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Overview
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• DUNE near detector roles. 
• Near detector options under study. 
• Near detector constraint on oscillation systematics.  

• Neutrino flux 
• Nuclear effect 
• Cross sections. 

• nu-e inclusive 
• Quasi-Elastic (0π) 
• Resonance π 
• Coherent π
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… 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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Near Detector for DUNE
• DUNE is a long-baseline neutrino experiment aiming to determine the neutrino mass hierarchy and 

CP-violation by measuring νμ to νe and ν̅μ to ν̅e  oscillation and to conduct precision measurements of 
νμ & ν̅μ disappearance. 

• 40 kton LAr TPC as the far detector in Lead, SD: high statistics. 
• A capable near detector (ND) complex is crucial for DUNE to constrain systematic uncertainties. 
• A capable ND-complex will also have its own rich physics
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Near Detector for DUNE
• DUNE is a long-baseline neutrino experiment aiming to determine the neutrino mass hierarchy and 

CP-violation by measuring νμ to νe and ν̅μ to ν̅e  oscillation and to conduct precision measurements of 
νμ & ν̅μ disappearance. 

• 40 kton LAr TPC as the far detector in Lead, SD: high statistics. 
• A capable near detector (ND) complex is crucial for DUNE to constrain systematic uncertainties. 
• A capable ND-complex will also have its own rich physics

See Michel Sorel’s talk on Thursday for the overview of DUNE

and Nick Grant’s talk (WG1) for the oscillation physics



• Constrain the systematics for oscillation measurement. 
• Measure spectra of all four species of neutrinos: νμ, ν̅μ, νe, ν̅e 
• Measure the absolute and relative flux (FD/ND(Eν)) 
• Constrain energy scale. 
• Differences between neutrino and antineutrino 
• Constrain background: π0/π+/π-/etc.
• Constrain detector respond.

Near Detector Roles
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• Precision measurement for neutrino interaction:   
• Inclusive cross sections 
• exclusive cross sections 
• Nuclear effects 



Near Detector Roles

7

• Constrain the systematics for oscillation measurement. 
• Measure spectra of all four species of neutrinos: νμ, ν̅μ, νe, ν̅e 
• Measure the absolute and relative flux (FD/ND(Eν)) 
• Constrain energy scale. 
• Differences between neutrino and antineutrino 
• Constrain background: π0/π+/π-/etc.
• Constrain detector respond. • Precision measurement for neutrino interaction:   

• Inclusive cross sections 
• exclusive cross sections 
• Nuclear effects 

• Search for new physics:  
• sterile neutrinos  
• light Dark Matter candidates etc. 
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Near Detector Options
• Currently we have several ND options under study: 

• LAr TPC  
• Straw Tube Tracker (STT, CDR reference design) 
• High-Pressure Ar Gas TPC 
• Scintillating plastic tracker



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

• 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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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. 
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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

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

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.
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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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Near Detector Options
• Currently we have several ND options under study: 

• LAr TPC  
• Straw Tube Tracker (STT, 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. 

 Energy (GeV) µν
0 1 2 3 4 5 6 7 8

 / 
PO

T
2

s 
/ m

µν
Un

os
c 

0

0.5

1

1.5

2

2.5

3

12−10×

 Energy (GeV) µν
0 1 2 3 4 5 6 7 8

 / 
PO

T
2

s 
/ m

µν
Un

os
c 

0

5

10

15

20

25

30

35

40

6−10×

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

• 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.

12

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

Near Detector Options
• Currently we have several ND options under study: 

• LAr TPC  
• Straw Tube Tracker (STT, 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.
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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 
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MAGNET YOKE
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COIL

UPSTREAM 
ECAL (10X0)
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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

• 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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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

Near Detector Options
• Currently we have several ND options under study: 

• LAr TPC  
• Straw Tube Tracker (STT, CDR reference design) 
• High-Pressure Ar Gas TPC 
• Scintillating plastic tracker

A hybrid detector combining a LArTPC 
 with a low-density tracker 

+



A Hybrid ND
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The DUNE Near Detector

2

Current ‘hybrid’ concept: 

Modular LAr-TPC: high statistics v-Ar interactions, assessment of LArTPC response.
Low Density Tracker: precision characterization of v-N(s) interactions, complementary
signal vs. BG discrimination. Possibly FGT, GarTPC, scintillator, or ??...
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Low Density Tracker: precision characterization of v-N(s) interactions, complementary
signal vs. BG discrimination. Possibly FGT, GarTPC, scintillator, or ??...
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 μ tagger

• A LArTPC upstream has same nuclear target and similar detector respond as FD. 
• A downstream low-density tracker with magnetic field and 4π calorimetry and muon coverage to 

provide detailed neutrino interaction information for systematic constraint and serve as a 
spectrometer for the LArTPC muons.  

• Also explore the possibility of DUNE-Prism idea: movable detectors in the ND hall.
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• A LArTPC upstream has same nuclear target and similar detector respond as FD. 
• A downstream low-density tracker with magnetic field and 4π calorimetry and muon coverage to 

provide detailed neutrino interaction information for systematic constraint and serve as a 
spectrometer for the LArTPC muons.  

• Also explore the possibility of DUNE-Prism idea: movable detectors in the ND hall.
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• A LArTPC upstream has same nuclear target and similar detector respond as FD. 
• A downstream low-density tracker with magnetic field and 4π calorimetry and muon coverage to 

provide detailed neutrino interaction information for systematic constraint and serve as a 
spectrometer for the LArTPC muons.  

• Also explore the possibility of DUNE-Prism idea: movable detectors in the ND hall.
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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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LArTPC (ArgonCube)

• Same nuclear target and similar detector respond as FD 
• Segmented modular detector.  
• Pixel readout: high rate capability. 
• Will not be magnetized: similar detector respond as FD 

17

• R&D program progressing. 

Will LAr work in a ND environment? LAr is slow...

7

Unlike wires, pixels provide direct access to 3D space points. Combined with a segmented 
TPC, is this sufcient to mitigate pile up?

1 – What are we expecting to see in the ND, 
 can we reconstruct it?

 - Simple simulations required, assuming 
      pixel response For Nov Workshop 

2 – What is the response of the pixel readout?
- Cosmic studies in Bern Feb 2017

        (analysis ongoing)
- Test beam studies FNAL Nov 2017
- Bespoke ASICs LBNL Jan 2018

Back of the envelope
From CDR 0.2 event per tonne per spill at 2 MW Beam, only  0.2 events per TPC.  

Bern pixel prototype: 2.8 mm pixel pitch, 1008 pixels. 
36 pixels per inductive Region Of Interest (ROI). 

36 pixel channels, 28 ROI channels, 64 total channels 

Pixel prototype



Straw Tube Tracker (STT)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.

• •  ∼3.5m×3.5m×6.5m, ρ≃0.1 g/cm3, X0≃6m.  
 • Magnetic field for charge and momentum measurement.  

   • 4π ECAL coverage. 

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

 • Multiple nuclear targets:  Pressurized 40Ar target (≃×69 FD-stat), & 40Ca, C  (~×220 FD-stat). 

 • Mature technology based upon NOMAD experience. (Validation using NOMAD data)
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Straw Tube Tracker (STT)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.

• •  ∼3.5m×3.5m×6.5m, ρ≃0.1 g/cm3, X0≃6m.  
 • Magnetic field for charge and momentum measurement.  

   • 4π ECAL coverage. 

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

 • Multiple nuclear targets:  Pressurized 40Ar target (≃×69 FD-stat), & 40Ca, C  (~×220 FD-stat). 

 • Mature technology based upon NOMAD experience. (Validation using NOMAD data)
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Straw Tube Tracker (STT)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
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• •  ∼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.

• •  ∼3.5m×3.5m×6.5m, ρ≃0.1 g/cm3, X0≃6m.  
 • Magnetic field for charge and momentum measurement.  

   • 4π ECAL coverage. 

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

 • Multiple nuclear targets:  Pressurized 40Ar target (≃×69 FD-stat), & 40Ca, C  (~×220 FD-stat). 

 • Mature technology based upon NOMAD experience. (Validation using NOMAD data)
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Straw Tube Tracker (STT)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.

• •  ∼3.5m×3.5m×6.5m, ρ≃0.1 g/cm3, X0≃6m.  
 • Magnetic field for charge and momentum measurement.  

   • 4π ECAL coverage. 

