Compare oscillations of neutrinos and antineutrinos
•  Direct probe of CPV in the neutrino sector

•  Near Detector at Fermilab: measurements of νµ unoscillated beam
•  Far Detector at SURF: measure oscillated  νµ &  νe neutrino spectra 
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• Currently we have several ND options under study: 
• LAr TPC  
• Fine-Grained Tracker (FGT, CDR reference design) 
• High-Pressure Ar Gas TPC 
• Scintillating plastic tracker

Near Detector Options
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Near Detector Options
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Liquid Argon TPC : ArgonCube

• The international ArgonCube collaboration has
submitted an LoI to CERN SPSC

• Novel implementation of LAR TPC technology
•

Modularity and scalability

•
Pixelized charge readout

• Potential applicability for DUNE ND
•

LAr

•
Modularity and pixels : high rate capability

•
Can be magnetized : compatible with 0.4 T field

Xinchun Tian (USC, Columbia) DUNE ND@NuInt 2015 112015 17 / 19
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Near Detector Options

Near Detector

• ND goals: 
• Constrain systematics to the νe appearance measurement.  
• Precision physics measurements on its own.  

• Alternative designs:  
• LArTPC 
• High-Pressure Argon Gas TPC 
• Hybrid detector.

72 3 Project and Design

Figure 3.21: The LBNE near neutrino detector reference design with the dipole magnet open to show
the straw-tube tracker (grey) and electromagnetic calorimeter (yellow). RPCs for muon identification (red
squares) are embedded in the yoke steel and up- and downstream steel walls.

calorimeter inside of a 0.4-T dipole magnet, illustrated in Figure 3.22, and resistive plate chambers
for muon identification (MuID) located in the steel of the magnet and also upstream and down-
stream of the tracker. High-pressure argon gas targets, as well as water and other nuclear targets,
are embedded in the upstream part of the tracking volume. The nominal active volume of the STT
corresponds to eight tons of mass. The STT is required to contain sufficient mass of argon gas in
tubes (Al or composite material) to provide at least a factor of ten more statistics than expected in
the far detector. Table 3.4 summarizes the performance for the fine-grained tracker’s configuration,
and Table 3.5 lists its parameters.

Figure 3.22 shows the locations of the electromagnetic calorimeter and MuID next to the magnet
steel and magnet coils. The fine-grained tracker has excellent position and angular resolutions due
to its low-density (≥ 0.1 g/cm3), high-precision STT. The low density and magnetic field allow it to
distinguish e+ from e≠ on an event-by-event basis. The high resolution is important for determining
the neutrino vertex and determining whether the neutrino interaction occurs in a water or argon
target. Electrons are distinguished from hadrons using transition radiation.

The Long-Baseline Neutrino Experiment

Straw Tube Tracker (Argon target)

Muon Detector

Dipole BECAL

•  

• •  ∼3.5m×3.5m×6.5mSTT (ρ ≃ 0.1 g/cm3).  
 • 4π ECAL in a dipole magnetic field  

(B = 0.4 T).  

 • 4π MuID (RPC) in dipole and  
up/downstream.  

 • Pressurized 40Ar target ≃ ×10 FD statistics 
and 40Ca target. 

• The reference design:  
High Resolution Fine-Grained Tracker.
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• Currently we have several ND options under study: 
• LAr TPC  
• Fine-Grained Tracker (FGT, CDR reference design) 
• High-Pressure Ar Gas TPC 
• Scintillating plastic tracker



EXPECTED PERFORMANCE OF TPC 
• Momentum resolution better than 5% at 1 GeV. Dominated 

by multiple scattering at lower momenta. 

•  Energy of short, contained particles (e.g. soft protons) can 
be measured calorimetrically by range:  

• Resolution in dE/dx improves with pressure. Better than 5% 
for our conditions:

Justo Martín-Albo, for the DUNE Collaboration 
Department of Physics, University of Oxford (United Kingdom)

A PRESSURIZED ARGON GAS TPC  
AS NEAR DETECTOR FOR DUNE

THE DEEP UNDERGROUND 
NEUTRINO EXPERIMENT (DUNE) 
DUNE is an international effort to build a new-
generation long-baseline neutrino oscillation 
experiment between Fermilab (Illinois, USA) —where 
a new multi-megawatt (up to 2.4 MW) neutrino 
beamline will be built— and a 40-kt liquid argon 
detector located at the Sanford Underground Research 
Facility (South Dakota, USA), about 1300 km away. 
The main scientific objective of DUNE is the precision 

measurement of neutrino oscillation parameters, 
including the test of CP violation in the leptonic sector 
and the determination of the neutrino mass ordering. 
The massive DUNE far detector (FD), consisting of 
four liquid argon (LAr) TPC modules located deep 
underground, will offer unique capabilities for 
addressing additional non-accelerator physics topics 
such as nucleon decay or neutrino astrophysics 
(possibly even the detection of the neutrino burst from 
a core-collapse supernova).

ROLE OF THE NEAR DETECTOR 
A near detector (ND) will be installed several hundred 
metres downstream of the neutrino production point. Its 
physics goals are the following: 
• Constraint of the systematic uncertainties in the 

DUNE oscillation studies by characterising the energy 
spectrum and composition of the neutrino beam. 

• Precision measurements of neutrino interactions (e.g. 
cross sections, structure of nucleons and nuclei, etc.). 

• Searches for new physics, including heavy sterile 
neutrinos, non-standard interactions, light dark 
matter candidates, etc. 

The DUNE Collaboration is considering three different 
designs for the near detector, whose relative merits are 
being studied with a dedicated task force: 
• The so-called Fine Grained Tracker (FGT), a 

magnetised straw-tube tracker surrounded by an 
electromagnetic calorimeter. 

• A modular liquid argon time projection chamber 
(LArTPC). 

• A magnetised high-pressure argon gas time projection 
chamber (GArTPC) surrounded by an 
electromagnetic calorimeter. 
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MOTIVATION 
Oscillation measurements require a thorough understanding of neutrino-
nucleus interactions to accurately reconstruct the energy of the incoming 
neutrino and predict the far flux from the measured near flux. 
Experiments rely on nuclear models to relate the ND measurements to the 
initial neutrino energy and spectra, but much of our understanding of 
neutrino scattering comes from light-nuclei data and thus the models 

probably do not accurately represent the physics of heavier targets (argon, 
for example), where nuclear effects such as nucleon correlations and final 
state interactions (FSI) introduce significant complications that result in 
large systematics. Therefore, more experimental input is needed to clarify 
and improve models of neutrino-nucleus interactions.  
An argon gas TPC is the ideal detector for the measurement of nuclear 
effects at the interaction vertex in argon (the target nucleus of the DUNE 
FD) thanks to its low energy sensitivity (proton detection threshold well 
below 100 MeV/c), which would allow the detection of soft final-state 
nucleons.

MUON NEUTRINO FLUX  
AT FAR DETECTOR (CDR)
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DETECTOR CONCEPT 
The GArTPC ND consists of the following 
elements: 
• A dipole magnet that surrounds the entire 

detector establishing a uniform magnetic field 
(perpendicular to the neutrino beam) of 0.4 T.  

• A central large time projection chamber with 
about 1 tonne of argon pressurised at 10 bar. 
The TPC offers low energy detection 
thresholds, excellent tracking performance 
(point resolution below 1 mm and two-track 
separation better than 15 mm), high-resolution 
momentum measurement (<5% for 1 GeV 
tracks) and particle ID capabilities using the 
dE/dx. 

• A pressure vessel that houses the TPC. To 
minimise the inactive mass in the detector, the 
vessel will be manufactured with either light 
alloys (e.g. titanium or aluminium) or 
composite materials.  

• An electromagnetic sampling calorimeter made 
of layers of lead and plastic scintillator that 
surrounds the TPC detecting the neutral 
particles that leave its active volume. 

6.5 m

3.5 m

BARREL ECAL  
(10X0)

PRESSURE 
VESSEL / TPC

MAGNET YOKE
SOLLENOID 

COIL

UPSTREAM 
ECAL (10X0)

DOWNSTREAM 
ECAL (20X0)

GAS MIXTURE AND READOUT 
• Modern micro-pattern gaseous detectors (i.e. Micromegas, 

GEMs, etc.) solve traditional problems of TPCs (ion 
feedback, E×B effects…) and facilitate the operation at 
high pressure. 

• Gas quenchers are probably required to achieve high-
enough gains. Their concentration must be kept low, 
however, to avoid additional systematics in the 
measurement of cross sections. 

• Small concentrations (≲1%) of quenchers (CO2, CF4, CH4, 
isobutane…)  can increase drift velocity by a factor of ~5 
and reduce diffusion by a factor of ~5–10 with respect to 
pure argon. 

• Electroluminescent amplification and an optical readout 
(e.g. silicon photomultipliers) could be an alternative to the 
above scheme. It would allow the operation with pure 
argon and provide better energy resolution but somewhat 
worse spatial resolution. 

