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Abstract
The Straw Tube Tracker (STT) has been part of the reference Near Detector (ND)
for the DUNE experiment, as described in details in the DUNE conceptual design
report. In this document we summarize the unique features offered by the STT design,
as well as the corresponding key detector performance. In particular, we outline the
STT answers to the questions related to the ND tracking performance emerged from
the 3rd ND workshop at CERN.
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Introduction
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STT offers a unique tracker design

All detectors for high energy neutrino interactions suffer the tension between the opposite
requirements of a sizable target mass and the resolution needed to achieve detailed measurements of the event topologies. The STT was designed to offer a solution to this
outstanding detection problem. This goal is achieved by physically separating the target mass (radiators) from the tracking detector (straws with little mass) and by spreading
out uniformly the target mass throughout the entire tracking volume. The overall density
is kept low enough so that the total thickness of the STT corresponds to about one radiation length, thus allowing the detector to be transparent to secondary particles produced in
neutrino interactions.
The default radiator targets provide about 83% of the total STT mass and the typical
track sampling in the STT equipped with such radiators is about 2 × 10−3 X0 , which is one
order of magnitude higher than in the FD LAr. A unique feature of the STT is that
it offers a highly flexible modular design, allowing at any time a variation of the target
mass/configuration by removing/adding radiator foils (mechanically independent
from the tracking straws). It is thus possible to obtain an average STT density ranging
from 0.017 g/cm3 (without radiators) 1 to about 0.1 g/cm3 (with default radiators). It is
therefore possible to find an optimal compromise between the target mass (statistics) and
the desired tracking resolution.
The STT allows to reach a substantial target mass of several tons together with high
momentum, angular, space and timing resolutions, typical of low density gaseous tracking
detectors. For this reason it represents an ideal tool for quantifying the (anti)neutrino
source (fluxes) and for precision measurements including rare processes. It also provides
an excellent particle identification for e± , π 0 , π ± , K ± , p, µ± throughout the entire tracking
volume. A summary of the STT detector and physics performance will be given in the
following Sections. Here we outline the unique advantages offered by the STT with
respect to other tracking technologies:
• Timing resolution allowing to resolve the beam structure & withstanding high rates;
• Transition Radiation (TR) capability for the e± identification (π rejection ∼ 10−3 );
• Polypropylene target radiators (C3 H6 )n with high chemical purity allowing a clean
selection of (anti)neutrino interactions on hydrogen (free proton);
• Suite of different nuclear targets (e.g. C, Ca, Ar, etc.) to measure nuclear effects and
the corresponding response (smearing) function;
• 4π detection of π 0 from γ conversions within the STT volume;
1

Note that this value of the density is similar to the proposed high pressure Ar gas TPC at 10 atm and
is a factor of 5.88 lower than the STT with the default radiators.
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SEARCH FOR NEUTRAL LEPTONS
✦ νMSM with 3 sterile RH neutrinos N1 , N2 , N3 :
(T. Asaka and M. Shaposhnikov, PLB 620 (2005) 17)
●
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Figure 1: Engineering drawings of the STT double modules with (left panel) and without
(right panel) default radiator targets.
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3.1

Answers to questions from the 3rd ND workshop
Momentum/angular/timing resolution of all particles

Table 1 summarizes the main performance parameters of the STT with the default radiator
configuration and ρ = 0.1 g/cm3 . The single hit resolution for the straws is assumed to be
< 200µm. We note that this value is rather conservative since similar straw detectors in
COMPASS and ATLAS achieved significantly better single hit resolutions.
The momentum and angular resolutions in STT with the default radiators are dominated
by multiple scattering, as shown in Tab. 1. Figure 2 shows the momentum resolution ∆p/p
as a function of momentum for muons, compared to the energy resolution of the default
ECAL from the DUNE CDR.
The high vertex, angular and timing resolutions achieved by the STT are crucial for the
measurements of the key physics channels outlined in Section 3.10.
4

Quantity
Expected STT performance
Single hit resolution
< 200µm
Timing resolution
∼ 1ns
Vertex resolution (Ntrk ≥ 2)
∼ 100µm
Angular resolution
2 mrad
Momentum resolution (L = 1, p = 1GeV /c):
multiple scattering term
0.048
0.006
measurement term

Relative resolution

Table 1: Main performance parameters for the default STT configuration with ρ = 0.1
g/cm3 and B = 0.4 T.
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Figure 2: Momentum resolution ∆p/p as a function of p for muons in STT, compared with
the electron energy resolution ∆E/E in the default ECAL from the DUNE CDR.

