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Overview

• DUNE Near detector roles. 
• Near detector options under study. 
• Near detector constraint on oscillation systematics.  
• Physics in the near detector itself.
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Near Detectors for DUNE

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

• A capable near detector is crucial for DUNE to fulfill its scientific goal.
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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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• 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 & Model nuclear effects: ν/ν̅-Ar 
• Quantify differences between neutrino and antineutrino:   

energy scale, event topology, cross-section, etc. 
• Constrain Background: π0/π+/π-/etc. 

• Precision measurement for neutrino interaction:   
• Cross sections: Inclusive and exclusive. 
• Electroweak and isospin physics  

• Search for new Physics: sterile neutrinos, light Dark Matter 
candidates, etc.  

Near Detector Roles
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Near Detector Options

• Currently we have 3 ND options under study: 
• Fine-Grained Tracker (CDR reference design) 
• LAr TPC (ArgonCube) 
• High-Pressure Ar Gas TPC
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Near Detector Options

• Currently we have 3 ND options under study: 
• Fine-Grained Tracker (CDR reference design) 
• LAr TPC (ArgonCube) 
• High-Pressure Ar Gas TPC

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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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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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.
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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. 

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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Near Detector Options

• Currently we have 3 ND options under study: 
• Fine-Grained Tracker (CDR reference design) 
• LAr TPC (ArgonCube) 
• High-Pressure Ar Gas TPC

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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Fine-Grained Tracker (FGT)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.

• •  ∼3.5m×3.5m×6.5m Straw Tube Tracker (STT) (ρ≃0.1 g/cm3, X0≃6m).  

• Dipole magnetic field (B = 0.4 T).  

 • 4π ECAL coverage. 

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

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

High Resolution Fine-Grain Tracker (Reference Design)

• ⇠ 3.5 m ⇥ 3.5 m ⇥ 6.5 m STT

(⇢ ' 0.1 g/cm

3
)

•
4⇡ ECAL in a dipole magnetic

field (B = 0.4 T)

•
4⇡ MuID (RPC) in dipole and

up/downstream

•
Pressurized

40
Ar target ' ⇥10

FD statistics and

40
Ca target

•
Trasition Radiation : e

±

•
dE/dx : ⇡±

, K

±
and proton

•
Magnet : + .vs. -

•
MuID : µ
) Absolute flux measurement

Radiator (Target) Mass 7 tons
Other Nuclear Target Mass 1–2 tons
Vertex Resolution 0.1 mm
Angular Resolution 2 mrad

E

e

Resolution
6%/

p
E

( 4% at 3 GeV)
Eµ Resolution 3.5%
⌫µ/⌫̄µ ID Yes
⌫
e

/⌫̄
e

ID Yes
⇡� .vs. ⇡+ ID Yes
⇡+ .vs. proton .vs. K

+ Yes

NC⇡0/CCe Rejection 0.1%
NC�/CCe Rejection 0.2%
CCµ/CCe Rejection 0.01%

Xinchun Tian (USC, Columbia) DUNE ND@NuInt 2015 112015 6 / 19
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• •  ∼3.5m×3.5m×6.5m Straw Tube Tracker (STT) (ρ≃0.1 g/cm3, X0≃6m).  

• Dipole magnetic field (B = 0.4 T).  

 • 4π ECAL coverage. 

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

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

Fine-Grained Tracker (FGT)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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Low-density good for tracking leptons  
and hadrons. 



• •  ∼3.5m×3.5m×6.5m Straw Tube Tracker (STT) (ρ≃0.1 g/cm3, X0≃6m).  

• Dipole magnetic field (B = 0.4 T).  

 • 4π ECAL coverage. 

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

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

Fine-Grained Tracker (FGT)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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• •  ∼3.5m×3.5m×6.5m Straw Tube Tracker (STT) (ρ≃0.1 g/cm3, X0≃6m).  

• Dipole magnetic field (B = 0.4 T).  

 • 4π ECAL coverage. 

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

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

Fine-Grained Tracker (FGT)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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Full phase space measurement



• •  ∼3.5m×3.5m×6.5m Straw Tube Tracker (STT) (ρ≃0.1 g/cm3, X0≃6m).  

• Dipole magnetic field (B = 0.4 T).  

 • 4π ECAL coverage. 

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

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

Fine-Grained Tracker (FGT)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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Nuclear effect study



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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High Resolution

Fine-Grained Tracker (FGT)

• •  ∼3.5m×3.5m×6.5m Straw Tube Tracker (STT) (ρ≃0.1 g/cm3, X0≃6m).  

• Dipole magnetic field (B = 0.4 T).  

 • 4π ECAL coverage. 