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

 • Multiple nuclear targets:  Pressurized 40Ar target (≃×69 FD-stat), & 40Ca, C  (~×220 FD-stat). 

 • Mature technology based upon NOMAD experience. (Validation using NOMAD data)
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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.
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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)
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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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High Pressure Ar Gas TPC

 • HP Ar Gas: Same target as FD, low density, low thresholds. 
 • Compatible with magnetic field.  
 • A central large time projection chamber with argon gas pressurized at 10 bar.  
 • A pressure vessel that houses the TPC. 
 • An electromagnetic sampling calorimeter made of layers of lead and plastic scintillator.

22

• Good tracking performance and 
resolution 

• R&D work progressing. 



Scintillating Plastic Tracker

23

• Mature technology. 
• Compatible with magnetic field. 
• Take advantage of the knowledge from current scintillator experiments (T2K, MINERvA, NOvA). 
• Fast perfomance. 
• 3D readout. 

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

WAGASCI design 
•  3D	grid	neutrino	detector		

•  x	+	grid	+	y	+	grid	+	…	layers	
•  4π	angular	acceptance	
•  H2O(signal):CH(BG)	~	8:2	
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[本研究の特色]

図 5: 格子状に組んだシンチレータ

•WAGASCI検出器
WAGASCI検出器のシンチレータを格子状に配置する方法は今までに

例がなく、水標的でありながらもニュートリノ反応で生じた二次荷電粒
子がどのような方向に飛んでも飛跡を再構成することができる画期的な
方法である。ミューオン以外の二次粒子を測定することで、ニュートリ
ノ反応モード別の測定も期待できる。
[国内外の関連する研究の中での当該研究の位置づけ、意義]
多くのニュートリノ実験においてニュートリノ反応モデルの不定性は

大きな系統誤差を生んでいる。ニュートリノの反応断面積を測定し、ニュートリノ反応モデルに制限を与えること
は T2Kのみでなく、ニュートリノコミュニティー全体に有益である。
[インパクトと将来の見通し]
• レプトンセクターでの CP対称性の破れは、未解決の問題である”物質優勢宇宙の起源”に迫る非常に重要な
研究である。

• WAGASCI検出器の開発、測定は次世代の計画であるハイパーカミオカンデを用いた長基線ニュートリノ振
動実験の前置検出器をデザインする際に良い材料となる。

（１年目）

• T2K前置検出器のProton Moduleと INGRIDを用いた反ニュートリノの反応断面積の測定の結果をまとめる
• WAGASCI検出器の制作を完了、前置検出器ホールへのインストールをし、ニュートリノのビームデータを
取得する

• WAGASCI検出器で、ビームデータと宇宙線データを収集し、検出効率などの性能を評価する
• WAGASCI検出器のデータから、粒子の単位長さあたりのエネルギー損失、飛程、シンチレータでの光量を
用いた粒子識別の方法を、シミュレーションやビームテストの結果と比較して研究する

(２年目）

• 反応点付近の陽子などの短い軌跡やエネルギー損失から、荷電カレント準弾性散乱 (CCQE)反応のイベント
選択の方法を研究する

• WAGASCI検出器での CCQE反応を選択する手法を確立し、それぞれの反応断面積と反応断面積比を求める

(３年目）(DC２は記入しないこと)

• νe(νe)出現モードと νµ(νµ)消失モードについて、ニュートリノ振動の同時解析を行い、CP非対称パラメー
タ δCP を測定する

• 以上の結果を博士論文にまとめる

林野竜也
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• Movable ND to different off-axis locations with different Eν spectrum 
• Re-produce oscillated Eν spectrum in the FD. 
• Create mono-energetic beam to check energy reconstruction. 
• Helps disentangle cross section from flux. 

• d 

DUNE-Prism
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• FD sees different flux from ND. 
• Neutrino energy reconstruction from observable final-

state particles is model-dependent. 
• d 

DUNE Off-Axis FluxesDUNE Off-Axis Fluxes

DUNE Off-Axis Fluxes

0 degree 1.0 degree 2.0 degree

νμ Energy (GeV) νμ Energy (GeV) νμ Energy (GeV)



Overview
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• DUNE near detector roles. 
• Near detector options under study. 
• Near detector constraint on oscillation systematics.  

• Neutrino flux 
• Nuclear effect 
• Cross sections. 

• nu-e inclusive 
• Quasi-Elastic (0π) 
• Resonance π 
• Coherent π



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

• Very forward-going electron 
Eeθ2 = 2me(1-y)<2me.  
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-
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ν-e scattering IMD

Flux Measurement: Neutrino-Electron Scattering
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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
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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

Flux Measurement: Neutrino-Electron Scattering

• Eeθ2 = 2me(1-y)<2me. 
• Good angular resolution is critical to reduce background. 
• With ~2 mrad angular resolution, 6% background is 

expected. 

• Background 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 STT). 

• Expect 2% uncertainty in absolute flux 
• Also possible to do a flux shape measurement (work in progress).



• 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: 
 

• Uncertainty is systematic dominant: 
• Muon energy 
• Hadronic energy (ν) 
• Theoretical correction 

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

DUNE Work in Progress

Flux Measurement: 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. 

d�
d�

�A�1

B
A
�

E
�
C
A

�2

2 E 2 �

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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M
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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 
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• DUNE near detector roles. 
• Near detector options under study. 
• Near detector constraint on oscillation systematics.  

• Neutrino flux 
• Nuclear effect 
• Cross sections. 

• nu-e inclusive 
• Quasi-Elastic (0π) 
• Resonance π 
• Coherent π



• Neutrino energy scale are sensitive to nuclear effect: nucleon correlations, FSI… 
• Can be different between neutrino and antineutrino! 
• A low-density tracker can measure both lepton and hadron momentums with low threshold 

and high precision: calculate transverse kinematics (missing pT. ΦLH ect.) to constrain nuclear 
effect.  

• Coherent-π topology is identical between neutrino and antineutrino, with little nuclear effect. 
• Additional constraint from QE and Resonance interactions.

30

Nuclear Effect

12

Table 4. Number of data Ndata and renormalized MC Nmc events in νµ and ν̄µ QEL samples; expected selection efficiency,
purity and background contaminations (BG) for different stages of the analysis.

QEL eff. (%) QEL purity (%) RES BG (%) DIS BG (%) oth. BG (%) Ndata Nmc

νµ 1-track before θh cut 23.7 29.0 18.3 52.3 0.4 16508 16633.7
νµ 1-track after θh cut 21.3 41.7 23.2 34.5 0.6 10358 10358.0

νµ 2-track before L cut 17.6 47.2 17.3 35.2 0.3 7575 7609.0
νµ 2-track after L cut 13.3 73.9 10.2 15.8 < 0.1 3663 3663.0

νµ combined before cuts 41.3 34.7 18.0 47.0 0.3 24083 24242.7
νµ combined after cuts 34.6 50.0 19.8 29.7 0.5 14021 14021.0

ν̄µ 1-track before θh cut 81.8 29.8 22.8 45.8 1.6 3585 3555.8
ν̄µ 1-track after θh cut 64.4 36.6 28.5 33.6 1.3 2237 2237.0

– Event topology and reconstructed kinematic variables.
We assign the events to the 1-track and 2-track sub-
samples and calculate Eν and Q2.
• Single track sample (only one charged lepton is re-

constructed and identified). To avoid contamina-
tion from the through-going muons we extrapolate
the muon track to the first drift chamber and re-
quire the absence of veto chamber hits in the vicin-
ity of the intersection point. The efficiency of this
quality cut was controlled by visual scanning of
the reconstructed 1-track events in the experimen-
tal data and was found to be satisfactory. Another
quality cut was used to suppress a possible contri-
bution from inverse muon decay events: we require
the muon transverse momentum to be greater than
0.2 GeV/c (see Section 6.1 for more details).
The kinematic variables are reconstructed under
the assumption that the target nucleon is at rest.
For the 1-track events, the muon momentum and
direction are the sole measurements and we have
to use the conservation laws (assuming QEL) to
compute other kinematic quantities:

Eν =
MEµ − m2

µ/2

M − Eµ + pµ cos θµ

Q2 = 2M(Eν − Eµ)

ph = ((Eν − pµ cos θµ)2 + p2
µ sin2 θµ)1/2

cos θh = (Eν − pµ cos θµ)/ph, (6)

where pµ, θµ (ph, θh) are the momentum and emis-
sion angle of the outgoing muon (nucleon), see Fig. 7.
We note that for the neutrino energies relevant
for this analysis (above 3 GeV) there is no dif-
ference between the calculations based on the ap-
proximated formulae above and the precise one,
which takes into account the binding energy (see
e.g. Eq. (4) in [26]). With the help of the MC
simulation we estimate the resolution of the recon-
structed Eν and Q2 as 3.6% and 7.8% respectively.