A unique feature of STT compared with other detector technologies is the
fast timing (maximal drift time in straws ∼ 120ns) and the corresponding high timing
resolution of ∼ 1ns. This feature allows to resolve the beam structure and to perform
beam monitoring in real time, as well as to withstand very high rates with
negligible pile-up.
3.2

Particle identification

The STT combines a high resolution tracking with an efficient particle identification throughout its entire volume. The detector design was optimized for the reconstruction and identification of e± and γ since the most critical measurements in DUNE ND involve e± :
ν-e elastic scattering, νe (ν̄e ) CC, π 0 /γ, etc.
A unique feature of STT is the availability of Transition Radiation (TR) for
the identification of e± with γ > 1000. Figure 3 shows that the use of TR in NOMAD
provided a rejection factor of 103 for π with an e± efficiency of 90% or better. Dedicated
5
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Figure 3: Electron identification with transition radiation (TR) in NOMAD. Left panel: e±
efficiency as a function of momentum for a fixed π rejection factor of 10−3 . Right panel:
LBNE Near Detector Workshop
e± and π ± efficiencies as a function of the TR discriminant variable.

Columbia SC, December 12, 2009

simulations indicate that we can achieve a similar performance in STT for track lengths of
at least one meter, corresponding to the crossing of about 12 double STT modules (XXYY).
At low electron energies the use of TR for e± identification is complemented by the measurement of the ionization dE/dx in the active volume of the straws. Multiple measurements
from all the straws crossed by the charged track are combined in order to achieve a good
identification efficiency. Additional handles for e± identification are the matching of the
charged tracks with ECAL clusters and the ECAL shower shape (they are not yet used in
the analysis).
The STT offers a 4π detection of photon conversions into e+ e− pairs, which can
be identified using the displaced V0 vertex and the TR+dE/dx. The effect of the track
bending in the magnetic field allows an excellent e/γ separation, while kinematic cuts on
the invariant mass of the e+ e− pair and on the corresponding opening angle can further
enhance the purity. Overall, about 50% of photons convert within the STT volume.
The measurement of the energy loss dE/dx in the active gas within the straws crossed
by the tracks also allows an identification of π ± , K ± , p hadrons. For protons, the measured
range as a function of the momentum provides additional p/π separation. Finally, low energy
muons stopping inside STT can be identified from hadrons using the corresponding dE/dx
in the straws close to the endpoint of the track.
3.3

What is the tracking efficiency as a function of track angle?

The STT was designed to overcome the drawbacks of the NOMAD tracking, which used
planar drift chambers with a maximal drift distance d = 3.2cm perpendicular to the beam
direction. The planar design in NOMAD resulted in a significant variation of the track
resolution with respect to the track angle. Instead, the STT is based upon small cylindrical
6
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Figure 4: Dependence of the µ/π momentum resolution from the track angle with respect
to the beam direction (z axis) for fixed track lengths of L = 1m (left) and L = 2m (right).
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Figure 5: Left panel: dependence of the proton momentum resolution from the track angle
with respect to the beam direction (z axis). The length of each proton track is determined
by the corresponding range in the STT detector and can vary with the track angle. Right
panel: momentum distribution of protons produced in inclusive νµ CC interactions in STT
for different interaction types.

drift tubes (maximal drift distance d = 0.5cm) providing a single hit resolution insensitive
to the track angle with respect to the beam direction (z axis) because of symmetry. In
addition, the track sampling in the direction perpendicular to the beam is a factor of two
larger than along the beam direction, further mitigating potential angular dependence in
the tracking performance.
The geometrical effect on the track reconstruction determined by the variation of the
number of hits with the track angle can still potentially affect the track resolution in STT.
7

Particle
Protons:
p measurement
hits/energy in straws
Muons/pions:
p measurement
hits/energy in straws
Electrons/positrons:
p measurement

Momentum

Kinetic Energy

200 MeV/c
85 MeV/c

21 MeV
4 MeV

40/50 MeV/c
30/35 MeV/c
80 MeV/c

Table 2: Detection thresholds for various particles in STT with the default radiator targets
(ρ ∼ 0.1g/cm3 ).