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

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



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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(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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Particle Identification

Fine-Grained Tracker (FGT)

• •  ∼3.5m×3.5m×6.5m Straw Tube Tracker (STT) (ρ≃0.1 g/cm3, X0≃6m).  

• Dipole magnetic field (B = 0.4 T).  

 • 4π ECAL coverage. 

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

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



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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Background Rejection

Fine-Grained Tracker (FGT)

• •  ∼3.5m×3.5m×6.5m Straw Tube Tracker (STT) (ρ≃0.1 g/cm3, X0≃6m).  

• Dipole magnetic field (B = 0.4 T).  

 • 4π ECAL coverage. 

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

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



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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✦ 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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• Pressurized Ar gas and solid Ca 
target provide detailed understanding 
of the FD A = 40 target 
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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

09

x68

Fine-Grained Tracker Nuclear Target

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 
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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 

Additional nuclear target to 
understand nuclear models
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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
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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 from excellent vertex (∼ 100µm) and 
angular (< 2 mrad) resolution

Additional nuclear target to 
understand nuclear models
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LArTPC ArgonCube

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

• Similar LAr TPC as the DUNE FD, same 
target.  

• Novel implementation of LAR TPC 
technology  
• Modularity and scalability 
• Pixelized charge readout: high rate 
capability. 
 • Can be magnetized : compatible with 0.4 T 
field  
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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)

νμ

μ–

p

n

p
π+

n

http://neutrino2016.iopconfs.org
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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
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BARREL ECAL 
(10X0)
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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)

25

50 100

150

200

250

300

350

400

450

500

550

600

650

700

750

800

850

900

950

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

Drift velocity in Argon/CO2

E [V/cm]

v D
 [c

m
/µ

se
c]

Plotted at 16.20.55 on 02/12/02 w
ith G

arfield version 7.10.

50 100

150

200

250

300

350

400

450

500

550

600

650

700

750

800

850

900

950

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

Drift velocity in Neon/CO2

E [V/cm]

v D
 [c

m
/µ

se
c]

Plotted at 16.18.12 on 02/12/02 w
ith G

arfield version 7.10.

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. 
 • A dipole magnet of 0.4 T.  
 • A central large time projection chamber with about 1 tonne of argon 

pressurized at 10 bar.  
 • A pressure vessel that houses the TPC. 
 • An electromagnetic sampling calorimeter made of layers of lead and 

plastic scintillator.

23

• Good tracking performance 
and resolution 
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VALOR DUNE: Prior uncertainties 

flux

uncertainties

Total covariance matrix 
with prior uncertainties, 
input to the VALOR 
DUNE ND fit: 


156 parameters 
 - 104 flux uncertainties

 - 43 interaction model 
uncertainties

 - 9 detector efficiencies


(each block added 
diagonally)

detector efficiencies

interaction modelling
VALOR DUNE, May 2016

Status

24

• A ND optimization task force formed. 
• GEANT4 simulation of all 3 detector options complete. 
• Reconstruction work in progress. 
• Need detector uncertainties. 
• The VALOR framework is used to study ND constraints on oscillation 

analysis.



• 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 & Model nuclear effects: ν/ν̅-Ar 
• Quantify differences between neutrino and antineutrino:   

energy scale, event topology, cross-section, etc. 
• Constrain Background: π0/π+/π-/etc. 

• Precision measurement for neutrino interaction:   
• Cross sections: Inclusive and exclusive. 
• Electroweak and isospin physics  

• Search for new Physics: sterile neutrinos, light Dark Matter 
candidates, etc.  

Near Detector Roles

25

In the following slides I am going to take FGT 
the reference design as an example to show the 

ND constraint on oscillation systematics and 
cross-section measurement.  



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

26

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.

29

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
3
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Electron Momentum: FGT
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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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• 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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ν-e scattering
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Inverse  Muon  Decay:  ν-Electron  CC  Scattering

W.Marciano & Z.Parsa:  arXiV: hep-ph/0403168v1
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Inverse  Muon  Decay:  ν-Electron  CC  Scattering

• Cross section is extremely small
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• A clean determination of the neutrino flux
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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
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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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• Neutrino energy scale are sensitive to nuclear effect, which can be 
different between neutrino and antineutrino. 

• FGT measures both lepton and hadron momentums: calculate 
missing pT to constrain nuclear effect.  

• Coherent-π topology is identical between neutrino and 
antineutrino, with little nuclear effect. 

• Additional constraint from QE and Resonance interactions.

34

Nuclear Effect on Energy Scale
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
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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
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(Details of  the 
Missing-PT Measurement)Missing-PT vector 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)
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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
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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.