• Two track sample (both the negative muon and the
positively charged track are reconstructed). For a
reliable reconstruction, we require that the number
of hits associated with the positively charged track

α

P⊥
mis

ϕ
h

p

µ −

θh

νµ

Fig. 7. Likelihood variables: missing transverse momentum
P mis
⊥ , proton emission angle θh, angle α between the transverse

components of the charged tracks.

should be greater than 7 and its momentum ph >
300 MeV/c. Otherwise such an event is downgraded
to the 1-track sample.
For 2-track events, we use both the muon and the
proton reconstructed momenta to estimate Eν and
Q2:

Eν = pµ cos θµ + ph cos θh

Q2 = 2Eν(Eµ − pµ cos θµ) − m2
µ

The expected resolutions for Eν and Q2 are 3.6%
and 7.1%.

The quality of the neutrino energy Eν reconstruction
for 1- and 2-track samples is illustrated in Fig. 8. It was
checked that for the 2-track sample the derived cross-
sections are consistent within errors for both methods
of Eν calculation.

– Background suppression. The contamination from RES
and DIS processes can be suppressed by using the dif-
ference between kinematical distributions in the QEL
and background events as well as by the identification
of the reconstructed positively charged track as a pro-
ton (for the 2-track sample only). Therefore we apply:

Carolina Group! DUSEL ND Working Group! 15 July 2009

Kinematics in HiResMnu

Pt-Vector Measurement
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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

9

“h”=>Vector Sum of Tracks 

e:Transition Radiation

Kinematics in HIRESMNU

6

�!Lepton!&!Hadron!Momentum!Vectors!⇒ Miss4PT

Missing-PT!Vector Measurement!in!CC!!!
Missing4PT!!an!invaluable!constraint!on!the!Ev4scale

08

(Details of  the 
Missing-PT Measurement)Transverse kinematics helps constrain 

the Eν-scale for CC

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)

νμ
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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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NUCLEAR TARGETS IN FGT
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✦ Multiple nuclear targets in FGT: (C3H6)n radiators, C, Ar gas, Ca, Fe, etc.
=⇒ Separation from excellent vertex (∼ 100µm) and angular (< 2 mrad) resolutions

✦ Subtraction of C TARGET from polypropylene (C3H6)n RADIATORS
provides neutrino AND anti-neutrino interactions on free proton target
=⇒ Absolute ν̄µ flux from QE
=⇒ Model-independent measurement of nuclear effects and FSI from RATIOS A/H

✦ Pressurized Ar GAS target (∼ 140 atm) inside C tubes and solid Ca TARGET
(more compact & effective) provide detailed understanding of the FD A = 40 target
=⇒ Collect more than ×10 unoscillated FD statistics on Ar target
=⇒ Study of flavor dependence & isospin physics

Roberto Petti USC
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It is also possible to implement multiple nuclear target in the low-density tracker

Nuclear Effect
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✦ Multiple nuclear targets in FGT: (C3H6)n radiators, C, Ar gas, Ca, Fe, etc.
=⇒ Separation from excellent vertex (∼ 100µm) and angular (< 2 mrad) resolutions

✦ Subtraction of C TARGET from polypropylene (C3H6)n RADIATORS
provides neutrino AND anti-neutrino interactions on free proton target
=⇒ Absolute ν̄µ flux from QE
=⇒ Model-independent measurement of nuclear effects and FSI from RATIOS A/H

✦ Pressurized Ar GAS target (∼ 140 atm) inside C tubes and solid Ca TARGET
(more compact & effective) provide detailed understanding of the FD A = 40 target
=⇒ Collect more than ×10 unoscillated FD statistics on Ar target
=⇒ Study of flavor dependence & isospin physics
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It is also possible to implement multiple nuclear target in the low-density tracker

Nuclear Effect



NUCLEAR TARGETS IN FGT
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✦ Multiple nuclear targets in FGT: (C3H6)n radiators, C, Ar gas, Ca, Fe, etc.
=⇒ Separation from excellent vertex (∼ 100µm) and angular (< 2 mrad) resolutions

✦ Subtraction of C TARGET from polypropylene (C3H6)n RADIATORS
provides neutrino AND anti-neutrino interactions on free proton target
=⇒ Absolute ν̄µ flux from QE
=⇒ Model-independent measurement of nuclear effects and FSI from RATIOS A/H

✦ Pressurized Ar GAS target (∼ 140 atm) inside C tubes and solid Ca TARGET
(more compact & effective) provide detailed understanding of the FD A = 40 target
=⇒ Collect more than ×10 unoscillated FD statistics on Ar target
=⇒ Study of flavor dependence & isospin physics
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It is also possible to implement multiple nuclear target in the low-density tracker

Nuclear Effect



NUCLEAR TARGETS IN FGT
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✦ Multiple nuclear targets in FGT: (C3H6)n radiators, C, Ar gas, Ca, Fe, etc.
=⇒ Separation from excellent vertex (∼ 100µm) and angular (< 2 mrad) resolutions

✦ Subtraction of C TARGET from polypropylene (C3H6)n RADIATORS
provides neutrino AND anti-neutrino interactions on free proton target
=⇒ Absolute ν̄µ flux from QE
=⇒ Model-independent measurement of nuclear effects and FSI from RATIOS A/H

✦ Pressurized Ar GAS target (∼ 140 atm) inside C tubes and solid Ca TARGET
(more compact & effective) provide detailed understanding of the FD A = 40 target
=⇒ Collect more than ×10 unoscillated FD statistics on Ar target
=⇒ Study of flavor dependence & isospin physics
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It is also possible to implement multiple nuclear target in the low-density tracker

Nuclear Effect

Additional nuclear target to understand  
A dependence of nuclear effect



NUCLEAR TARGETS IN FGT
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✦ Multiple nuclear targets in FGT: (C3H6)n radiators, C, Ar gas, Ca, Fe, etc.
=⇒ Separation from excellent vertex (∼ 100µm) and angular (< 2 mrad) resolutions

✦ Subtraction of C TARGET from polypropylene (C3H6)n RADIATORS
provides neutrino AND anti-neutrino interactions on free proton target
=⇒ Absolute ν̄µ flux from QE
=⇒ Model-independent measurement of nuclear effects and FSI from RATIOS A/H

✦ Pressurized Ar GAS target (∼ 140 atm) inside C tubes and solid Ca TARGET
(more compact & effective) provide detailed understanding of the FD A = 40 target
=⇒ Collect more than ×10 unoscillated FD statistics on Ar target
=⇒ Study of flavor dependence & isospin physics
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Subtraction of C from (C3H6)n 
provides free proton target• Pressurized Ar gas and solid Ca target 

provide detailed understanding of the 
FD A = 40 target Separation by excellent vertex (∼ 100µm) and angular 

(< 2 mrad) resolution
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It is also possible to implement multiple nuclear target in the low-density tracker

Nuclear Effect

Additional nuclear target to understand  
A dependence of nuclear effect



Overview
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• DUNE near detector roles. 
• Near detector options under study. 
• Near detector constraint on oscillation systematics.  

• Neutrino flux 
• Nuclear effect 
• Cross sections. 

• nu-e inclusive 
• Quasi-Elastic (0π) 
• Resonance π 
• Coherent π



• Signal in νe appearance measurement. 
• Check universality: νe vs νμ 
• Electron momentum measurement: 

• Curvature in B field: |p| and +/-  
• Track fit extrapolate to vertex: direction. 
• ECAL: More precise measurement of energy.  

• Electron identification: 
• Transition radiation (STT) 
• Energy deposition pattern in tracker and ECAL.

νe-CC Inclusive

⌫e-CC Selection in STT

I Likelihood function for further
event-level selection

I Variables: missing pT , �l
pT , ybj

etc.
I Further reduce background by

67% whilce keep 91% of signal.

I Overall 55% e�ciency and 98.5%
purity.

9 / 12

DUNE Work in Progress

in situ TR Electron Selection E�ciency Constraint

I Select � ! e+e� conversion
I Separated from event vertex (> 1cm)
I Opending angle in X-Z plan < 5mrad.
I Mee < 30MeV

I ⇠ 107 photon conversion with purity > 99%

I Check TR and ECAL cuts on the e+/e� in data and MC.