In order to evaluate the impact of this effect, we use the MC simulation to count the track
hits in the bending plane along the track helix and study the corresponding momentum
resolution using the parametrized response. Results for the momentum resolution ∆p/p
of π/µ tracks are shown in Fig. 4. We note that the track bending from the magnetic
field mitigates the angular dependence by further increasing the number of track hits at
large angles. This is visible from the left panel of Fig. 4, in which we have a significant
degradation of the resolution only for angles very close to 900 coupled with relatively high
momenta p > 1.5 GeV/c (reduced bending). This effect is present only for very short tracks
L ≤ 1m and is absent for longer tracks (right panel of Fig. 4). We note that even for the
worst configuration (short tracks with p > 1.5 GeV/c) the angular dependence becomes
negligible for angles < 850 .
For proton tracks the momentum resolution is completely dominated by the limited
range (short tracks). Figure 5 shows that the angular dependence is negligible for most of
the protons, which have momenta below 1 GeV/c. For momenta above 1 GeV/c we observe
a small residual angular dependence due to the reduced effect of the bending.
From Fig. 4 and Fig. 5 we conclude that the angular dependence of the track reconstruction in STT is small and should not impact the physics sensitivity of the measurements.
3.4

What is the energy threshold for detecting p/π?

Table 2 summarizes the detection thresholds in STT for the main particle types. For each
particle we have two different values: (a) threshold to reconstruct the track for momentum fit; (b) threshold to measure hits/energy from dE/dx in the straws (no momentum
measurement).
The highest thresholds are observed for protons due to the limited range in STT with
the nominal radiator mass (ρ ∼ 0.1 g/cm3 ). We can reconstruct the proton momentum
for p > 200 MeV/c, which includes most of the protons expected from inclusive νµ CC
interactions, as can be seen from the right panel in Fig. 5. If we include the hit/energy
measurement from dE/dx in the straws (p > 85 MeV/c) only a small fraction of the overall
protons would escape the detection in STT (Fig. 5).
8

For e± the limiting factor is the bending/sampling, which prevents the track reconstruction and fitting at low momenta (loopers) p < 80 MeV/c. It is worth noting that even
below this threshold it is still possible to detect track hits/segments and measure dE/dx,
thus identifying/vetoing the e± .
3.5

What are the uncertainties in energy scale for e/µ?

Figure 6: Left panel: example of multi-V0 event in NOMAD data. Right panel: reconstructed K0 mass in NOMAD from the identified V0 vertices.

The determination of the energy for charged tracks in the STT is based upon the momentum measurement in magnetic field (spectrometer). For the calibration of the track
momenta we follow the procedure used by the NOMAD experiment, based upon the reconstructed k0 mass peak. Figure 6 shows an example of this technique in NOMAD. Overall,
NOMAD achieved a momentum scale uncertainty of 0.2% or better using the K0 calibration.
Since NOMAD was limited by the available K0 statistics and in STT we expect an
increase in statistics by a factor close to 100 together with one order of magnitude higher
segmentation, we anticipate that in STT we can achieve precisions similar to NOMAD or
better.
The tracking and identification of protons can be calibrated using identified V0 vertices
from the decay of Λ and Λ̄, as done in NOMAD.
3.6

What are the uncertainties in the angular resolution?

The angular resolution in STT is dominated by the multiple scattering, as discussed in
Section 3.1. We note that the detector mass can be precisely controlled since about 83%
of the mass resides within the radiator targets, which are characterized by a well defined
geometry (uniform plastic foils) and a high chemical purity (100% polypropylene).
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Figure 7: Reconstruction efficiency as a function of energy for NC π 0 using events with at
least one converted γ in STT.

As discussed in Section 3.2 , the STT was optimized for the identification of e± and γ.
We select π 0 in both NC and CC by requiring that at least one of the two photons converts
into an e+ e− pair within the STT volume. On average, about 50% of the π 0 events have at
least one converted γ in STT. The second γ from π 0 decay can be either measured as neutral
cluster in ECAL or as a second converted e+ e− pair in STT. Figure 7 shows the overall π 0
selection efficiency as a function of the π 0 energy. The presence of at least one converted γ
in STT provides an accurate reconstruction of the π 0 direction and an extrapolation to the
corresponding primary vertex.
It must be noted that the availability of a large sample of e+ e− pairs from converted γ
allows an in-situ measurement and validation of the e± identification efficiency.
3.8

What are the key ECAL performance parameters for NC π 0 ?