Rep. Prog. Phys. 73 (2010) 116201 H J Hilke

Figure 26. PID from ionization measurements (dE/dx) in the PEP4
TPC. (Reprinted with permission from [15]. Copyright 2008, The
Regents of the University of California.)

calculated straggling functions for different sample lengths x
in argon. As these distributions are normalized to x, the mean
loss ⟨!/x⟩ is the same, but the most probable loss changes.
This means that straggling functions cannot be scaled with
a single parameter (e.g. Imp). It turns out, however, that a
2-parameter scaling is adequate [77].

The quality of PID is determined by the separation power
D with

D = (IA − IB)/[σ (IA) + σ (IB)]/2, (3.5)

i.e. the separation of particle types A and B expressed in num-
ber of standard deviations. For the PEP4 TPC, the best K- π
separation obtained was about 3σ (Iπ ) with σ (Iπ )/Iπ = 3.0%
for minimum ionizing pions [64]. Figure 30 shows for a
number of gas mixtures the measured separation power at
15 GeV/c, obtained from the lowest 40% pulse heights from
64 samples of 4 cm length [78]. The relativistic rise at 1 atm is
highest for noble gases, around 1.6–1.7 with respect to the min-
imum dE/dx. The low-Z molecular gases show better resolu-
tion σ (I ) but have a lower relativistic rise. There is no ‘magic
gas’ with outstanding PID properties in all respects, although
there are significant differences. For the choice of gas in a par-
ticular experiment, other characteristics such as diffusion, drift
velocity and radiation length will enter, in addition to PID.

For rough estimates of the relative truncated mean
resolution σ (I )/I as a function of pressure p, sample size d
and number N of samples in mixtures of Ar with 10–20% CH4

the following relation has been derived from the PAI model for
pure argon [75]:

σ (I )/I = 0.41(pd)−0.32N−0.46 = 0.41(pL)−0.32N−0.14,

(3.6)

where L is the total length over which I is measured. To allow
comparison of different gases, an extension was proposed:

σ (I )/I = 0.345(Apd)−0.32N−0.46,

with A = 6.83νpD/(β2I ), (3.7)

where ν is the mean number of electrons per molecule. For
He, Ne, Ar, Kr and Xe, A = 0.32, 0.50, 0.62, 0.65 and 0.70,
respectively. Values obtained from these theoretical relations
based on a likelihood treatment were intended as a guide only
to estimate best possible resolutions. Based on experimental
results, it has been argued that below a sample size of about
5 cm atm in argon the gain in resolution is negligible [79].
More recent studies, however, indicate that sampling down
to 0.5 cm atm still improves the accuracy [80].

Table 4 gives an overview of the PID performance of some
TPCs. Included are also the jet chamber of OPAL at LEP and
two big detectors, the EPI and ISIS2, which were dedicated to
dE/dx measurements with only restricted tracking capability.
The best measured values for σ (I ) are compared with the ideal
resolution obtained from the relations cited above, assuming
the maximum number Nmax of samples can be used. The last
row shows the calculated resolution for the case that only 70%
of Nmax samples are useful, which is closer to reality in most
cases. The measured values are very close to these theoretical
numbers. For PEP4 and EPI, the best values are obtained for
very clean tracks, where the assumption of Nmax contributing
samples is reasonable.

4. Particularities of some TPCs

4.1. Global aspects

Many TPCs have been constructed. They may be grouped
crudely according to the type of experiments they were or are
part of.

(a) Electron/positron storage rings: PEP4, TOPAZ, ALEPH
and DELPHI.
These experiments demanded large TPCs but had to
handle only low rates of events with multiplicities of
2–30 charged tracks. Their designs are similar. PEP4
and TOPAZ were pressurized to maximize PID. ALEPH,
the largest of these four TPCs, with the longest drift
length (2.2 m) of all TPCs up to now and DELPHI put
emphasis on momentum resolution, pattern recognition
and reduced material in front of other components and
chose operation at 1 atm. The size of the DELPHI TPC had
to be reduced because of the addition of a RICH for more
powerful PID. Both ALEPH and DELPHI used circular
pad rows to improve spatial resolution. ALEPH chose
longer pads for better momentum resolution at the highest
energies, DELPHI preferred shorter pads for better two-
track separation of lower momentum particles.
A reconstructed event from the PEP4 TPC is shown in
figure 31.

(b) Heavy ions: fixed-target and collider experiments.
Medium-sized and large TPCs have been used in a number
of fixed-target experiments: EOS/HISS at the BEVALEC,
the BNL 810 TPC at Brookhaven and NA35, NA36 and
NA49 at CERN. A very large TPC is operating for STAR
at Brookhaven and an even larger one, ALICE, is ready for
data taking at the LHC at CERN. All these TPCs have to
handle high particle multiplicities up to several thousand
per event in STAR and even more in ALICE. They use(d)
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Figure 4.3: When adding minute amounts of to argon (left) and neon (right), the drift velocity at low
fields of these gases increases rapidly. The lowest, nearly flat, curve is for pure argon and pure neon. The
following curves are for . Note the pronounced peaks in Ar with
a small amount of .

a Ramsauer minimum, at least not in the relevant energy domain, because the nuclear forces are not large
enough to create a bound state even at the lowest energies.
When adding a small amount of to argon, the cross section increases substantially while the min-

imum shifts to higher energies, see Fig. 4.4. At a constant electric field, the electron energy distribution
shifts to lower energies, see the left side of Fig. 4.5. Nevertheless, the velocity increases up to . The
reason for this is that, although the electron energy is higher for lower percentages of , the electrons
have a tendency to move sideways as shown by the huge transverse diffusion coefficient, see the right side of
Fig. 4.5. Adding reduces the transverse diffusion dramatically and thereby increases the drift velocity.

4.2.2 Maximum velocity as function of fraction
The maximum of the velocity (see the left side of Fig. 4.3) shifts to higher electric fields when increasing
the fraction (see Fig. 4.7) because the mean electron energy that corresponds to the minimum of the
cross section, moves up. When adding more , the cross section at its minimum increases, and the mean
free path therefore decreases, but still the mean electron energy (Fig. 4.6) and the peak velocity (right side of
Fig. 4.3) increase. The reason for this is that the increase in mean electron energy due to the higher electric
field strength dominates the decrease due to the shorter mean free path.
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Liquid Argon TPC : ArgonCube

• The international ArgonCube collaboration has
submitted an LoI to CERN SPSC

• Novel implementation of LAR TPC technology
•

Modularity and scalability

•
Pixelized charge readout

• Potential applicability for DUNE ND
•

LAr

•
Modularity and pixels : high rate capability

•
Can be magnetized : compatible with 0.4 T field

Xinchun Tian (USC, Columbia) DUNE ND@NuInt 2015 112015 17 / 19

Near Detector Options

Near Detector

• ND goals: 
• Constrain systematics to the νe appearance measurement.  
• Precision physics measurements on its own.  

• Alternative designs:  
• LArTPC 
• High-Pressure Argon Gas TPC 
• Hybrid detector.

72 3 Project and Design

Figure 3.21: The LBNE near neutrino detector reference design with the dipole magnet open to show
the straw-tube tracker (grey) and electromagnetic calorimeter (yellow). RPCs for muon identification (red
squares) are embedded in the yoke steel and up- and downstream steel walls.

calorimeter inside of a 0.4-T dipole magnet, illustrated in Figure 3.22, and resistive plate chambers
for muon identification (MuID) located in the steel of the magnet and also upstream and down-
stream of the tracker. High-pressure argon gas targets, as well as water and other nuclear targets,
are embedded in the upstream part of the tracking volume. The nominal active volume of the STT
corresponds to eight tons of mass. The STT is required to contain sufficient mass of argon gas in
tubes (Al or composite material) to provide at least a factor of ten more statistics than expected in
the far detector. Table 3.4 summarizes the performance for the fine-grained tracker’s configuration,
and Table 3.5 lists its parameters.

Figure 3.22 shows the locations of the electromagnetic calorimeter and MuID next to the magnet
steel and magnet coils. The fine-grained tracker has excellent position and angular resolutions due
to its low-density (≥ 0.1 g/cm3), high-precision STT. The low density and magnetic field allow it to
distinguish e+ from e≠ on an event-by-event basis. The high resolution is important for determining
the neutrino vertex and determining whether the neutrino interaction occurs in a water or argon
target. Electrons are distinguished from hadrons using transition radiation.

The Long-Baseline Neutrino Experiment

Straw Tube Tracker (Argon target)

Muon Detector

Dipole BECAL

•  

• •  ∼3.5m×3.5m×6.5mSTT (ρ ≃ 0.1 g/cm3).  
 • 4π ECAL in a dipole magnetic field  

(B = 0.4 T).  

 • 4π MuID (RPC) in dipole and  
up/downstream.  

 • Pressurized 40Ar target ≃ ×10 FD statistics 
and 40Ca target. 

• The reference design:  
High Resolution Fine-Grained Tracker.