6 / 12

• Background dominantly from π0: 
constraint by e+ sample.

37



• QE-like (0π) is an important channel in DUNE oscillation measurement. 
• 2-track (1µ0p) or 1-track (1µ1p) topology. 

• Constrain nuclear effect: 
• Transverse variables 
• Comparing Eν calculated from muon momentum with total visible energy. 

• Sensitivity study using fast MC shows signal efficiency ~48%, purity ~76% (STT).

Quasi-Elastic (0π)
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FIGURE 3. The signal efficiency (blue) and background contamination (red) as a function of the derived neutrino energy for
neutrino-electron NC (left) and CC (right) scattering.
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FIGURE 4. The derived neutrino energy using the emergent electron (left) and muon (right) momentum and angle.

3. muon momentum pµ > 0.2 GeV
4. muon track with minimum number of hits nhits

e � 12
5. proton momentum pproton > 0.1 GeV
6. proton track with minimum number of hits nhits

proton � 4

The events with identified p0/n/K0 will be further rejected. At the end of the selection, the signal efficiency is 56% and
the purity is 48%. The remaining event sample, composed of muon and proton, is subjected to a multivariate analysis
using artificial neural network that maximizes the signal (CCQE) efficiency while keeping the Res/DIS backgrounds
low by exploiting the kinematic relation between the muon and proton vectors. The left plot in Fig. 7 illustrates that
the QE signal is well separated from the background. Fig. 7 (right) shows the efficiency and purity of reconstructing
CCQE signal events as a function of En in FGT. The energy-averaged efficiency (purity) is 48% (76%) when placing a
cut at 0.45 on the multivariate distribution. Fig. 8 (left) shows the expected precision of CCQE cross section obtained
in two-track analysis in brown triangle with MiniBooNE [9], NOMAD measurements [10] and the prediction from
GENIE. As a a two-body interaction, the incident neutrino energy (Ecalc

n ) can be derived by using the energy and angle
of the muon, (Eµ and qµ ), and compare it with the total visible energy of the two tracks, i.e., Evis is = Eµ +Eproton; the
difference between the Evis and Ecalc

n is, to a first approximation, the Fermi-motion. Fig. 9 (left) shows that from the
fast Monte Carlo simulation.

Ecalc
n =

2(Mn �EB)Eµ � (E2
B �2MnEB +m2

µ +dM2)

2[(Mn �EB)�Eµ + pµ cosqµ ]
, (8)
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FIGURE 8. The expected cross section in Charged-Current Quasi-Elastic (left) and Charged-Current 3 track resonance (right).
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FIGURE 9. The distribution of DE in CCQE (left) and CCRes (right).
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FIGURE 10. The distribution of DE with different nuclear model.

DUNE Work in Progress
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FIGURE 5. The multivariant distribution (left), efficiency (blue) and impurity (red) in two-track Charged-Current Quasi-Elastic.
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FIGURE 6. The multivariant distribution (left), efficiency (blue) and inpurity (red) in one-track Charged-Current Quasi-Elastic.

where Eµ = Tµ +mµ is the total muon energy and Mn, mµ are the neutron and muon masses. Fig. 10 shows the DE
distribution using two different nuclear models, relativistic Fermi gas model (RFGM) and spectral function (SF) (see
Ref. [11] and references therein). The high-resolution Fine-Grained Tracker has the precision to tell which nuclear
model describes the data and reject the wrong hypothesis.

For the one-track sample, the selection criteria are very similar to the two-track sample, but no second track.
The remaining event sample, composed of single muon, is subjected to a multivariate analysis using artificial neural
network. Fig. 6 (left) shows that the QE signal is well separated from the background. Fig. 6 (right) shows the efficiency
and purity of reconstructing CCQE signal events as a function of En in FGT. The energy-averaged efficiency (purity)
is 23% (94%) when placing a cut at 0.11 on the multivariate distribution. Fig. 8 (right) shows the expected precision of
CCQE cross section obtained in one-track analysis in grey triangle with MiniBooNE [9], NOMAD measurements [10]
and the prediction from GENIE.

CROSS SECTIONS AND NUCLEAR MODELS: CHARGED-CURRENT RESONANCE

The Charge-Current Resonance (CCRes) production is the most abundant process in the LBNE energy region. In order
to constraint the oscillation physics, we have to measure the resonance production precisely. CCRes provides another
independent handle to constrain the nuclear effects which include initial state pair-wise correlation and final state
interaction.

In this study, the three-track CCRes sample is used for the study,

nµ + p ! µ�+D++ ! µ�+ p+p+, (9)

DUNE Work in Progress



• Resonance will be the most abundant interaction in DUNE detectors. 
• 2-track (1µ1π) or 3-track (1µ1π1p) topology. 

• Constrain nuclear effect 
• Transverse variables 
• Eν calculated from muon and pion momentum with total visible energy.  

• Sensitivity study using fast MC shows signal efficiency ~33%, purity ~77% (STT).
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FIGURE 7. The multivariant distribution (left), efficiency (blue) and inpurity (red) in three-track Charged-Current Resonance.

where both proton and pion are reconstructed with an identified muon track. The following selection criteria are applied
to select the signal and reject the background events.

1. fiducial volume
2. 1 negative charged track identified as a muon
3. muon momentum pµ > 0.2 GeV
4. muon track with minimum number of hits nhits

e � 12
5. proton (pion) momentum pproton(p+) > 0.1 GeV
6. proton (pion) track with minimum number of hits nhits

proton(p+) � 4

The events with identified p0/n/K0 will be further rejected. At the end of the selection, the signal efficiency is
36% and the purity is 68%. The remaining event sample, composed of muon, proton and pion, is subjected to a
multivariate analysis using artificial neural network that maximizes the signal (CCQE) efficiency while keeping the
DIS backgrounds low. The left plot in Fig. 7 illustrates that the QE signal is well separated from the background.
Fig. 7 (right) shows the efficiency and purity of reconstructing CCQE signal events as a function of En in FGT.
The energy-averaged efficiency (purity) is 33% (77%) when placing a cut at 0.35 on the multivariate distribution.
Fig. 8 (left) shows the expected precision of CCRes cross section obtained in three-track analysis in blue dots with
Gargamelle [12], SKAT measurements [13, 14] and the prediction from GENIE. The similar technique applied in two-
track CCQE can also be used in three-track CCRes to constrain the Fermi-motion. The incident neutrino energy (Ecalc

n )
can be derived by using the energy and angle of the muon, (Eµ and qµ ), and compare it with the total visible energy
of the two tracks, i.e., Evis is = Eµ +Eproton +Ep ; the difference between the Evis and Ecalc

n is, to a first approximation,
the Fermi-motion. Fig. 9 (right) shows that from the fast Monte Carlo simulation.

En =
m2

µ +m2
p �2Mp(Eµ +Ep)+2pµ · pp

2(Eµ +Ep � |Pµ |cosqµ � |Pp |cosqp �Mp)
, (10)

where Eµ = Tµ +mµ is the total muon energy and Mp, mµ , mp are the proton, muon and pion masses. By comparing
this distribution to the data we can constrain the nuclear modeling in the neutrino event generator [15].

CONCLUSIONS

Long-Baseline Neutrino Experiment (Facility), as the third generation neutrino experiment focusing on the determi-
nation of neutrino mass hierarchy and CP, the control of the systematic uncertainties are the key to achieve its goal.
To reach the physics objectives, in particular, sensitivity to discovery of CP violation, at the 5s level, with exposures
less than 500 kt.MW.years, a high-capable near detector is a must. Some preliminary studies performed show that
Fine-Grained Tracker has the precision and redundancy to constrain the systematic uncertainties below the required
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Resonance in FGT
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where both proton and pion are reconstructed with an identified muon track. The following selection criteria are applied
to select the signal and reject the background events.