The STT selection of π 0 based upon the presence of at least one converted γ within the
tracking volume substantially reduces the requirements on the ECAL performance
for the
√
0
NC π detection. Therefore, the nominal ECAL energy resolution of 6%/ E from the CDR
appears adequate. The effects of pile-up, the separation of overlapping clusters, and the
reconstruction of the shower direction also appear to be mitigated by the presence of a clean
identified γ from e+ e− conversion in STT.
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momentum (and kinetic energy). Right panel: secondary charged multiplicity of neutron
interactions detected in STT.

3.9

Can neutrons be detected in the STT?

Neutrons can be produced either in the primary interactions or as a result of the final state
Roberto Petti
interactions within the target nucleus. The detection of neutrons is particularly challenging
in a low density detector like STT and can affect the neutrino energy reconstruction, as well
as the event kinematics in a plane transverse to the beam direction.
In order to study the neutron interactions inside STT we use the complete GEANT4
simulation developed for the ND task force by Tyler Alion 2 . We generate neutrons from
the 2D distribution of (E, θ) obtained from inclusive νµ CC interactions in GENIE. We
then select events in which the neutron interactions are detected either in STT (mainly
interacting in the radiator foils) or in ECAL. To this end, we require at least one(two) hit(s)
in the STT straws and a minimum energy deposition of 50 MeV in ECAL.
The fractions of the neutron interactions detected in STT and ECAL are shown in
Figure 8 as a function of the neutron momentum and kinetic energy. On average about 31%
of neutrons are detected in STT alone and 58% in ECAL alone, for a combined detection of
about 89% considering both sub-detectors. Figure 8 shows that the detection efficiency rises
substantially with the neutron momentum in STT, while the the corresponding efficiency
in ECAL appears to be somewhat complementary. It is interesting to observe that neutron
interactions in STT are characterized by a relatively large secondary charged multiplicity
(Fig. 8): 63% of the detected interactions correspond to a ”star” secondary vertex (Nch ≥ 2),
while only 37% have a single proton in the final state. Figure 9 shows the event display of
some of the neutron interactions detected in STT.
2

This study was possible only thanks to the help by Tyler Alion.
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Figure 9: Examples of event display for a few neutron interactions detected in STT.

It is worth noting that there are large differences among neutrino generators concerning
the neutron production in (anti)neutrino-nucleus interactions. The availability of a large
sample of neutron interactions detected in STT allows detailed comparisons and tunings of
the production models inside generators.
3.10

What is the expected performance for the key channels?

For all the sensitivity studies we use the standard flux spectra from the 3 horn optimized
beam with 1.07 MW power, 80 GeV protons, and 1.47 × 1021 pot/year. The default fiducial
volume for STT corresponds to a nominal target mass of 5 tons of polypropylene (C3 H6 )n
radiator targets. Table 3 lists the expected number of events of the key processes to assess the
ND physics performance for a 5 year run with both the FHC neutrino and RHC antineutrino
beam polarities. The fiducial mass of STT allows to collect enough statistics to achieve
accurate measurements in all channels, including the ones involving rare processes.
The main polypropylene target in STT is different from the Ar one present in the FD.
As discussed in the following, the use of a material substantially lighter than Ar
in STT offers a clear advantage for all the exclusive processes listed in Tab. 3
which do not need explicitly an Ar target: ν-e elastic, low-ν, coherent π ± , νe /νµ , and
ν̄e /ν̄µ ratios. In addition, a unique feature of STT is the capability to include a
suite of different nuclear targets for the in-situ constraints of nuclear effects and of the
12

Process
νµ CC
ν̄µ CC
νe CC
ν̄e CC
ν-e elastic
Coherent π +
Coherent π −
νµ CC ν < 0.25 GeV
ν̄µ CC ν < 0.25 GeV
νµ (ν̄µ ) CC on H

FHC (ν mode 5y) RHC (ν̄ mode 5y)
36,762,200
2,540,860
750,380
11,350,200
450,685
126,365
46,350
125,618
4,851
3,271
363,759
21,138
13,565
301,134
3,308,598
228,677
82,542
1,248,522
3,410,000
2,760,000