6

• Currently we have several ND options under study: 
• LAr TPC  
• Fine-Grained Tracker (FGT, CDR reference design) 
• High-Pressure Ar Gas TPC 
• Scintillating plastic tracker



EXPECTED PERFORMANCE OF TPC 
• Momentum resolution better than 5% at 1 GeV. Dominated 

by multiple scattering at lower momenta. 

•  Energy of short, contained particles (e.g. soft protons) can 
be measured calorimetrically by range:  

• Resolution in dE/dx improves with pressure. Better than 5% 
for our conditions:

Justo Martín-Albo, for the DUNE Collaboration 
Department of Physics, University of Oxford (United Kingdom)

A PRESSURIZED ARGON GAS TPC  
AS NEAR DETECTOR FOR DUNE

THE DEEP UNDERGROUND 
NEUTRINO EXPERIMENT (DUNE) 
DUNE is an international effort to build a new-
generation long-baseline neutrino oscillation 
experiment between Fermilab (Illinois, USA) —where 
a new multi-megawatt (up to 2.4 MW) neutrino 
beamline will be built— and a 40-kt liquid argon 
detector located at the Sanford Underground Research 
Facility (South Dakota, USA), about 1300 km away. 
The main scientific objective of DUNE is the precision 

measurement of neutrino oscillation parameters, 
including the test of CP violation in the leptonic sector 
and the determination of the neutrino mass ordering. 
The massive DUNE far detector (FD), consisting of 
four liquid argon (LAr) TPC modules located deep 
underground, will offer unique capabilities for 
addressing additional non-accelerator physics topics 
such as nucleon decay or neutrino astrophysics 
(possibly even the detection of the neutrino burst from 
a core-collapse supernova).

ROLE OF THE NEAR DETECTOR 
A near detector (ND) will be installed several hundred 
metres downstream of the neutrino production point. Its 
physics goals are the following: 
• Constraint of the systematic uncertainties in the 

DUNE oscillation studies by characterising the energy 
spectrum and composition of the neutrino beam. 

• Precision measurements of neutrino interactions (e.g. 
cross sections, structure of nucleons and nuclei, etc.). 

• Searches for new physics, including heavy sterile 
neutrinos, non-standard interactions, light dark 
matter candidates, etc. 

The DUNE Collaboration is considering three different 
designs for the near detector, whose relative merits are 
being studied with a dedicated task force: 
• The so-called Fine Grained Tracker (FGT), a 

magnetised straw-tube tracker surrounded by an 
electromagnetic calorimeter. 

• A modular liquid argon time projection chamber 
(LArTPC). 

• A magnetised high-pressure argon gas time projection 
chamber (GArTPC) surrounded by an 
electromagnetic calorimeter. 
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MOTIVATION 
Oscillation measurements require a thorough understanding of neutrino-
nucleus interactions to accurately reconstruct the energy of the incoming 
neutrino and predict the far flux from the measured near flux. 
Experiments rely on nuclear models to relate the ND measurements to the 
initial neutrino energy and spectra, but much of our understanding of 
neutrino scattering comes from light-nuclei data and thus the models 

probably do not accurately represent the physics of heavier targets (argon, 
for example), where nuclear effects such as nucleon correlations and final 
state interactions (FSI) introduce significant complications that result in 
large systematics. Therefore, more experimental input is needed to clarify 
and improve models of neutrino-nucleus interactions.  
An argon gas TPC is the ideal detector for the measurement of nuclear 
effects at the interaction vertex in argon (the target nucleus of the DUNE 
FD) thanks to its low energy sensitivity (proton detection threshold well 
below 100 MeV/c), which would allow the detection of soft final-state 
nucleons.

MUON NEUTRINO FLUX  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DETECTOR CONCEPT 
The GArTPC ND consists of the following 
elements: 
• A dipole magnet that surrounds the entire 

detector establishing a uniform magnetic field 
(perpendicular to the neutrino beam) of 0.4 T.  

• A central large time projection chamber with 
about 1 tonne of argon pressurised at 10 bar. 
The TPC offers low energy detection 
thresholds, excellent tracking performance 
(point resolution below 1 mm and two-track 
separation better than 15 mm), high-resolution 
momentum measurement (<5% for 1 GeV 
tracks) and particle ID capabilities using the 
dE/dx. 

• A pressure vessel that houses the TPC. To 
minimise the inactive mass in the detector, the 
vessel will be manufactured with either light 
alloys (e.g. titanium or aluminium) or 
composite materials.  

• An electromagnetic sampling calorimeter made 
of layers of lead and plastic scintillator that 
surrounds the TPC detecting the neutral 
particles that leave its active volume. 
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GAS MIXTURE AND READOUT 
• Modern micro-pattern gaseous detectors (i.e. Micromegas, 

GEMs, etc.) solve traditional problems of TPCs (ion 
feedback, E×B effects…) and facilitate the operation at 
high pressure. 

• Gas quenchers are probably required to achieve high-
enough gains. Their concentration must be kept low, 
however, to avoid additional systematics in the 
measurement of cross sections. 

• Small concentrations (≲1%) of quenchers (CO2, CF4, CH4, 
isobutane…)  can increase drift velocity by a factor of ~5 
and reduce diffusion by a factor of ~5–10 with respect to 
pure argon. 

• Electroluminescent amplification and an optical readout 
(e.g. silicon photomultipliers) could be an alternative to the 
above scheme. It would allow the operation with pure 
argon and provide better energy resolution but somewhat 
worse spatial resolution. 

Rep. Prog. Phys. 73 (2010) 116201 H J Hilke

Figure 26. PID from ionization measurements (dE/dx) in the PEP4
TPC. (Reprinted with permission from [15]. Copyright 2008, The
Regents of the University of California.)

calculated straggling functions for different sample lengths x
in argon. As these distributions are normalized to x, the mean
loss ⟨!/x⟩ is the same, but the most probable loss changes.
This means that straggling functions cannot be scaled with
a single parameter (e.g. Imp). It turns out, however, that a
2-parameter scaling is adequate [77].

The quality of PID is determined by the separation power
D with

D = (IA − IB)/[σ (IA) + σ (IB)]/2, (3.5)

i.e. the separation of particle types A and B expressed in num-
ber of standard deviations. For the PEP4 TPC, the best K- π
separation obtained was about 3σ (Iπ ) with σ (Iπ )/Iπ = 3.0%
for minimum ionizing pions [64]. Figure 30 shows for a
number of gas mixtures the measured separation power at
15 GeV/c, obtained from the lowest 40% pulse heights from
64 samples of 4 cm length [78]. The relativistic rise at 1 atm is
highest for noble gases, around 1.6–1.7 with respect to the min-
imum dE/dx. The low-Z molecular gases show better resolu-
tion σ (I ) but have a lower relativistic rise. There is no ‘magic
gas’ with outstanding PID properties in all respects, although
there are significant differences. For the choice of gas in a par-
ticular experiment, other characteristics such as diffusion, drift
velocity and radiation length will enter, in addition to PID.

For rough estimates of the relative truncated mean
resolution σ (I )/I as a function of pressure p, sample size d
and number N of samples in mixtures of Ar with 10–20% CH4

the following relation has been derived from the PAI model for
pure argon [75]:

σ (I )/I = 0.41(pd)−0.32N−0.46 = 0.41(pL)−0.32N−0.14,

(3.6)

where L is the total length over which I is measured. To allow
comparison of different gases, an extension was proposed:

σ (I )/I = 0.345(Apd)−0.32N−0.46,

with A = 6.83νpD/(β2I ), (3.7)

where ν is the mean number of electrons per molecule. For
He, Ne, Ar, Kr and Xe, A = 0.32, 0.50, 0.62, 0.65 and 0.70,
respectively. Values obtained from these theoretical relations
based on a likelihood treatment were intended as a guide only
to estimate best possible resolutions. Based on experimental
results, it has been argued that below a sample size of about
5 cm atm in argon the gain in resolution is negligible [79].
More recent studies, however, indicate that sampling down
to 0.5 cm atm still improves the accuracy [80].

Table 4 gives an overview of the PID performance of some
TPCs. Included are also the jet chamber of OPAL at LEP and
two big detectors, the EPI and ISIS2, which were dedicated to
dE/dx measurements with only restricted tracking capability.
The best measured values for σ (I ) are compared with the ideal
resolution obtained from the relations cited above, assuming
the maximum number Nmax of samples can be used. The last
row shows the calculated resolution for the case that only 70%
of Nmax samples are useful, which is closer to reality in most
cases. The measured values are very close to these theoretical
numbers. For PEP4 and EPI, the best values are obtained for
very clean tracks, where the assumption of Nmax contributing
samples is reasonable.

4. Particularities of some TPCs

4.1. Global aspects

Many TPCs have been constructed. They may be grouped
crudely according to the type of experiments they were or are
part of.