1. fiducial volume
2. 1 negative charged track identified as a muon
3. muon momentum pµ > 0.2 GeV
4. muon track with minimum number of hits nhits

e � 12
5. proton (pion) momentum pproton(p+) > 0.1 GeV
6. proton (pion) track with minimum number of hits nhits

proton(p+) � 4

The events with identified p0/n/K0 will be further rejected. At the end of the selection, the signal efficiency is
36% and the purity is 68%. The remaining event sample, composed of muon, proton and pion, is subjected to a
multivariate analysis using artificial neural network that maximizes the signal (CCQE) efficiency while keeping the
DIS backgrounds low. The left plot in Fig. 7 illustrates that the QE signal is well separated from the background.
Fig. 7 (right) shows the efficiency and purity of reconstructing CCQE signal events as a function of En in FGT.
The energy-averaged efficiency (purity) is 33% (77%) when placing a cut at 0.35 on the multivariate distribution.
Fig. 8 (left) shows the expected precision of CCRes cross section obtained in three-track analysis in blue dots with
Gargamelle [12], SKAT measurements [13, 14] and the prediction from GENIE. The similar technique applied in two-
track CCQE can also be used in three-track CCRes to constrain the Fermi-motion. The incident neutrino energy (Ecalc

n )
can be derived by using the energy and angle of the muon, (Eµ and qµ ), and compare it with the total visible energy
of the two tracks, i.e., Evis is = Eµ +Eproton +Ep ; the difference between the Evis and Ecalc

n is, to a first approximation,
the Fermi-motion. Fig. 9 (right) shows that from the fast Monte Carlo simulation.
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p �2Mp(Eµ +Ep)+2pµ · pp

2(Eµ +Ep � |Pµ |cosqµ � |Pp |cosqp �Mp)
, (10)

where Eµ = Tµ +mµ is the total muon energy and Mp, mµ , mp are the proton, muon and pion masses. By comparing
this distribution to the data we can constrain the nuclear modeling in the neutrino event generator [15].

CONCLUSIONS

Long-Baseline Neutrino Experiment (Facility), as the third generation neutrino experiment focusing on the determi-
nation of neutrino mass hierarchy and CP, the control of the systematic uncertainties are the key to achieve its goal.
To reach the physics objectives, in particular, sensitivity to discovery of CP violation, at the 5s level, with exposures
less than 500 kt.MW.years, a high-capable near detector is a must. Some preliminary studies performed show that
Fine-Grained Tracker has the precision and redundancy to constrain the systematic uncertainties below the required

• Resonance will be the most abundant interaction in DUNE detectors. 
• Also an independent handle to constrain nuclear effect by Enu 

calculated from muon and pion momentum with total visible energy.  

• Sensitivity study using fast MC shows signal efficiency ~33%, purity 
~77%.
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where both proton and pion are reconstructed with an identified muon track. The following selection criteria are applied
to select the signal and reject the background events.

1. fiducial volume
2. 1 negative charged track identified as a muon
3. muon momentum pµ > 0.2 GeV
4. muon track with minimum number of hits nhits

e � 12
5. proton (pion) momentum pproton(p+) > 0.1 GeV
6. proton (pion) track with minimum number of hits nhits

proton(p+) � 4

The events with identified p0/n/K0 will be further rejected. At the end of the selection, the signal efficiency is
36% and the purity is 68%. The remaining event sample, composed of muon, proton and pion, is subjected to a
multivariate analysis using artificial neural network that maximizes the signal (CCQE) efficiency while keeping the
DIS backgrounds low. The left plot in Fig. 7 illustrates that the QE signal is well separated from the background.
Fig. 7 (right) shows the efficiency and purity of reconstructing CCQE signal events as a function of En in FGT.
The energy-averaged efficiency (purity) is 33% (77%) when placing a cut at 0.35 on the multivariate distribution.
Fig. 8 (left) shows the expected precision of CCRes cross section obtained in three-track analysis in blue dots with
Gargamelle [12], SKAT measurements [13, 14] and the prediction from GENIE. The similar technique applied in two-
track CCQE can also be used in three-track CCRes to constrain the Fermi-motion. The incident neutrino energy (Ecalc

n )
can be derived by using the energy and angle of the muon, (Eµ and qµ ), and compare it with the total visible energy
of the two tracks, i.e., Evis is = Eµ +Eproton +Ep ; the difference between the Evis and Ecalc

n is, to a first approximation,
the Fermi-motion. Fig. 9 (right) shows that from the fast Monte Carlo simulation.
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p �2Mp(Eµ +Ep)+2pµ · pp

2(Eµ +Ep � |Pµ |cosqµ � |Pp |cosqp �Mp)
, (10)

where Eµ = Tµ +mµ is the total muon energy and Mp, mµ , mp are the proton, muon and pion masses. By comparing
this distribution to the data we can constrain the nuclear modeling in the neutrino event generator [15].

CONCLUSIONS

Long-Baseline Neutrino Experiment (Facility), as the third generation neutrino experiment focusing on the determi-
nation of neutrino mass hierarchy and CP, the control of the systematic uncertainties are the key to achieve its goal.
To reach the physics objectives, in particular, sensitivity to discovery of CP violation, at the 5s level, with exposures
less than 500 kt.MW.years, a high-capable near detector is a must. Some preliminary studies performed show that
Fine-Grained Tracker has the precision and redundancy to constrain the systematic uncertainties below the required
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where both proton and pion are reconstructed with an identified muon track. The following selection criteria are applied
to select the signal and reject the background events.

1. fiducial volume
2. 1 negative charged track identified as a muon
3. muon momentum pµ > 0.2 GeV
4. muon track with minimum number of hits nhits

e � 12
5. proton (pion) momentum pproton(p+) > 0.1 GeV
6. proton (pion) track with minimum number of hits nhits

proton(p+) � 4

The events with identified p0/n/K0 will be further rejected. At the end of the selection, the signal efficiency is
36% and the purity is 68%. The remaining event sample, composed of muon, proton and pion, is subjected to a
multivariate analysis using artificial neural network that maximizes the signal (CCQE) efficiency while keeping the
DIS backgrounds low. The left plot in Fig. 7 illustrates that the QE signal is well separated from the background.
Fig. 7 (right) shows the efficiency and purity of reconstructing CCQE signal events as a function of En in FGT.
The energy-averaged efficiency (purity) is 33% (77%) when placing a cut at 0.35 on the multivariate distribution.
Fig. 8 (left) shows the expected precision of CCRes cross section obtained in three-track analysis in blue dots with
Gargamelle [12], SKAT measurements [13, 14] and the prediction from GENIE. The similar technique applied in two-
track CCQE can also be used in three-track CCRes to constrain the Fermi-motion. The incident neutrino energy (Ecalc

n )
can be derived by using the energy and angle of the muon, (Eµ and qµ ), and compare it with the total visible energy
of the two tracks, i.e., Evis is = Eµ +Eproton +Ep ; the difference between the Evis and Ecalc

n is, to a first approximation,
the Fermi-motion. Fig. 9 (right) shows that from the fast Monte Carlo simulation.

En =
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µ +m2
p �2Mp(Eµ +Ep)+2pµ · pp

2(Eµ +Ep � |Pµ |cosqµ � |Pp |cosqp �Mp)
, (10)

where Eµ = Tµ +mµ is the total muon energy and Mp, mµ , mp are the proton, muon and pion masses. By comparing
this distribution to the data we can constrain the nuclear modeling in the neutrino event generator [15].

CONCLUSIONS

Long-Baseline Neutrino Experiment (Facility), as the third generation neutrino experiment focusing on the determi-
nation of neutrino mass hierarchy and CP, the control of the systematic uncertainties are the key to achieve its goal.
To reach the physics objectives, in particular, sensitivity to discovery of CP violation, at the 5s level, with exposures
less than 500 kt.MW.years, a high-capable near detector is a must. Some preliminary studies performed show that
Fine-Grained Tracker has the precision and redundancy to constrain the systematic uncertainties below the required
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where both proton and pion are reconstructed with an identified muon track. The following selection criteria are applied
to select the signal and reject the background events.

1. fiducial volume
2. 1 negative charged track identified as a muon
3. muon momentum pµ > 0.2 GeV
4. muon track with minimum number of hits nhits

e � 12
5. proton (pion) momentum pproton(p+) > 0.1 GeV
6. proton (pion) track with minimum number of hits nhits

proton(p+) � 4

The events with identified p0/n/K0 will be further rejected. At the end of the selection, the signal efficiency is
36% and the purity is 68%. The remaining event sample, composed of muon, proton and pion, is subjected to a
multivariate analysis using artificial neural network that maximizes the signal (CCQE) efficiency while keeping the
DIS backgrounds low. The left plot in Fig. 7 illustrates that the QE signal is well separated from the background.
Fig. 7 (right) shows the efficiency and purity of reconstructing CCQE signal events as a function of En in FGT.
The energy-averaged efficiency (purity) is 33% (77%) when placing a cut at 0.35 on the multivariate distribution.
Fig. 8 (left) shows the expected precision of CCRes cross section obtained in three-track analysis in blue dots with
Gargamelle [12], SKAT measurements [13, 14] and the prediction from GENIE. The similar technique applied in two-
track CCQE can also be used in three-track CCRes to constrain the Fermi-motion. The incident neutrino energy (Ecalc

n )
can be derived by using the energy and angle of the muon, (Eµ and qµ ), and compare it with the total visible energy
of the two tracks, i.e., Evis is = Eµ +Eproton +Ep ; the difference between the Evis and Ecalc

n is, to a first approximation,
the Fermi-motion. Fig. 9 (right) shows that from the fast Monte Carlo simulation.