13

(�
p

/p) ⇠
r

720

N + 5

�
x

p sin ✓

0.3 B L
+

✓
0.016

� B
p
L X0 sin ✓

◆

�E(25 keV) ' 10%

dE/dx MEASUREMENT AT 
THE PEP-4 TPC (8.5 bar Ar)

MUON NEUTRINO FLUX  
AT NEAR DETECTOR (CDR)

DETECTION THRESHOLD FOR 
1-cm LONG TRACKS

�(dE/dx) ⇠ 0.41 N

�0.43 (N P )�0.32



Quasi-Elastic

Neural Network
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Ev
en

ts

0.2

0.4

0.6

0.8

1

1.2

1.4

610×
CC-QE
CC-Res
CC-DIS

+πCC-Coh
Others
Bkg
MC

 (GeV)νE
1 10 210

Ef
fic

ie
nc

y

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1 Efficiency

Impurity

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)

• QE is an important channel in DUNE oscillation measurement. 
• 2-track or 1-track topology. 

• Constrain nuclear effect by comparing Eν calculated from muon 
momentum with total visible energy. 

• Sensitivity study using fast MC shows signal efficiency ~48%, 
purity ~76%.
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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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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
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• Resonance will be the most abundant interaction in DUNE detectors. 
• Also an independent handle to constrain nuclear effect by Eν 

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 =
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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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 =
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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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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Precision Measurements
• The DUNE Near Detector complex offers a generational advance 

in neutrino precision measurement program. 

• Key ingredients are: 
• Very high resolution detectors capable of measuring absolute 

flux and quantifying nuclear effects,  
• High statistics. 

• Examples:  
• Measurement of Adler sum-rule 
• Weak mixing angle in ν-e and ν-Quark scattering  
• Differential cross-section measurements of exclusive & inclusive 

processes with  ~O(3%) precision 
• Isospin physics
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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  

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

• Neutral heavy leptons  
• light dark-matter particles  

• Rich physics with overall >100 topics
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Summary
• A capable near detector is crucial to DUNE to reach its scientific 

goal of determine mass hierarchy and CP-violation 
• 3 ND options under study: 

• Fine-Grained Tracker (reference design) 
• Liquid Argon TPC, e.g. ArgonCube 
• High-Pressure Ar Gas TPC 

• Clear plan of using ND to constrain systematic uncertainties for 
oscillation measurement: 
• Determine all four species of neutrino source: νμ, ν̅μ, νe, ν̅e, 
• Measure absolute and relative flux. 
• Measure backgrounds 
• Constrain nuclear effect. 
• A lot of work in progress. 

• The near detector also has rich neutrino interaction physics and 
other physics topics by itself. 

39



Back Up Slides



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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Alternative Design: High Pressure Ar Gas TPC

• A dipole magnet of 0.4 T.  
 • A central large time projection chamber with about 1 tonne of argon 

pressurized at 10 bar.  
 • A pressure vessel that houses the TPC. 
 • An electromagnetic sampling calorimeter made of layers of lead and 

plastic scintillator.

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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• Low energy detection 
thresholds 

• Excellent tracking performance 
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measurement (<5% for 1 GeV 
tracks) 

• Energy deposition pattern (dE/
dx) in the ECAL.
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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
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FGT vs NOMAD
Sub-Detector NOMAD HiResMnu Improvement

Tracking �6 more hits in X-Y �2 higher QE-Proton E�.

�2 more hits along Z e± down to 80 MeV

�-Conv. Reconstruction

TR: Electron-ID Downstream Continuous � �3 e±-E�

Calorimetry Downstream 4⇡ Coverage Much better converage

Segmentation No Longitudinal Fine Longitudinal e±/� Separation

Transverse Finer Transverse Better miss-PT

Powerful ‘Dirt’-Veto

E-shower Resolution 3%/
�

E 6%/
�

E Poorer resolution

µ-ID Downstream 4⇡ Coverage Pµ down to 0.3 GeV

Pµ � 2.5 GeV

Trigger Downstream Continuous in STT P down to 0.1 GeV

No Cal.Trigger Calorimetric Trigger E � 0.3 GeV

Table 1: NOMAD versus HiResMnu

2

NOMAD&'vs'&HiResFGT

�Tracking)Charged)
Particles!⇒)

✴Electron/Positron)ID!
⇒

✴Calorimetry!⇒)

✴μ#ID!⇒!

✴Trigger!⇒&

4 / 32
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FGT vs NOMAD
FGT

Improvement in 
resolution, 

granularity and 
4π coverage  



VALOR Analysis Strategy

VALOR DUNE, May 2016 4

2nd pass-through 
3rd pass-through 

Status

47

• A ND optimization task force formed. 
• GEANT4 simulation of all 3 detector options complete. 
• Reconstruction work in progress. 
• Need detector and beam uncertainties. 
• The VALOR framework is used to study ND constraints on oscillation 

analysis.