(a) Electron/positron storage rings: PEP4, TOPAZ, ALEPH
and DELPHI.
These experiments demanded large TPCs but had to
handle only low rates of events with multiplicities of
2–30 charged tracks. Their designs are similar. PEP4
and TOPAZ were pressurized to maximize PID. ALEPH,
the largest of these four TPCs, with the longest drift
length (2.2 m) of all TPCs up to now and DELPHI put
emphasis on momentum resolution, pattern recognition
and reduced material in front of other components and
chose operation at 1 atm. The size of the DELPHI TPC had
to be reduced because of the addition of a RICH for more
powerful PID. Both ALEPH and DELPHI used circular
pad rows to improve spatial resolution. ALEPH chose
longer pads for better momentum resolution at the highest
energies, DELPHI preferred shorter pads for better two-
track separation of lower momentum particles.
A reconstructed event from the PEP4 TPC is shown in
figure 31.

(b) Heavy ions: fixed-target and collider experiments.
Medium-sized and large TPCs have been used in a number
of fixed-target experiments: EOS/HISS at the BEVALEC,
the BNL 810 TPC at Brookhaven and NA35, NA36 and
NA49 at CERN. A very large TPC is operating for STAR
at Brookhaven and an even larger one, ALICE, is ready for
data taking at the LHC at CERN. All these TPCs have to
handle high particle multiplicities up to several thousand
per event in STAR and even more in ALICE. They use(d)
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Figure 4.3: When adding minute amounts of to argon (left) and neon (right), the drift velocity at low
fields of these gases increases rapidly. The lowest, nearly flat, curve is for pure argon and pure neon. The
following curves are for . Note the pronounced peaks in Ar with
a small amount of .

a Ramsauer minimum, at least not in the relevant energy domain, because the nuclear forces are not large
enough to create a bound state even at the lowest energies.
When adding a small amount of to argon, the cross section increases substantially while the min-

imum shifts to higher energies, see Fig. 4.4. At a constant electric field, the electron energy distribution
shifts to lower energies, see the left side of Fig. 4.5. Nevertheless, the velocity increases up to . The
reason for this is that, although the electron energy is higher for lower percentages of , the electrons
have a tendency to move sideways as shown by the huge transverse diffusion coefficient, see the right side of
Fig. 4.5. Adding reduces the transverse diffusion dramatically and thereby increases the drift velocity.

4.2.2 Maximum velocity as function of fraction
The maximum of the velocity (see the left side of Fig. 4.3) shifts to higher electric fields when increasing
the fraction (see Fig. 4.7) because the mean electron energy that corresponds to the minimum of the
cross section, moves up. When adding more , the cross section at its minimum increases, and the mean
free path therefore decreases, but still the mean electron energy (Fig. 4.6) and the peak velocity (right side of
Fig. 4.3) increase. The reason for this is that the increase in mean electron energy due to the higher electric
field strength dominates the decrease due to the shorter mean free path.
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Liquid Argon TPC : ArgonCube

• The international ArgonCube collaboration has
submitted an LoI to CERN SPSC

• Novel implementation of LAR TPC technology
•

Modularity and scalability

•
Pixelized charge readout

• Potential applicability for DUNE ND
•

LAr

•
Modularity and pixels : high rate capability

•
Can be magnetized : compatible with 0.4 T field
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Near Detector Options

Near Detector

• ND goals: 
• Constrain systematics to the νe appearance measurement.  
• Precision physics measurements on its own.  

• Alternative designs:  
• LArTPC 
• High-Pressure Argon Gas TPC 
• Hybrid detector.

72 3 Project and Design

Figure 3.21: The LBNE near neutrino detector reference design with the dipole magnet open to show
the straw-tube tracker (grey) and electromagnetic calorimeter (yellow). RPCs for muon identification (red
squares) are embedded in the yoke steel and up- and downstream steel walls.

calorimeter inside of a 0.4-T dipole magnet, illustrated in Figure 3.22, and resistive plate chambers
for muon identification (MuID) located in the steel of the magnet and also upstream and down-
stream of the tracker. High-pressure argon gas targets, as well as water and other nuclear targets,
are embedded in the upstream part of the tracking volume. The nominal active volume of the STT
corresponds to eight tons of mass. The STT is required to contain sufficient mass of argon gas in
tubes (Al or composite material) to provide at least a factor of ten more statistics than expected in
the far detector. Table 3.4 summarizes the performance for the fine-grained tracker’s configuration,
and Table 3.5 lists its parameters.

Figure 3.22 shows the locations of the electromagnetic calorimeter and MuID next to the magnet
steel and magnet coils. The fine-grained tracker has excellent position and angular resolutions due
to its low-density (≥ 0.1 g/cm3), high-precision STT. The low density and magnetic field allow it to
distinguish e+ from e≠ on an event-by-event basis. The high resolution is important for determining
the neutrino vertex and determining whether the neutrino interaction occurs in a water or argon
target. Electrons are distinguished from hadrons using transition radiation.

The Long-Baseline Neutrino Experiment

Straw Tube Tracker (Argon target)

Muon Detector

Dipole BECAL

•  

• •  ∼3.5m×3.5m×6.5mSTT (ρ ≃ 0.1 g/cm3).  
 • 4π ECAL in a dipole magnetic field  

(B = 0.4 T).  

 • 4π MuID (RPC) in dipole and  
up/downstream.  

 • Pressurized 40Ar target ≃ ×10 FD statistics 
and 40Ca target. 

• The reference design:  
High Resolution Fine-Grained Tracker.

7

SuperFGD

1 cm3

• Possible cross talks:
- between cubes through the coating: should be same as standard plastic 
scintillator bars

• Cross talk along the fiber holes is not a problem:
- light has same direction as the one collected by the fiber transported 
toward the fiber-end
- should be limited given the small hole size 

• Tests needed to confirm the expectation

• Currently we have several ND options under study: 
• LAr TPC  
• Fine-Grained Tracker (FGT, CDR reference design) 
• High-Pressure Ar Gas TPC 
• Scintillating plastic tracker



Neutrino Flux at DUNE

• DUNE will use the new LBNF neutrino 
beam. 

• Flux uncertainty comes from hadron 
production and beam focusing.

2

¾ Long baseline neutrino oscillations
¾ Supernova neutrinos
¾ Proton decay

40 kt liquid argon TPC (4x10 kt)

Intense wideband beam 8
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Neutrino Flux at DUNE

• DUNE will use the new LBNF neutrino 
beam. 

• Flux uncertainty comes from hadron 
production and beam focusing.

2

¾ Long baseline neutrino oscillations
¾ Supernova neutrinos
¾ Proton decay

40 kt liquid argon TPC (4x10 kt)

Intense wideband beam 10

See talk by Jim Hylen and Rowan Zaki



Flux Measurement for DUNE

• Flux uncertainty comes from hadron production and beam focusing. 
• External hadron production data constraint.  

• Talk on Monday by Amit Bashyal: PPFX for DUNE.  
• In situ measurement at ND: the focus of this talk. 

• Generally speaking neutrino interaction cross-sections have large 
uncertainty  

• We need some neutrino interaction channels known well enough in 
some aspect to measure flux: 
• Neutrino-electron scattering for absolute flux. 
• Low-ν sample for flux shape. 
• Coherent pions for ν̅/ν ratio and beam divergence.

11

Figure from Amit Bashyal

PPFX…finally

11

Simulation Full%Neutrino%
Ancestry

Full%ancestry%of%a%neutrino%event%(from%primary%proton%
hitting%target%to%neutrino%production)

For
Each%interaction%in%an%ancestry

Coverage%of%interaction%by%
Existing%Data%sets

• Direct%Coverage

• Coverage%By%Extension

• No%Coverage%at%all

*Coverage%by%Extension%of%Data%Sets
• Extend%the%coverage%for%interactions%that%are%not%covered%

directly%wherever%possible
• Material%scaling,%Isospin symmetry,%quark%counting%etc.

*No%Coverage%at%All
Apply%uncertainties%based%on%best%estimation%from%current%
physics%models%if%an%interaction%is%not%covered%directly%or%
indirectly

ND
Figure from Amit Bashyal
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• Pure electroweak process with small, 
but very well known cross section: 
Good for measurement of absolute 
flux. 

• Very forward-going electron/muon 
(small Eeθ2) in final state with no other 
particles. 

• Uncertainty will be dominated by 
statistics: need enough detector mass.

FIG. 1: Lowest order Feynman diagrams of the ν on e elastic scattering.

I. INTRODUCTION

We present a study of the neutrino-electron elastic scattering (ν − e) in the NOvA near
detector. Because ν − e is a purely leptonic process, free from nucleon and nuclear effects,
the Standard Model (SM) can precisely predict its cross-section [1][2]. Consequently, a
measurement of ν-e interaction unambiguously constrains the absolute ν+ν̄ flux. The lowest
order Feynman diagrams of the neutrino-electron elastic scattering are shown in Figure 1.

In ν− e scattering, the angle of the electron in the final state with respect to the original
neutrino direction is uniquely determined from the neutrino energy and the electron kinetic
energy (derived from Ref [1], Formula 5.27):

cos θ = 1−
me(1− y)

Ee

, (1)

where me is the rest mass of the electron, Ee is the energy of the electron and y is the
ratio of the electron kinetic energy to the neutrino energy. When me << Eν , cos θ is close to
unity and the electron in the final state is collinear with the ν-beam, offering the diacritical
variable to distinguish signal from backgrounds.