Table 3: Number of events expected in the STT for the key processes in the default 5 tons
radiator fiducial volume (ρ ∼ 0.1 g/cm3 ) with the 3 horn optimized beam (1.07 MW, 80
GeV, 1.47 ×1021 pot/year)
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Figure 10: Sketch illustrating the various nuclear targets which can be installed in STT.

corresponding response (smearing) function in the FD. Figure 10 sketches the way nuclear
targets can be integrated into the STT. The main nuclear targets foreseen in STT are C and
Ca (A = 40), in addition to the (C3 H6 )n radiators and an Ar target (can be the LAr part
of the ND complex). The key features of STT allowing the efficient use of multiple nuclear
targets are the modularity and the excellent vertex (100 µm), angular (2 mrad), and timing
(1 ns) resolutions.
Another unique advantage of the (C3 H6 )n radiators is the large hydrogen content. Overall, the fiducial radiator mass of 5 tons contains 714 kg of hydrogen (free
proton target), which is equivalent to a volume of about 10 m3 of liquid hydrogen. As
shown in Tab. 3, such a large amount of hydrogen allows the collection of unprecedented
statistics for both neutrino and antineutrino interactions, which, in turn, has crucial impli13

ound (STT)

:

Process
νe CC
ν̄e CC
ν-e elastic
Coherent π +
Coherent π −
νµ CC RES on H

Efficiency Purity
55%
98%
55%
95%
84%
95%
43%
87%
42%
86%
94%
77%

Table 4: Efficiency and purity for the STT selection of the key processes.

Detector

Signal events

Backgrounds:
δstat δsyst
0
νe CC QE NC π
4,079
3%
2% 1.6% 1%
11,933
11%
3% 0.9%

STT (5 tons)
LAr (25 tons)

δtot
1.9%

Table 5: Selection of ν-e elastic scattering in the STT and LAr detectors.

cations for the ND physics potential.
In the following we will summarize the main results obtained from the STT sensitivity
studies performed for the key ND physics channels. Table 4 lists the corresponding purity
and efficiency achieved in STT.
3.10.1

ν-e elastic scattering
Background (LAr)
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Figure 11: Signal and background selection of ν-e elastic scattering in STT (left panel) and
LAr (right panel).

The ν-electron elastic scattering offers a purely leptonic process with well understood
cross-section to be used for the determination of absolute and relative νµ fluxes. The ex14

8/8

perimental signature is simple with a single forward electron in the final state. The main
problem to address is the statistics given the tiny cross-section for this process, requiring
a fiducial mass of 5 tons or higher in order to reach a precision on the absolute
νµ flux around 2%.
The main advantages offered by STT for the measurement of ν-e are:
• Fiducial mass allowing a precise measurement of both absolute and relative fluxes;
• Excellent electron identification with TR and dE/dx;
• High energy and angular resolution for the kinematic rejection of backgrounds;
• In-situ measurement of background sources to reduce systematics.
The ν-e event selection in STT requires the identification of the outgoing electron with
Ee > 0.15 GeV, a veto of additional tracks/hits or neutral cluster, and a kinematic cut
Ee θe2 < 0.0012 GeV rad2 . The selection efficiency is about 84% with a total background
of 5%, composed of νe QE interactions without reconstructed proton (3%) and NC π 0 interactions (2%), as shown in Fig. 11. Table 5 summarizes the results of the STT event
selection.
The same process can be also selected in the LAr detector part of the ND complex, which
is characterized by a fiducial mass of about 25 tons. The LAr event selection is requiring an
identified electron with Ee > 0.5 GeV, a veto of additional activity related to tracks/photons,
and a cut Ee θe2 < 0.0016 GeV rad2 (Fig. 11). The less stringent kinematic cut in LAr with
respect to STT is due to the worse angular resolution (about 4 mrad vs. 2 mrad). Results
for the LAr detector are shown in Tab. 5 giving a larger statistics of 11,933 signal events
with about 14% backgrounds (11% from QE and 3% from NC). The difference in the event
samples between LAr and the STT is smaller than the corresponding ratio of fiducial masses
since the ratio of electrons/nucleons is about 27% larger in STT. In addition to the detector
resolutions and responses, the higher background levels in LAr can be explained by the fact
that in Ar we have about 40% more νe CC without visible hadrons than in (C3 H6 )n , due to
the larger nuclear effects.
Both the STT and the LAr ν-e samples can be used for the determination of νµ fluxes
given the sizable statistics. To this end, the most effective method is to perform a template
fit to the measured 2D distribution (Ee , θe ) for the electron to extract the input neutrino
energy spectrum. Figure 12 shows the results obtained from the fits to the STT sample, the
LAr sample, and the combined sample STT+LAr, assuming only statistical uncertainties.
In the absence of systematic uncertainties the fit is dominated by the LAr statistics and the
STT sample adds little information to the combined fit.
We note that the template fit to the (Ee , θe ) has a substantially better sensitivity by
using both the rate and shape information than by using the shape only, suggesting that
the overall rate (normalization) plays a major role in this measurement. The
statistical precision of the LAr sample is about 0.9% as seen from Tab. 5. At this level
of precision the systematic uncertainties on signal and backgrounds are expected
to dominate the LAr measurement. The assessment of realistic values for the LAr
systematics would require dedicated detector and simulation studies of the technology and is
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Figure 12: Uncertainties on the relative νµ flux as a function of energy extracted from template fits to the reconstructed (Ee , θe ) distributions in ν-e elastic scattering events measured
in STT, LAr and LAr+STT.