En =
m2

µ +m2
p �2Mp(Eµ +Ep)+2pµ · pp

2(Eµ +Ep � |Pµ |cosqµ � |Pp |cosqp �Mp)
, (10)

where Eµ = Tµ +mµ is the total muon energy and Mp, mµ , mp are the proton, muon and pion masses. By comparing
this distribution to the data we can constrain the nuclear modeling in the neutrino event generator [15].

CONCLUSIONS

Long-Baseline Neutrino Experiment (Facility), as the third generation neutrino experiment focusing on the determi-
nation of neutrino mass hierarchy and CP, the control of the systematic uncertainties are the key to achieve its goal.
To reach the physics objectives, in particular, sensitivity to discovery of CP violation, at the 5s level, with exposures
less than 500 kt.MW.years, a high-capable near detector is a must. Some preliminary studies performed show that
Fine-Grained Tracker has the precision and redundancy to constrain the systematic uncertainties below the required

• Resonance will be the most abundant interaction in DUNE detectors. 
• Also an independent handle to constrain nuclear effect by Enu 

calculated from muon and pion momentum with total visible energy.  

• Sensitivity study using fast MC shows signal efficiency ~33%, purity 
~77%.
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where both proton and pion are reconstructed with an identified muon track. The following selection criteria are applied
to select the signal and reject the background events.

1. fiducial volume
2. 1 negative charged track identified as a muon
3. muon momentum pµ > 0.2 GeV
4. muon track with minimum number of hits nhits

e � 12
5. proton (pion) momentum pproton(p+) > 0.1 GeV
6. proton (pion) track with minimum number of hits nhits

proton(p+) � 4

The events with identified p0/n/K0 will be further rejected. At the end of the selection, the signal efficiency is
36% and the purity is 68%. The remaining event sample, composed of muon, proton and pion, is subjected to a
multivariate analysis using artificial neural network that maximizes the signal (CCQE) efficiency while keeping the
DIS backgrounds low. The left plot in Fig. 7 illustrates that the QE signal is well separated from the background.
Fig. 7 (right) shows the efficiency and purity of reconstructing CCQE signal events as a function of En in FGT.
The energy-averaged efficiency (purity) is 33% (77%) when placing a cut at 0.35 on the multivariate distribution.
Fig. 8 (left) shows the expected precision of CCRes cross section obtained in three-track analysis in blue dots with
Gargamelle [12], SKAT measurements [13, 14] and the prediction from GENIE. The similar technique applied in two-
track CCQE can also be used in three-track CCRes to constrain the Fermi-motion. The incident neutrino energy (Ecalc

n )
can be derived by using the energy and angle of the muon, (Eµ and qµ ), and compare it with the total visible energy
of the two tracks, i.e., Evis is = Eµ +Eproton +Ep ; the difference between the Evis and Ecalc

n is, to a first approximation,
the Fermi-motion. Fig. 9 (right) shows that from the fast Monte Carlo simulation.

En =
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µ +m2
p �2Mp(Eµ +Ep)+2pµ · pp

2(Eµ +Ep � |Pµ |cosqµ � |Pp |cosqp �Mp)
, (10)

where Eµ = Tµ +mµ is the total muon energy and Mp, mµ , mp are the proton, muon and pion masses. By comparing
this distribution to the data we can constrain the nuclear modeling in the neutrino event generator [15].

CONCLUSIONS

Long-Baseline Neutrino Experiment (Facility), as the third generation neutrino experiment focusing on the determi-
nation of neutrino mass hierarchy and CP, the control of the systematic uncertainties are the key to achieve its goal.
To reach the physics objectives, in particular, sensitivity to discovery of CP violation, at the 5s level, with exposures
less than 500 kt.MW.years, a high-capable near detector is a must. Some preliminary studies performed show that
Fine-Grained Tracker has the precision and redundancy to constrain the systematic uncertainties below the required
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where both proton and pion are reconstructed with an identified muon track. The following selection criteria are applied
to select the signal and reject the background events.

1. fiducial volume
2. 1 negative charged track identified as a muon
3. muon momentum pµ > 0.2 GeV
4. muon track with minimum number of hits nhits

e � 12
5. proton (pion) momentum pproton(p+) > 0.1 GeV
6. proton (pion) track with minimum number of hits nhits

proton(p+) � 4

The events with identified p0/n/K0 will be further rejected. At the end of the selection, the signal efficiency is
36% and the purity is 68%. The remaining event sample, composed of muon, proton and pion, is subjected to a
multivariate analysis using artificial neural network that maximizes the signal (CCQE) efficiency while keeping the
DIS backgrounds low. The left plot in Fig. 7 illustrates that the QE signal is well separated from the background.
Fig. 7 (right) shows the efficiency and purity of reconstructing CCQE signal events as a function of En in FGT.
The energy-averaged efficiency (purity) is 33% (77%) when placing a cut at 0.35 on the multivariate distribution.
Fig. 8 (left) shows the expected precision of CCRes cross section obtained in three-track analysis in blue dots with
Gargamelle [12], SKAT measurements [13, 14] and the prediction from GENIE. The similar technique applied in two-
track CCQE can also be used in three-track CCRes to constrain the Fermi-motion. The incident neutrino energy (Ecalc

n )
can be derived by using the energy and angle of the muon, (Eµ and qµ ), and compare it with the total visible energy
of the two tracks, i.e., Evis is = Eµ +Eproton +Ep ; the difference between the Evis and Ecalc

n is, to a first approximation,
the Fermi-motion. Fig. 9 (right) shows that from the fast Monte Carlo simulation.

En =
m2

µ +m2
p �2Mp(Eµ +Ep)+2pµ · pp

2(Eµ +Ep � |Pµ |cosqµ � |Pp |cosqp �Mp)
, (10)

where Eµ = Tµ +mµ is the total muon energy and Mp, mµ , mp are the proton, muon and pion masses. By comparing
this distribution to the data we can constrain the nuclear modeling in the neutrino event generator [15].

CONCLUSIONS

Long-Baseline Neutrino Experiment (Facility), as the third generation neutrino experiment focusing on the determi-
nation of neutrino mass hierarchy and CP, the control of the systematic uncertainties are the key to achieve its goal.
To reach the physics objectives, in particular, sensitivity to discovery of CP violation, at the 5s level, with exposures
less than 500 kt.MW.years, a high-capable near detector is a must. Some preliminary studies performed show that
Fine-Grained Tracker has the precision and redundancy to constrain the systematic uncertainties below the required

20

DUNE Work in Progress



Coherent π

40

A  (p)

Neutrino-Induced Coherent π+/# Production

A  (p’)

νµ µ−

W+

π+

N N

Then, we have

a =

f

⇡

|A|2
ip · q (62)

j

0µ gives the main contribution, Combine with the leptonic tensor, we could

get the cross section:

d

2
�(⌫ +A ! µ+ ⇡ +A)

dQ

2
d⌫

|
Q

2!0 =

G

2
f

2
⇡

(1� y)

2⇡

2
⌫

�(⇡ +A ! A)

⇥
"
1� ⌫

E

0
m

2
µ

Q

2
+m

2
⇡

+

⌫

2

4EE

0
m

2
µ

(Q

2
+m

2
µ

)

(Q

2
+m

2
⇡

)

2

#

(63)

14

νμ/ν̅μ""A    ➳   μ-/+"π+/- A

Q2➳

t

➳

π+

t2➳0

Coherent(!+/!-))���almost)independent)of))Nuclear)effects))
))))���with))|t|)<)~0.05 

))))���To)the)=irst)order,)little)nuclear(effect))

))))���The)emergent)particles,)!+ &"!+,)well)measured)))
))))))))⇒ Small"Missing.Pt""")"

))))���The)ONLY)channel)where)the)topology)is)IDENTICAL)"
""""""""""""for)ν (!-,"!+)))���ν̅(!+,"!-)  & cross*section,)to)the))
))))))))))))=irst)order,))is)identical""for)))ν))&)))ν̅"

➾ Precise""determination"of"""
"""""��Ev.Scale"""""""""""�""ν̅/ν "Flux""""""""��constraint""on"Beam.divergence"

3

t (afterNN cut)

Figure 6: T0afterNN.png

6

DUNE Work in Progress

• Final state muon and pion collinear with incident neutrino with little nuclear effect. 
• The only channel with identical topology between neutrino and antineutrino to the first order.  
• Requires good momentum resolution for muon and pion.  
• Constraint on ν̅/ν flux, energy scale and beam divergence.