II. DATA SAMPLE

We use NuMI data collected by the NOvA near detector between 2014 and 2015, with
2.97 × 1020 protons on target (POT). Run numbers for this data set are from 10377 to
10992. The Monte Carlo (MC) sample use the NuMI flux using the FLUKA generator for
hadro-production and the Geant4 modeling for the beam transport. Neutrino interactions
are simulated using the GENIE generator. For the background MC, we use the inclusive ND
MC-sample, composed of νµ-CC, νe-CC, NC, and Rock-events, corresponding to 8.71×1020

POT . For the signal MC, we generate 2.97× 1022 POT neutrino-electron elastic scattering
events with the GENIE generator.

III. NEUTRINO-ELECTRON ELASTIC SCATTERING PID AND e/π0 PID

To identify neutrino-electron elastic scattering signal and to reject the dominant π0-
induced backgrounds, two neural network based particle identification algorithms, Neutrino-

3

Inverse Muon Decay

Inverse Muon Decay 2

d�(⌫
l

e ! l⌫
e

)

dy

=
G

2
µ

⇡
(2m

e

E⌫ � (m2
l

� m

2
e

)) (2)

d�(⌫̄
e

e ! l ⌫̄
l

)

dy

=
G

2
µ

⇡
(2m

e

E⌫ (1 � y)2 � (m2
l

� m

2
e

)(1 � y)) (3)

y =
E

l

�
m

2
l

+m

2
e

2m
e

E⌫
(4)

0  y  y

max

= 1 �
m

2
l

2m
e

E⌫ + m

2
e

(5)

W.Marciano & Z.Parsa:  arXiV: hep-ph/0403168v1

νμ-IMD νeb-IMD

Threshold (l =μ,τ)    ➳

Inverse  Muon  Decay:  ν-Electron  CC  Scattering

W.Marciano & Z.Parsa:  arXiV: hep-ph/0403168v1

νμ-IMD νeb-IMD

Threshold (l =μ,τ)    ➳

Inverse  Muon  Decay:  ν-Electron  CC  Scattering

• Cross section is extremely small

• �(⌫µe

� ! µ�⌫
e

) ' 3�(⌫̄µe

� ! µ�⌫̄µ) '
2G2

µm

e

E⌫
⇡ ' 1.5 ⇥ 10�41 (E⌫/GeV) cm2

• Threshold E⌫ � m

2
l

�m

2
e

2m
e

' 10.9 GeV

• 5360 �(⌫µe� ! µ�⌫
e

) events assuming 1.2 MW beam power, 5 tons
ND fiducial mass, 5 years neutrino running

• A clean determination of the neutrino flux

2
W. Marciano and Z. Parsa, arXiV: hep-ph/0403168

Xinchun Tian et al. (USC, Columbia) CETUP@SD 073114 24 / 37

Inverse Muon Decay

Inverse Muon Decay 2

d�(⌫
l

e ! l⌫
e

)

dy

=
G

2
µ

⇡
(2m

e

E⌫ � (m2
l

� m

2
e

)) (2)

d�(⌫̄
e

e ! l ⌫̄
l

)

dy

=
G

2
µ

⇡
(2m

e

E⌫ (1 � y)2 � (m2
l

� m

2
e

)(1 � y)) (3)

y =
E

l

�
m

2
l

+m

2
e

2m
e

E⌫
(4)

0  y  y

max

= 1 �
m

2
l

2m
e

E⌫ + m

2
e

(5)

W.Marciano & Z.Parsa:  arXiV: hep-ph/0403168v1

νμ-IMD νeb-IMD

Threshold (l =μ,τ)    ➳

Inverse  Muon  Decay:  ν-Electron  CC  Scattering

W.Marciano & Z.Parsa:  arXiV: hep-ph/0403168v1

νμ-IMD νeb-IMD

Threshold (l =μ,τ)    ➳

Inverse  Muon  Decay:  ν-Electron  CC  Scattering

• Cross section is extremely small

• �(⌫µe

� ! µ�⌫
e

) ' 3�(⌫̄µe

� ! µ�⌫̄µ) '
2G2

µm

e

E⌫
⇡ ' 1.5 ⇥ 10�41 (E⌫/GeV) cm2

• Threshold E⌫ � m

2
l

�m

2
e

2m
e

' 10.9 GeV

• 5360 �(⌫µe� ! µ�⌫
e

) events assuming 1.2 MW beam power, 5 tons
ND fiducial mass, 5 years neutrino running

• A clean determination of the neutrino flux

2
W. Marciano and Z. Parsa, arXiV: hep-ph/0403168

Xinchun Tian et al. (USC, Columbia) CETUP@SD 073114 24 / 37

ν-e scattering IMD

Neutrino-Electron Scattering

14

Chris Marshall - ND workshop6

ν+e event rate in DUNE flux
80GeV 3-horn optimized flux

Ar target @ 574m
Step function efficiency

Total events vs. threshold DUNE Work in Progress
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Jianming Bian - UCI 10

In signal region, expect to see ~140 signal events and ~20 background events
Background in signal region corrected by sideband Data/MC

Neutrino-Electron Elastic Scattering after 
event selection

Eθ2 distribution Electron energy spectrum in signal region

Signal region: 
Eθ2 <0.005

NOvA σ(θ) = 19 mrad 
J. Bian’s talk on Tuesday
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FIG. 4: The distribution of Ee✓
2 for data and simulation after

the backgrounds are tuned and after all cuts except the Ee✓
2

cut are made. The simulation has been divided according
to channel into ⌫µ and ⌫e scattering on electrons (⌫ e), ⌫e

charged current interactions (⌫e CC), other neutral current
interactions (NC), and ⌫µ charged current interactions (⌫µ
CC). The numbers in the legend denote the total number
of simulated events in each channel after background tuning.
The signal region is defined as events with Ee✓

2 less than
0.0032 GeV⇥radian2.

where mn is the neutron mass. Events with Q2 less than
0.02GeV2 are removed to reject high energy electron ⌫e
CCQE events. This cut is 98% e�cient for signal and
removes 30% of the electron neutrino CCQE background.

VI. BACKGROUND SUBTRACTION

As shown in Fig. 4, the number of predicted back-
ground events after the final event selection is a small
fraction of the signal events. To produce the signal elec-
tron energy distributions, the backgrounds must be es-
timated and subtracted. This procedure is subject to
systematic uncertainties because mis-modeling of both
the background and the neutrino flux can bias the signal
measurement.

To reduce the background prediction uncertainty and
the dependence of the backgrounds on the a priori flux
prediction, the analysis normalizes the background pre-
diction using events that fail the Ee✓

2 cut but still pass a
loose dE/dx cut. The sideband is defined to be all events
with Ee✓

2 greater than 0.005GeV radian2 and dE/dx
less than 20MeV/1.7cm. This region is chosen with a
su�ciently high Ee✓

2 value so that it contains no signal
events but does not contain extremely high dE/dx events
which have very di↵erent sources than the backgrounds
populating the signal region.

However, this sideband still contains several di↵erent
background sources whose models are poorly constrained
by other data and must be extrapolated into the signal
region. The backgrounds are classified as ⌫e CC events,
⌫µ charged current (CC) interactions, and neutral cur-
rent interactions, including coherent ⇡0 production. This
sideband is divided into three distinct regions in order to

determine overall normalizations for three di↵erent back-
ground sources, using the energy deposition near the ver-
tex and the electron energy. The cuts on the shower end
transverse position and the fiducial track length in the
hadron calorimeter are removed so the distributions of
those observables can be fit over their full ranges.
In order to minimize potential bias due to mismodeling

of energy around a neutrino interaction vertex, the mea-
sure of energy deposition used to divide up the sidebands
into di↵erent regions is di↵erent from the one used to iso-
late the signal events. dE/dxmin is defined as the mini-
mum single-plane dE/dx among the second through sixth
planes after the start of the electron candidate track.
The first sideband region contains events with dE/dxmin

above 3MeV/1.7cm. Because this sideband tends to have
more neutral pions, it has roughly half its events from ⌫µ
CC events, and a third of its events are NC events, with
only one sixth expected from from ⌫e events. The other
two regions have dE/dxmin below 3MeV/1.7cm but are
di↵erentiated by having an electron energy above or be-
low 1.2GeV. The region with low energy electron can-
didates is contaminated by ⌫µ CC events. With almost
three quarters ⌫µ CC events, this sideband has only a few
per cent ⌫e and one quarter ⌫µ NC and NC coherent ⇡0

production. The third region, which has low dE/dxmin

but high electron energy, is about half ⌫e events, with the
remainder split between ⌫µ CC and NC events. In the
⌫e-enhanced third region the maximum transverse RMS
among the three views is also included in the fit for ad-
ditional sensitivity to electrons.
The power of this procedure comes from the fact that

the di↵erent backgrounds occur in substantially di↵er-
ent fractions in each of the three regions. Because no
region of the sideband contains an appreciable fraction
of NC coherent ⇡0 events, the simulation’s prediction for
this background cannot be constrained; it is subtracted
without modification.
A �2 is formed over all of the distributions and is

minimized, allowing three overall background normaliza-
tions to float. The fit returns normalization constants of
0.87 ± 0.03 for the ⌫e CC backgrounds and 0.58 ± 0.03
(0.97± 0.02) for the neutral ( ⌫µ charged) current back-
grounds. After the fit there is good agreement between
the data and simulation for all the distributions used in
the fit. In addition, both the dE/dxmin and Ee✓

2 distri-
butions are well-reproduced in the sideband regions after
fitting.