beyond the scope of our current analysis. However, it is instructive to look at the results from
similar measurements performed in existing experiments. The ν-e measurement published
by MINERνA [?] reports a total systematic uncertainty of 5.1%, dominated by the νe QE
shape (3.1%) and the electron efficiency (2.7%) and energy scale (1.8%). An independent
analysis performed in the NOνA ND gives comparable systematics. While we can expect
significant improvements on such uncertainties in the near future, it is unlikely that the
LAr systematics will ever be smaller than the STT ones (Tab. 5) considering LAr has one
order of magnitude smaller measurement sampling (3.3% vs. 0.19 %), about 15 times higher
density and, most importantly, a much heavier target nucleus.
From the previous discussion, we can conclude that the the fit is dominated by the rate
measurements and that the total uncertainty (including statistics and systematics) on the
LAr rates is expected to be similar or worse than the corresponding one for STT. As a result,
in realistic conditions the STT provides a valuable contribution to the sensitivity
of the combined LAr+STT fit to determine the flux from ν-e.
Finally, it is worth noting that the contributions of the STT for the ν-e combined fit with
the LAr sample are not limited only to the smaller systematic uncertainties in STT. The
STT can provide in-situ constraints of the systematic uncertainties affecting the
LAr measurements, thus further improving the overall combined sensitivity. The excellent
e± identification and charge measurement allows a determination of the π 0 background to
ν-e from the wrong sign analysis (e+ selection). In addition, the measurements described in
Sec. 3.10.5 and Sec. 3.10.6 can constrain nuclear effects on the νe CC background.
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where fc is a correction factor which can be9calculated using the MC. In order to keep
this factor small and to cover the entire spectrum relevant for the oscillation analysis in
DUNE we use a cut ν < ν0 = 0.25 GeV. We note that using much lower values for this cut
results in larger systematic uncertainties from cross-section modeling, although it reduces
the correction factor fc . It is also important to use the same fixed ν0 cut at all neutrino
energies to reduce systematics. This technique was successfully used in NuTeV, NOMAD,
MINOS, and MINERνA, albeit with relatively large values of ν0 .
For the DUNE spectrum and ν < 0.25 GeV the visible energy is completely dominated
by the muon and, therefore, the single most critical parameter to achieve a good accuracy is
the uncertainty on the muon energy scale. In this respect low density detectors like STT
have a clear advantage with respect to higher density ones like LAr, as shown in
Fig. 13. The typical uncertainties on the muon energy scale are 0.2% for STT and 2% for
LAr (Sec. 3.5).
The (C3 H6 )n material also offers other advantages over Ar as target for the lowν analysis. A significant source of uncertainty is related to the smearing of the reconstructed
hadronic energy ν, which not only affects the total visible energy but, more importantly, the
acceptance of the ν0 cut used in the analysis. Neutron production in neutrino interactions
play here an important role, in addition to the detector resolution of individual charged
particles, since neutrons are typically associated to some undetected energy. Figure 14
shows that the fraction of hadronic energy carried by neutrons at small values of ν is about
a factor of 2 smaller in (C3 H6 )n than in Ar. Similar results apply to the average number of
neutrons produced. It must be noted that this result is confirmed by using different event
17
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Figure 14: Effect of the nuclear target material on the measurement of the hadronic energy
ν. The curves show the fractions of energy associated with neutrons in polypropylene
radiators (C3 H6 )n and Ar according to two different event generators: GENIE (solid lines)
and NuWro (dashed lines).