Summary

• A capable near detector is crucial to DUNE to reach its scientific goal of determine mass hierarchy 
and CP-violation 

• Several ND options under study: 
• Liquid Argon TPC (ArgonCube) 
• Straw Tube Tracker 
• High-Pressure Ar Gas TPC 
• Scintillating Plastic Tracker 

• A lot of work in progress to study systematic constrains for oscillation measurement: 
• Measure absolute and relative flux. 
• Constrain nuclear effect. 
• Cross sections 
• And much more… 

• The ND also has rich physics by itself. 
• The DUNE collaboration will reach a decision on the ND design concept by early next year.
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CDR Status!
Anne Heavey  
DUNE Collaboration Weekly Meeting"
May 15, 2015"

DUNE

The Deep Underground 
Neutrino Experiment (DUNE) 
is a large international 
collaboration with >1000 
collaborators from 164 
institutions in 30 countries.

15 Aug 2017 Ed Blucher | DUNE Collaboration Meeting4

The DUNE Collaboration
Today:

1011 collaborators from 164 institutions in 30 nations!!

! Armenia, Brazil, Bulgaria, 
Canada, CERN, Chile, China, 
Colombia, Czech Republic, 
Finland, France, Greece, 
India, Iran, Italy, Japan, 
Madagascar, Mexico, 
Netherlands, Peru, Poland, 
Romania, Russia, South 
Korea, Spain, Sweden, 
Switzerland, Turkey, UK, 
Ukraine, USA

!"#$#%&%'()

Several new groups currently applying for membershipDUNE 
collaboration 

meeting 
August 2017

3
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Thanks and stay tuned!
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Relative Flux Measurement: Low-nu Method
Low-⌫ Method

S.R.Mishra, World Sci (1990):
Cross-section of hadron production using structure functions (2xF1, F2, xF3):
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NOMAD Data

Resonance Candidates in NOMAD

FGT will have ⇠ ⇥ 10 higher granularity vs NOMAD

∆++  Candidate Event
Pμ-   = 3.29 GeV
P’pr’ = 0.659 GeV    
P’π+’= 0.263 GeV 
M++ = 1.261 GeV

 μ-

`π+’

`pr’

Resonance**Candidate**in**NOMAD
FGT)will)have)~x10)higher)granularity

Resonance  ��μ- , !+, p (See**H.Duyang’s**Talk**at*NuFact’14*(Friday)
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Search for New Physics

• The ability to identify/reconstruct : 

• (1) Leptons e+, e-, 𝜇+, 𝜇-  with high resolution  

• (2) Hadrons  !0, !-, !+, p, K0s, Λ, etc. with high eff/purity  

➾ sensitive search for new physics

• Examples include search for :  
• High Δm2 o(>0.5 eV2)scillation  

• Neutral heavy leptons  
• light dark-matter particles  

• Rich physics with overall >100 topics

47



Nomad Detector

• 2.7 ton, low average density (0.1 g/cm^3).

• 44 Drift Chambers (3X3 m^2). 

• TRD (Transition Radiation Detector), Preshower, ECal => Electron PID.

• Dipole magnetic field B = 0.4 T 
=> High precision momentum measurement of charged particles. 

NOMAD

48

FGT Study Strategy

• Fast MC to do quick study of 
detector performance. 

• Full GEANT4 simulation complete. 
• Based upon ART framework. 
• Working on reconstruction. 

• NOMAD data to benchmark the 
ideas. 

• FGT concept is built upon the  
NOMAD detector, with better 
resolution, granularity, 4π Ecal & 
𝜇ID coverage & ~x100 higher 
statistics. 

G4LBNE GENIE Root OutputDetector response

8

Three <200 MeV protons (KE)

Low-E Hadrons

G4 Simulation
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νμ-CC Candidate

HiResMν: A High Resolution

Near Detector for the LBNE

R. Petti

University of South Carolina, USA

LBNE Collaboration meeting

Deadwood SD, October 5, 2009

Roberto Petti South Carolina Group

A �µ CC candidate in NOMAD

μ2

Observation ���

(1) Hadrons are tracks, enabling the momentum vector measurement�

(2) μ is kinematically separated from Hardon-vector � Miss-PT Vector Measurement

In  FGT,  ~x10 higher resolution

• Hadrons are tracks. 
• Muon is kinematically separated from hadron vectors. 

NOMAD Data
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νe-CC Candidate

• Electrons are also tracks in FGT：high precision measurement: 
• Universality equivalence with muon from νμ.   

• Dipole magnetic field allows distinguish e+ from e-: 
• Measure ν̅e content of the beam.

HiResMν: A High Resolution

Near Detector for the LBNE

R. Petti

University of South Carolina, USA

LBNE Collaboration meeting

Deadwood SD, October 5, 2009

Roberto Petti South Carolina Group

A �̄e CC candidate in NOMAD

e-/e+ ID using TRD, ECAL

Conclusion ���

(1) μ from  νμ)  and   e from  νe) are  Tracks: Determined with very high precision

(2) Universality equivalence:   μ-νμ)  ��e -νe) 

e+

��Most difficult to measure among the 4 ν-species 
In  FGT,  ~x10 higher resolution

NOMAD Data



• Curvature in B field for momentum and 
charge (+/-) measurement. 

• Track fit extrapolate to the vertex for direction 
measurement. 

• ECAL for more precise energy measurement 
• Momentum resolution ~ 3.5% (at ~3 GeV), 

from STT curvature + ECAL.
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e+/e- Measurement

Resolutions in FGT

☙ ρ ≃ 0.1gm/cm^3*
☙ Space*point*position ≃ 200μ 

☙ Time*resolution ≃ 1ns
 

☙ CC;Events*(≥2Trk)Vertex:*δ*≃ O(100μ)

☙*Energy*in*Downstream;ECAL*≃*6%/√E*
☙*μ;Angle*resolution*(~3*GeV)*≃*O(2*mrad)*

☙*μ;/+*Energy*resolution*(~3*GeV)*~*3.5%*
☙*e;/+*Energy*resolution*(~3*GeV)*~*3.5%*

 HiResM! for B=0.4T, "=0.1g/cm
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e+/e- Measurement

Resolutions in FGT
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• Transition radiation (TR) measurement in STT 
• Energy deposition pattern (dE/dx) in the ECAL.

Electron ID:

Electron Momentum: FGT

HiResMν: A High Resolution

Near Detector for the LBNE

R. Petti

University of South Carolina, USA

LBNE Collaboration meeting

Deadwood SD, October 5, 2009

Roberto Petti South Carolina Group
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angular distribution of emitted photons peaks 

around the initial particle direction (the mean angle 

of emission is about l/y). 

The algorithm developed for electron identifica- 

tion [21] is based on a likelihood ratio method and 

relies on test beam measurements and detector 

simulation. The TRD simulation has been exten- 

sively tested in situ using the muons (5 GeV/c 

< pi, < 50 GeV/c) crossing the detector during the 

flat top between the two neutrino spills. Fig. 13 

shows a comparison between the experimental and 

simulated distributions of the energy deposited in 

straw tubes by 5 GeV/c muons (ionization losses 

only) and by &ray electrons with a mean mo- 

mentum of about 2 GeV/c, emitted by muons (sum 

of ionization losses and detected transition radi- 

ation photons). 

A pion rejection factor greater than 1000 is ob- 

tained with the 9 TRD modules in the momentum 

range from 1 to 50 GeV/c, while retaining an elec- 

tron efficiency of 90% (see Section 3.4). 

2.7. Preshower detector 

The preshower (PRS), which is located just in 

front of the electromagnetic calorimeter, is com- 

posed of two planes of proportional tubes (286 

horizontal and 288 vertical tubes) preceded by 

a 9 mm (1.6X,) lead-antimony (96%4%) conver- 

ter, see Fig. 14. 