VII. RESULTS

After all the cuts are made, there are a total of 127
candidates, with 30.4 ± 2.3(stat) ± 3.3(syst) predicted
background events. The resulting electron energy spec-
trum is shown in Fig. 5. The simulation indicates that
the product of acceptance and e�ciency averaged across
electron energy is 73.3±0.5% and varies between approx-
imately 70% at the lower and upper ends of the electron

MINERvA σ(θ)=7.2 mrad 

Eθ2<0.0032

Neutrino-Electron Scattering

• Eeθ2 = 2me(1-y)<2me. 
• Good angular resolution is critical to reduce 

background. 
• Assuming 2 mrad angular resolution, 6% 

background is expected.  
• Background comes from π0 and νe-CC (QE) 

events:  
• e+ sample to control π0  bkg: need e+/e- ID. 
• 2-track νe-CC QE-like events to constrain νe-

CC QE background  (50% efficiency in FGT).
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Neutrino-Electron Elastic Scattering after 
event selection

Eθ2 distribution Electron energy spectrum in signal region

Signal region: 
Eθ2 <0.005

NOvA σ(θ) = 19 mrad 
J. Bian’s talk on Tuesday
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FIG. 4: The distribution of Ee✓
2 for data and simulation after

the backgrounds are tuned and after all cuts except the Ee✓
2

cut are made. The simulation has been divided according
to channel into ⌫µ and ⌫e scattering on electrons (⌫ e), ⌫e

charged current interactions (⌫e CC), other neutral current
interactions (NC), and ⌫µ charged current interactions (⌫µ
CC). The numbers in the legend denote the total number
of simulated events in each channel after background tuning.
The signal region is defined as events with Ee✓

2 less than
0.0032 GeV⇥radian2.

where mn is the neutron mass. Events with Q2 less than
0.02GeV2 are removed to reject high energy electron ⌫e
CCQE events. This cut is 98% e�cient for signal and
removes 30% of the electron neutrino CCQE background.

VI. BACKGROUND SUBTRACTION

As shown in Fig. 4, the number of predicted back-
ground events after the final event selection is a small
fraction of the signal events. To produce the signal elec-
tron energy distributions, the backgrounds must be es-
timated and subtracted. This procedure is subject to
systematic uncertainties because mis-modeling of both
the background and the neutrino flux can bias the signal
measurement.

To reduce the background prediction uncertainty and
the dependence of the backgrounds on the a priori flux
prediction, the analysis normalizes the background pre-
diction using events that fail the Ee✓

2 cut but still pass a
loose dE/dx cut. The sideband is defined to be all events
with Ee✓

2 greater than 0.005GeV radian2 and dE/dx
less than 20MeV/1.7cm. This region is chosen with a
su�ciently high Ee✓

2 value so that it contains no signal
events but does not contain extremely high dE/dx events
which have very di↵erent sources than the backgrounds
populating the signal region.

However, this sideband still contains several di↵erent
background sources whose models are poorly constrained
by other data and must be extrapolated into the signal
region. The backgrounds are classified as ⌫e CC events,
⌫µ charged current (CC) interactions, and neutral cur-
rent interactions, including coherent ⇡0 production. This
sideband is divided into three distinct regions in order to

determine overall normalizations for three di↵erent back-
ground sources, using the energy deposition near the ver-
tex and the electron energy. The cuts on the shower end
transverse position and the fiducial track length in the
hadron calorimeter are removed so the distributions of
those observables can be fit over their full ranges.
In order to minimize potential bias due to mismodeling

of energy around a neutrino interaction vertex, the mea-
sure of energy deposition used to divide up the sidebands
into di↵erent regions is di↵erent from the one used to iso-
late the signal events. dE/dxmin is defined as the mini-
mum single-plane dE/dx among the second through sixth
planes after the start of the electron candidate track.
The first sideband region contains events with dE/dxmin

above 3MeV/1.7cm. Because this sideband tends to have
more neutral pions, it has roughly half its events from ⌫µ
CC events, and a third of its events are NC events, with
only one sixth expected from from ⌫e events. The other
two regions have dE/dxmin below 3MeV/1.7cm but are
di↵erentiated by having an electron energy above or be-
low 1.2GeV. The region with low energy electron can-
didates is contaminated by ⌫µ CC events. With almost
three quarters ⌫µ CC events, this sideband has only a few
per cent ⌫e and one quarter ⌫µ NC and NC coherent ⇡0

production. The third region, which has low dE/dxmin

but high electron energy, is about half ⌫e events, with the
remainder split between ⌫µ CC and NC events. In the
⌫e-enhanced third region the maximum transverse RMS
among the three views is also included in the fit for ad-
ditional sensitivity to electrons.
The power of this procedure comes from the fact that

the di↵erent backgrounds occur in substantially di↵er-
ent fractions in each of the three regions. Because no
region of the sideband contains an appreciable fraction
of NC coherent ⇡0 events, the simulation’s prediction for
this background cannot be constrained; it is subtracted
without modification.
A �2 is formed over all of the distributions and is

minimized, allowing three overall background normaliza-
tions to float. The fit returns normalization constants of
0.87 ± 0.03 for the ⌫e CC backgrounds and 0.58 ± 0.03
(0.97± 0.02) for the neutral ( ⌫µ charged) current back-
grounds. After the fit there is good agreement between
the data and simulation for all the distributions used in
the fit. In addition, both the dE/dxmin and Ee✓

2 distri-
butions are well-reproduced in the sideband regions after
fitting.

VII. RESULTS

After all the cuts are made, there are a total of 127
candidates, with 30.4 ± 2.3(stat) ± 3.3(syst) predicted
background events. The resulting electron energy spec-
trum is shown in Fig. 5. The simulation indicates that
the product of acceptance and e�ciency averaged across
electron energy is 73.3±0.5% and varies between approx-
imately 70% at the lower and upper ends of the electron

MINERvA σ(θ)=7.2 mrad 

Eθ2<0.0032

Neutrino-Electron Scattering

• Eeθ2 = 2me(1-y)<2me. 
• Good angular resolution is critical to reduce 

background. 
• Assuming 2 mrad angular resolution, 6% 

background is expected.  
• Background comes from π0 and νe-CC (QE) 

events:  
• e+ sample to control π0  bkg: need e+/e- ID. 
• 2-track νe-CC QE-like events to constrain νe-

CC QE background  (50% efficiency in FGT).

Chris Marshall - ND workshop9

Eθ2 cut in DUNE

● For 0.5 GeV threshold

● Not very sensitive to 
electron energy 
resolution

● For < 4mrad angular 
resolution, can cut at 
0.0015 and reduce 
background by a factor 
of 2 compared to 
MINERvA

DUNE Work in Progress

Plot by Chris Marshall
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FIG. 4: The distribution of Ee✓
2 for data and simulation after

the backgrounds are tuned and after all cuts except the Ee✓
2

cut are made. The simulation has been divided according
to channel into ⌫µ and ⌫e scattering on electrons (⌫ e), ⌫e

charged current interactions (⌫e CC), other neutral current
interactions (NC), and ⌫µ charged current interactions (⌫µ
CC). The numbers in the legend denote the total number
of simulated events in each channel after background tuning.
The signal region is defined as events with Ee✓

2 less than
0.0032 GeV⇥radian2.

where mn is the neutron mass. Events with Q2 less than
0.02GeV2 are removed to reject high energy electron ⌫e
CCQE events. This cut is 98% e�cient for signal and
removes 30% of the electron neutrino CCQE background.

VI. BACKGROUND SUBTRACTION

As shown in Fig. 4, the number of predicted back-
ground events after the final event selection is a small
fraction of the signal events. To produce the signal elec-
tron energy distributions, the backgrounds must be es-
timated and subtracted. This procedure is subject to
systematic uncertainties because mis-modeling of both
the background and the neutrino flux can bias the signal
measurement.

To reduce the background prediction uncertainty and
the dependence of the backgrounds on the a priori flux
prediction, the analysis normalizes the background pre-
diction using events that fail the Ee✓

2 cut but still pass a
loose dE/dx cut. The sideband is defined to be all events
with Ee✓

2 greater than 0.005GeV radian2 and dE/dx
less than 20MeV/1.7cm. This region is chosen with a
su�ciently high Ee✓

2 value so that it contains no signal
events but does not contain extremely high dE/dx events
which have very di↵erent sources than the backgrounds
populating the signal region.