generators, although large uncertainties are present on the neutron production (Fig. 14).
We can therefore conclude that Ar is not a good target for the low-ν analysis, as it
results in substantially higher uncertainties from the nuclear smearing.
Finally, we point out that STT offers several handles to constrain the neutron production
in (anti)neutrino interactions. As discussed in Sec. 3.9, about 31% of neutrons can be
detected in STT and another 58% can be detected in ECAL (total 89%), providing a large
sample to calibrate the neutron response and production models. In addition, the use of
kinematic cuts to reject low-ν events highly imbalanced in a plane transverse to the beam
(pT ) allows to reduce the neutron impact on the analysis. The production of primary
neutrons can be also constrained with exclusive topologies in resonance production.
3.10.3

Coherent π ± production

Coherent π ± production in CC interactions is characterized by a very small momentum
transfer to the nucleus | t |< 0.05 GeV2 , which remains in its ground state. This channel
has a clean experimental signature, with small missing pT and only a muon and a pion in the
final state without any other visible activity. Nuclear effects are much smaller than other
channels involving the nucleus.
The ratio of CC coherent π − /π + is an excellent tool for a precise measurement
of the ν̄µ /νµ flux ratio in the beam as a function of energy. Since both interactions have
the same experimental signature (µ− π + and µ+ π − , respectively) the systematic uncertainties
related to the event selection largely cancel out in such a ratio. A significant cancellation of
18

HiResMν:
Costs and Detector Design

COH. π +

COH. π −

COH. π +

COH. π −

Figure 7: misPt0postNN.png

Figure 7: misPt0postNN.png

Figure 15: Reconstructed missing transverse momentum for coherent π + (left panel) and
π − (right panel) selected in STT with the standard FHC neutrino beam polarity. The
histograms show the actual statistics expected, as well as the contributions from the various
background sources.
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Figure 16: Uncertainty on the ν̄µ /νµ flux ratio determined in STT from the ratio of coherent
pion production in both the neutrino FHC (left panel) and antineutrino RHC (right panel)
beam polarities. The corresponding uncertainties obtained from the beam simulation group
are also shown for comparison.

model uncertainties is also observed. In particular, theoretical models based on the partially
conserved axial current (PCAC) theorem, relating the neutrino-nucleus cross section to the
pion-nucleus elastic cross section, predict that the neutrino and antineutrino cross-sections
are the same for an isoscalar nucleus. Small corrections from interference effects with the
vector current are expected in some microscopic models. Coherent π ± interactions in
the STT radiators occur on isoscalar C nucleus, thus offering a potential reduction
of systematics.
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The most critical experimental parameter is the resolution on the momentum transfer
to the nucleus | t |, requiring high momentum and angular resolutions. The fiducial mass
µ of STT provides enough statistics (Tab. 3) for a precise measurement of the wrong sign
component of the beam through coherent π production. Figure 15 shows the corresponding
results after the STT selection of coherent π ± in the FHC neutrino beam mode. Overall, we
can achieve an efficiency of 43% (42%) with a purity of 87% (86%) for coherent π + (π − ) in
24000
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Figure 18: Distribution of mpT for e− (solid dots), µ− (open dots), νµ NC (big hatch) and CC

Figure 17: Left panel: comparison of the(small
νe /ν
ratioafter
in scaling.
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measurement of e− /µ− universality from cuts.
νe /νµ CC interactions in NOMAD.