The proportional tubes are made from extruded 

aluminium profiles and are glued to two aluminium 

end plates of 0.5 mm thickness. Each tube has 

a square cross-section of 9 x 9 mm2 and the walls 

are 1 mm thick. The 30 urn gold-plated tungsten 

anode is strung with a tension of 50 g and secured 

at each end in hollow copper pins. In order to avoid 

wire vibrations, the anodes are also glued in the 

middle of the preshower on small resofil spacers. 

The proportional tubes operate at a voltage of 

1500 V, with a mixture of (80: 20) Ar : CO,. 

Signals from each tube are fed into charge pre- 

amplifiers; at the output of the preamplifier, two 

5 GeV/c muons 

Fig. 13. Comparison of experimental (points with error bars) and simulated (solid lines) distributions of the energy deposited in TRD 

straw tubes by 5 GeV/c muons (open circles) and 2 GeV/c electrons (closed circles). 

2 GeV/c electrons

NOMAD TRD reaches a 0.1% pion contamination for isolated tracks 

of momenta 1-50 GeV/c with 90% electron efficiency
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Fig. 31. The likelihood ratio distributions for pions and electrons with track momenta 10 GeV/c crossing nine TRD modules 

(Monte-Carlo simulation). Pion rejection is better than 1OOO:l at 90% electron efficiency. 

combinations were properly identified, which is in 

agreement with the 75% expected. 

The NOMAD TRD reaches a lo3 pion rejection 

factor for isolated tracks in the l-50 GeV/c 

momentum range with a 90% electron detection 

efficiency. The algorithm developed for the identi- 

fication of non-isolated tracks allows the number of 

misidentified particles to be reduced, particularly in 

large multiplicity events. 

3.4..?. Using the preshower and the electromagnetic 

calorimeter 

A PRS prototype consisting of two layers of 10 

tubes each was exposed to beams of electrons and 

7c mesons at the CERN PS and SPS accelerators. 

Based on the data obtained, a procedure was de- 

veloped for electron identification. The PRS pulse- 

height (measured in m.i.p.) was required to be larger 

than: 

0.836 + 6.86111(E) - 0.22(ln(E))2, 

where E is the energy of the particle in GeV, correc- 

ted for linearity and for the energy loss in the PS, as 

explained in Ref. [24]. 

For energies greater than 4 GeV this yields an 

efficiency of 90% with a residual 7~ contamination 

smaller than 10%. 

The x/e separation is substantially improved 

when ECAL is used in association with the PRS. 

Using a test-beam setup comprising PRS and 

ECAL prototypes, the response to both electrons 

and pions was measured. Fig. 32 shows the scatter 

plots of PRS vs ECAL pulse-height for 5 GeV 

electrons and pions. The rectangular regions in the 

figure correspond to events in which the energy 

deposited by electrons is consistent with the beam 

energy within the resolution of ECAL, and the PRS 

pulse height satisfies the condition described above. 

A rejection factor against pions of about lo3 is 

obtained in the energy range 2-10 GeV, while re- 

taining an overall efficiency of 90% to detect elec- 

trons. An additional rejection factor of about 2-3 

10 GeV/c pions/electrons

Analog readout: pulse height

✺Atlas&TRT’s&simulation/conducted/for/the/FGT/
con8ig./veri8ies/the/e/μ!π/separation////////////➣
(See  P.Nevski  LBNE-DocDB#432-V1)

Electron TR-Eff as a function of Pe 
for 10-3 rejection of  π/�

  Electron  ID:11TR1-1The1most11potent11discriminant/

07

e- TR-Efficiency for 
10-3 rejection of π
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• Curvature in B field for momentum and 
charge (+/-) measurement. 

• Track fit extrapolate to the vertex for direction 
measurement. 

• ECAL for more precise energy measurement 
• Momentum resolution ~ 3.5% (at ~3 GeV), 

from STT curvature + ECAL.



• π0s are background to νe/ν̅e appearance. 
• FGT sees clean π0 signatures: 

• 50% of the γ convert in STT, away from the primary vertex. 
• We can also use electrons γ-conversion to calibrate the electron 

measurement and identification.
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π0 Reconstruction
in situ  Constraint  on11the1 Electron-efSiciency11

�Measure the TR and ECAL Efficiencies using source of pure e+e-

     (1) Select  γ➳ e+e-  conversions using track reconstruction 

            & kinematics 

       � A V0 separated from the vertex (>1cm)  
       � The opening angle in X-Z plane is <5 mrad 
       � Mee   < 30 MeV (consistent with a Photon)  

       ⇒ ~ 5. 107 reconstructed Photons with Purity > 99%  

Sanity-Check: Apply the analysis to, and learn from, the NOMAD data (see fig.) 
                         Estimates of  the parametrized calculation, Purity & Eff, agree within 15%.  

    (2) On the e-/+ tracks, impose the TR-cuts (Data & MC)  
            ��Evaluate the TR efficiency in Data and MC  

    (3) On the e-/+ tracks, impose the ECAL Shower-Shape cuts (Data & MC)  
            ��Evaluate the ECAL-Id efficiency in Data and MC 

12
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✴Clean**!0.*and*γ.signatures*in*STT*

✴*ν.NC*&*CC*➳*π0*➳*γγ*
~50%*of*the*γ*➳*e+e.*will*convert*in*the*STT,*

away*from*the*primary*vertex.***
We*focus*on*these*

✴*γ.IdentiTication:*
✺*e./e+*ID:*TR*

✺*Kinematic*cut:*Mass,*Opening*angle*

➢*At*least*one*converted*γ*in*STT*
(Reconstructed*e.*&*e+;**
e.*or*e+*traverse*≥6*Mods)*

➢Another*γ*in*the**
Downstream*&*Side*ECAL



Absolute Flux Measurement

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
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IMD

• Assuming 1.2 MW beam power, 5 tons ND fiducial mass, 5 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.

Pure leptonic processes: small but very well known cross-sections.

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

• 10 k ⌫e� ! ⌫e� events, 78 k ⌫µe, 1.7 k ⌫̄µ, 1 k
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• The signature is one extremely forward
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• Average signal e�ciency is 73% (7677
signal events passing the cuts) with 4%
background
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Relative Flux Measurement
• Low-ν method: at low ν, the number of events in a given energy bin 

is proportional to the neutrino flux. 
 

• Dominant uncertainty is muon energy scale and resolution. 
• Use ND low-ν data to constrain beam hadron productions. 
• Expect an FD/ND ratio at 1~2% precision in 0.5~50 GeV

{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*
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Coherent π

56

A  (p)

Neutrino-Induced Coherent π+/# Production

A  (p’)

νµ µ−

W+

π+

N N

Then, we have

a =

f

⇡

|A|2
ip · q (62)

j

0µ gives the main contribution, Combine with the leptonic tensor, we could

get the cross section:
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Coherent(!+/!-))���almost)independent)of))Nuclear)effects))
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))))���To)the)=irst)order,)little)nuclear(effect))

))))���The)emergent)particles,)!+ &"!+,)well)measured)))
))))))))⇒ Small"Missing.Pt""")"

))))���The)ONLY)channel)where)the)topology)is)IDENTICAL)"
""""""""""""for)ν (!-,"!+)))���ν̅(!+,"!-)  & cross*section,)to)the))
))))))))))))=irst)order,))is)identical""for)))ν))&)))ν̅"

➾ Precise""determination"of"""
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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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DUNE

6

Salient Kinematic Differential Distributions: 
(validation from NOMAD data)

➾ Consistent  with  
Expectation
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Figure 132: The t distribution in [2.3,7.5] region.
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NOMA
D

t (afterNN cut)

Figure 6: T0afterNN.png

6

DUNE

➾Most events with t < ~0.03 
➾Background (~14%) can be constrained using “control/
sideband” samples
➾NOMAD data consistent with the Berger-Sehgal (BS) model; 
lack of 4π ECAL coverage causes the background to be larger in 
NOMAD

NOMAD

t (afterNN cut)

Figure 6: T0afterNN.png

6

DUNE Work in Progress

• Final state muon and pion collinear with incident 
neutrino with little nuclear effect. 

• The only channel with identical topology between 
neutrino and antineutrino to the first order.  

• Requires good momentum resolution for muon and pion.  
• Constraint on ν̅/ν flux, energy scale and beam 

divergence.