However, this sideband still contains several di↵erent
background sources whose models are poorly constrained
by other data and must be extrapolated into the signal
region. The backgrounds are classified as ⌫e CC events,
⌫µ charged current (CC) interactions, and neutral cur-
rent interactions, including coherent ⇡0 production. This
sideband is divided into three distinct regions in order to

determine overall normalizations for three di↵erent back-
ground sources, using the energy deposition near the ver-
tex and the electron energy. The cuts on the shower end
transverse position and the fiducial track length in the
hadron calorimeter are removed so the distributions of
those observables can be fit over their full ranges.
In order to minimize potential bias due to mismodeling

of energy around a neutrino interaction vertex, the mea-
sure of energy deposition used to divide up the sidebands
into di↵erent regions is di↵erent from the one used to iso-
late the signal events. dE/dxmin is defined as the mini-
mum single-plane dE/dx among the second through sixth
planes after the start of the electron candidate track.
The first sideband region contains events with dE/dxmin

above 3MeV/1.7cm. Because this sideband tends to have
more neutral pions, it has roughly half its events from ⌫µ
CC events, and a third of its events are NC events, with
only one sixth expected from from ⌫e events. The other
two regions have dE/dxmin below 3MeV/1.7cm but are
di↵erentiated by having an electron energy above or be-
low 1.2GeV. The region with low energy electron can-
didates is contaminated by ⌫µ CC events. With almost
three quarters ⌫µ CC events, this sideband has only a few
per cent ⌫e and one quarter ⌫µ NC and NC coherent ⇡0

production. The third region, which has low dE/dxmin

but high electron energy, is about half ⌫e events, with the
remainder split between ⌫µ CC and NC events. In the
⌫e-enhanced third region the maximum transverse RMS
among the three views is also included in the fit for ad-
ditional sensitivity to electrons.
The power of this procedure comes from the fact that

the di↵erent backgrounds occur in substantially di↵er-
ent fractions in each of the three regions. Because no
region of the sideband contains an appreciable fraction
of NC coherent ⇡0 events, the simulation’s prediction for
this background cannot be constrained; it is subtracted
without modification.
A �2 is formed over all of the distributions and is

minimized, allowing three overall background normaliza-
tions to float. The fit returns normalization constants of
0.87 ± 0.03 for the ⌫e CC backgrounds and 0.58 ± 0.03
(0.97± 0.02) for the neutral ( ⌫µ charged) current back-
grounds. After the fit there is good agreement between
the data and simulation for all the distributions used in
the fit. In addition, both the dE/dxmin and Ee✓

2 distri-
butions are well-reproduced in the sideband regions after
fitting.

VII. RESULTS

After all the cuts are made, there are a total of 127
candidates, with 30.4 ± 2.3(stat) ± 3.3(syst) predicted
background events. The resulting electron energy spec-
trum is shown in Fig. 5. The simulation indicates that
the product of acceptance and e�ciency averaged across
electron energy is 73.3±0.5% and varies between approx-
imately 70% at the lower and upper ends of the electron
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• Assuming 1.2 MW beam power, 5 tons ND fiducial mass, 3 years 
neutrino running we expect: 
• ~7.8k νμ  + e- → νμ  + e-:  ~2% precision in 2.5~10 GeV.
• ~4k νμ + e- → νe +  μ-:  ~2.5% precision in 11~50 GeV. 

• Given known neutrino direction and good detector resolution it is also 
possible to measure flux shape (work in progress).

Absolute Flux: Neutrino electron NC/CC scattering
• Cross section is extremely small, but assuming 1.2 MW beam power, 5 tons ND fiducial

mass, 5 years neutrino running
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ν-e NC Scattering in FGT ν-e CC IMD in FGT

DUNE Work in Progress DUNE Work in Progress

Neutrino-Electron Scattering



• At very low ν = Eν - El, the cross section is independent from Eν:  

 
    (A, B and C are parameters formed by nuclear structure functions.) 

• the measurement of low ν spectrum is approximately a measurement of 
flux shape. 

• The effect of non-zero ν cut is account for by a theoretical correction: 
 

• Systematic uncertainty dominant: 
• Muon energy 
• Hadronic energy (ν) 
• Theoretical correction 

• See Lu Ren’s talk on Tuesday for 
ΜINERvA’s Low-ν flux measurement

DUNE Work in Progress

Low-ν method

Jiajie Ling - USC APS Meeting 5

Low-↵ Flux Prediction

Relative flux extracted by the low ↵ method – in 
the ↵�0 limit, the neutrino (anti-neutrino) cross 
section is independent of energy.

For non-zero ↵, energy dependence of 
the flux shape is corrected from the 
cross section model. 
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Charge current n-Nucleon scattering
�It is very hard to simulate the neutrino flux 
accurately. Large uncertainties associated with the 
proton-nucleon hadron production process. There 
is about 30%-40% difference between data and MC 
simulation.

�We can use our Near Detector data to correct the 
MC simulation and predict the neutrino flux.
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Sample 2: Charged-current low-ν 

● Differential cross section can be written as:

● A, B, and C are integrals of structure functions

● ν = Ehad = Eν - Elep

● In practice, the low-ν sample is defined with some 
finite cut ν0 << Eν 



• Beam hadron production can be parametrized using empirical 
functions: 
 

• Use ND low-ν neutrino and antineutrino data to constrain beam 
hadron productions. 

• Given good muon/hadron energy resolution, expect an FD/ND 
ratio at 1~2% precision in 0.5~50 GeV.

20

{FD/ND}(Eν):*True**.vs.**ND.Constrained

➾(FD/ND)  constrained  to   1-2%  in  0.5 ≤Eν≤ 15 GeV 

νμ νμ
_

Dominant*systematic*error*from*the*Emu.scale*error*

DUNE Work in ProgressDUNE Work in Progress

We use MINUIT to find the set of parameters that minimizes the χ2 function

defined in the following way:

χ2 =
∑

νµ,νµ

∑

i

(ei − oi)2

σ2
ei + σ2

oi

+
∑

j

p2j
σ2
pj

(3.7)

where i runs over the bins in data histograms and j runs over the penalty terms.

The ei and oi are expected and observed number of events in i-th bin respectively.

The expectations ei are functions of the inputs to the Monte Carlo, such as the π/K

yields off that target. The σei and σoi are corresponding statistical errors.

Some of the parameters in the fit are constrained to particular values that are

known with some certainty. To use the information we introduce penalty terms that

are added to the function that is being minimized in the fit. The pj is the value of

certain parameter and σpj is the penalty term for that parameter.

3.7. Hadron Production Reweighting Functional Forms

3.7.1. EP1 — BMPT-Like Function Form. We use a BMPT [Bonesini et al.,

2001] type functional form to reweight the meson cross sections:

(

E ×
d3σ

dp3

)

= A (1− xR)
α (1 + BxR)x

−β
R ×

(

1 + a′(xR)pT + b′(xR)p
2
T

)

e−a′(xR)pT (3.8)

where a′(xR) = a/xγ
R and b′(xR) = a2/2xδ

R. The scaling variable xR = E∗/E∗
max is

defined as the ratio of the energy of the meson in the center-of-momentum frame

and the maximum kinematically available energy. Positive and negative mesons are

assumed to have the same pT distributions. The ratio r of positive to negative meson

(π+/π− or K+/K−) is parameterized using the formulae:
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Figure 5: Diagram illustrating various kinematic measureables in the proposed detector.

5.1 The Traditional Neutrino Physics

The proposed experiment will measure the relative abundance, the energy spectrum, and the

detailed topologies for νµ/νµ/νe/νe induced interactions including the momentum vectors of

negative, positive, and neutral (π0 and K0
s /Λ/Λ) particles composing the hadronic jet. (We are

exploring the possibility of measuring the neutron yield using charge-exchange process.) The

experiment will provide topologies, on an event-by-event basis, of various interactions that will

serve as ‘generators’ for the LBLν experiments. A glance at νµ CC and ν̄e CC event candidates

in NOMAD, shown in Figure 6 and Figure 7, gives an idea of the precision with which the

10

Out of plane

Coherent Pion

• Identical topology between neutrino and antineutrino to the first order: 
constraint on ν̅/ν. 

• Final state muon and pion collinear with incident neutrino with little 
nuclear effect: constraint on beam divergence 

• Combined with neutrino-electron scattering study it might be possible 
to constrain flux shape φ(E).   

• Requires good momentum resolution for muon and pion.  
• Work in progress.
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0µ gives the main contribution, Combine with the leptonic tensor, we could

get the cross section:
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Figure 149: The pm
T distribution in [2.3,7.5] region.
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NOMAD

➾Coh π  in DUNE should provide the most sensitive measure of: 
  (a) Enu-Scale,    (b)  ν̅/ν "Flux,    (c)  the beam divergence 

(Very Preliminary!  Details @ NG-WG)

Bing  Guo

Figure 8: misPt0postNN.png
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Summary
• A capable ND is important to constrain the systematic uncertainty 

for oscillation analysis, including neutrino flux uncertainty. 

• A lot of work going on to develop flux measurement methods. 

• Neutrino-electron scattering for absolute flux. 

• Low-ν method for relative flux. 

• Coherent pions for ν̅/ν ratio and beam divergence. 

• Combined with external data we aim at a precise flux prediction for 
DUNE.
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• Pure electroweak process with small, but 
very well known cross section: Good for 
measurement of absolute flux. 

• Very forward-going electron/muon (small 
Eeθ2) in final state with no other particles. 

• Need good angular resolution. 
• Uncertainty will be dominated by 

statistics: need enough detector mass. 
• Given known neutrino direction it is also 

possible to measure flux shape.

FIG. 1: Lowest order Feynman diagrams of the ν on e elastic scattering.

I. INTRODUCTION

We present a study of the neutrino-electron elastic scattering (ν − e) in the NOvA near
detector. Because ν − e is a purely leptonic process, free from nucleon and nuclear effects,
the Standard Model (SM) can precisely predict its cross-section [1][2]. Consequently, a
measurement of ν-e interaction unambiguously constrains the absolute ν+ν̄ flux. The lowest
order Feynman diagrams of the neutrino-electron elastic scattering are shown in Figure 1.

In ν− e scattering, the angle of the electron in the final state with respect to the original
neutrino direction is uniquely determined from the neutrino energy and the electron kinetic
energy (derived from Ref [1], Formula 5.27):

cos θ = 1−
me(1− y)

Ee

, (1)

where me is the rest mass of the electron, Ee is the energy of the electron and y is the
ratio of the electron kinetic energy to the neutrino energy. When me << Eν , cos θ is close to
unity and the electron in the final state is collinear with the ν-beam, offering the diacritical
variable to distinguish signal from backgrounds.

II. DATA SAMPLE

We use NuMI data collected by the NOvA near detector between 2014 and 2015, with
2.97 × 1020 protons on target (POT). Run numbers for this data set are from 10377 to
10992. The Monte Carlo (MC) sample use the NuMI flux using the FLUKA generator for
hadro-production and the Geant4 modeling for the beam transport. Neutrino interactions
are simulated using the GENIE generator. For the background MC, we use the inclusive ND
MC-sample, composed of νµ-CC, νe-CC, NC, and Rock-events, corresponding to 8.71×1020

POT . For the signal MC, we generate 2.97× 1022 POT neutrino-electron elastic scattering
events with the GENIE generator.

III. NEUTRINO-ELECTRON ELASTIC SCATTERING PID AND e/π0 PID

To identify neutrino-electron elastic scattering signal and to reject the dominant π0-
induced backgrounds, two neural network based particle identification algorithms, Neutrino-
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ν-e scattering IMD
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Chris Marshall - ND workshop6

ν+e event rate in DUNE flux
80GeV 3-horn optimized flux

Ar target @ 574m
Step function efficiency

Total events vs. threshold DUNE Work in Progress



Neutrino Flux at DUNE

• DUNE will use the new LBNF neutrino 
beam. 

• Flux uncertainty comes from hadron 
production and beam focusing.

2

¾ Long baseline neutrino oscillations
¾ Supernova neutrinos
¾ Proton decay

40 kt liquid argon TPC (4x10 kt)

Intense wideband beam

LBNF Neutrino Beam line
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See talk by Jim Hylen and Rowan Zaki



Neutrino-Electron Scattering
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• Eeθ2 = 2me(1-y)<2me. 
• Good angular resolution is critical to reduce background. 
• Assuming 2 mrad angular resolution, 6% background is expected.  
• Background comes from π0 and νe-CC (QE) events:  

• e+ sample to control π0  background: need e+/e- ID. 
• 2-track νe-CC QE-like events to constrain νe-CC QE background  

(50% efficiency in FGT).

Chris Marshall - ND workshop8

ν+e background

● Background events with 
Σ(charged hadron KE + 
EM total E) < 20 MeV

● π0 events have second 
photon energy < 50 
MeV, or photon opening 
angle < 2 mrad

● Assumes 10x rejection 
of γ (green), FGT CDR 
claims 100x

σ(θ)=2 mrad 
Plot by Chris Marshall

DUNE Work in Progress
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FIG. 4: The distribution of Ee✓
2 for data and simulation after

the backgrounds are tuned and after all cuts except the Ee✓
2

cut are made. The simulation has been divided according
to channel into ⌫µ and ⌫e scattering on electrons (⌫ e), ⌫e

charged current interactions (⌫e CC), other neutral current
interactions (NC), and ⌫µ charged current interactions (⌫µ
CC). The numbers in the legend denote the total number
of simulated events in each channel after background tuning.
The signal region is defined as events with Ee✓

2 less than
0.0032 GeV⇥radian2.

where mn is the neutron mass. Events with Q2 less than
0.02GeV2 are removed to reject high energy electron ⌫e
CCQE events. This cut is 98% e�cient for signal and
removes 30% of the electron neutrino CCQE background.

VI. BACKGROUND SUBTRACTION

As shown in Fig. 4, the number of predicted back-
ground events after the final event selection is a small
fraction of the signal events. To produce the signal elec-
tron energy distributions, the backgrounds must be es-
timated and subtracted. This procedure is subject to
systematic uncertainties because mis-modeling of both
the background and the neutrino flux can bias the signal
measurement.

To reduce the background prediction uncertainty and
the dependence of the backgrounds on the a priori flux
prediction, the analysis normalizes the background pre-
diction using events that fail the Ee✓

2 cut but still pass a
loose dE/dx cut. The sideband is defined to be all events
with Ee✓

2 greater than 0.005GeV radian2 and dE/dx
less than 20MeV/1.7cm. This region is chosen with a
su�ciently high Ee✓

2 value so that it contains no signal
events but does not contain extremely high dE/dx events
which have very di↵erent sources than the backgrounds
populating the signal region.

However, this sideband still contains several di↵erent
background sources whose models are poorly constrained
by other data and must be extrapolated into the signal
region. The backgrounds are classified as ⌫e CC events,
⌫µ charged current (CC) interactions, and neutral cur-
rent interactions, including coherent ⇡0 production. This
sideband is divided into three distinct regions in order to

determine overall normalizations for three di↵erent back-
ground sources, using the energy deposition near the ver-
tex and the electron energy. The cuts on the shower end
transverse position and the fiducial track length in the
hadron calorimeter are removed so the distributions of
those observables can be fit over their full ranges.
In order to minimize potential bias due to mismodeling

of energy around a neutrino interaction vertex, the mea-
sure of energy deposition used to divide up the sidebands
into di↵erent regions is di↵erent from the one used to iso-
late the signal events. dE/dxmin is defined as the mini-
mum single-plane dE/dx among the second through sixth
planes after the start of the electron candidate track.
The first sideband region contains events with dE/dxmin

above 3MeV/1.7cm. Because this sideband tends to have
more neutral pions, it has roughly half its events from ⌫µ
CC events, and a third of its events are NC events, with
only one sixth expected from from ⌫e events. The other
two regions have dE/dxmin below 3MeV/1.7cm but are
di↵erentiated by having an electron energy above or be-
low 1.2GeV. The region with low energy electron can-
didates is contaminated by ⌫µ CC events. With almost
three quarters ⌫µ CC events, this sideband has only a few
per cent ⌫e and one quarter ⌫µ NC and NC coherent ⇡0

production. The third region, which has low dE/dxmin

but high electron energy, is about half ⌫e events, with the
remainder split between ⌫µ CC and NC events. In the
⌫e-enhanced third region the maximum transverse RMS
among the three views is also included in the fit for ad-
ditional sensitivity to electrons.
The power of this procedure comes from the fact that

the di↵erent backgrounds occur in substantially di↵er-
ent fractions in each of the three regions. Because no
region of the sideband contains an appreciable fraction
of NC coherent ⇡0 events, the simulation’s prediction for
this background cannot be constrained; it is subtracted
without modification.
A �2 is formed over all of the distributions and is

minimized, allowing three overall background normaliza-
tions to float. The fit returns normalization constants of
0.87 ± 0.03 for the ⌫e CC backgrounds and 0.58 ± 0.03
(0.97± 0.02) for the neutral ( ⌫µ charged) current back-
grounds. After the fit there is good agreement between
the data and simulation for all the distributions used in
the fit. In addition, both the dE/dxmin and Ee✓

2 distri-
butions are well-reproduced in the sideband regions after
fitting.

VII. RESULTS

After all the cuts are made, there are a total of 127
candidates, with 30.4 ± 2.3(stat) ± 3.3(syst) predicted
background events. The resulting electron energy spec-
trum is shown in Fig. 5. The simulation indicates that
the product of acceptance and e�ciency averaged across
electron energy is 73.3±0.5% and varies between approx-
imately 70% at the lower and upper ends of the electron

MINERvA σ(θ)=7.2 mrad 

MINERvA, Phys. Rev. D 93, 112007 (2016)