The oscillation analysis in the FD is based upon a simultaneous fit to both the νµ (ν̄µ )
disappearance and the νe (ν̄e ) appearance samples. The key quantities to constrain with
the ND measurements are then the ratios νe /νµ and ν̄e /ν̄µ , which can be measured more
precisely than the absolute spectra. It is worth noting that nuclear effects cancel out in
the νe /νµ and ν̄e /ν̄µ CC ratios as effect of the lepton universality. Figure 17 shows that
the νe /νµ ratio is the same for (C3 H6 )n radiator and Ar targets. Lepton universality was
also verified in NOMAD with νe and νµ CC interactions (Fig. 17). We can then conclude
that an Ar target is not needed for the measurement of νe /νµ and ν̄e /ν̄µ . To this end, the
use of a light target material in STT offers an advantage in reducing the systematic
uncertainties on such measurements.
The STT non only allows a charge measurement of e± (νe and ν̄e separation) but also
the collection of a large ν̄e CC statistics (Tab. 3) in the FHC beam mode. It can therefore
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Figure 18: Efficiency and purity as a function of energy for the νe CC selection in STT.

precisely measure all 4 CC spectra νµ , ν̄µ , νe , ν̄e as a function of energy.
The selection of νe and ν̄e CC interactions in STT benefits from the unique electron
identification capability with both TR and dE/dx for background rejection. As discussed
in Sec. 3.2, the TR capability provides a rejection factor of 103 against pions for momenta
above 1 GeV. Electrons and positrons are separated from γ conversions from the track
bending in magnetic field and hits from the pair of tracks in the straws. We further apply
a kinematic rejection of non-prompt backgrounds from π 0 in νµ CC and NC interactions
using a multivariate analysis. Figure 18 shows the efficiency and purity of the complete νe
CC selection in STT. Overall, we achieve a 55% (55%) efficiency and 98% (95%) purity for
νe (ν̄e ) CC. We note that the effect of the selection is similar for νe and ν̄e , thus reducing
the systematic uncertainties in the ratios νe /νµ and ν̄e /ν̄µ . Finally, we point out that all
backgrounds can be measured in-situ from data (control samples) in STT and the efficiencies
can be calibrated precisely using identified photon conversions in STT, as in NOMAD.
3.10.5

(Anti)neutrino interactions on H

The study (anti)neutrino scattering on hydrogen (free proton) with the STT is crucial for
the DUNE ND physics potential since this is the only type of interactions, together
with the ν-e elastic scattering discussed in Sec. 3.10.1, to be free from nuclear
effects. Given the major safety issues related to the use of liquid hydrogen targets in an
underground ND hall, the use of (C3 H6 )n radiators inside STT is the only opportunity
realistically available for DUNE ND. To this end, the main issues to clarify are wether
the interactions on H can be identified unambiguously and what are the corresponding
uncertainties from the subtraction of backgrounds originated from the heavier C nucleus in
21
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allow a precise location of the interaction vertex in the different target materials. Since the
radiators provide about 83% on the total STT mass the impact of the straws is negligible
even for single track events. However, the H content by weight in the radiator targets is
only 14.4% of the total. Although this is about the highest H content from plastic materials,
most of the interactions from the STT radiators are still originated from the C nucleus.
In order to improve the signal/background ratio in the selection of H events, we can
consider the complete event kinematics. Since the H target is at rest, the CC events are
expected to be perfectly balanced in a plane transverse to the beam direction (up to the
tiny beam divergence) and the muon and hadron vectors lie in the same plane. Instead,
events from nuclear targets are largely affected by the Fermi motion and binding, resulting
in a significant missing transverse momentum. To illustrate the rejection power achievable
with a kinematic selection, we study one exclusive CC topology with 3 tracks µ− pπ + from
resonance production with Wrec < 1.4 GeV (resonance events are 55% of total neutrino
interactions on H, corresponding to about 1.88 × 106 events in STT). Following Ref. [?],
we then consider the component of the hadron vector (sum of the proton and pion), δpTT ,
perpendicular to the plane defined by the directions of the incoming neutrino (beam) and
the outgoing muon. As shown in Fig. 19, interactions on H are clearly visible as a sharp peak
around zero in δpTT , while interaction from the C nucleus have a much broader distribution.
A simple cut at | δpTT |< 0.03 GeV/c provides a clean selection of H interactions from
radiator targets with an efficiency of 94% and a purity of 77%, including all backgrounds
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the event kinematics. However, in H the response function from the true to the reconstructed
kinematics is entirely defined by the momentum resolution of the tracks, which is calibrated
with good accuracy as discussed in Sec. 3.5. The validity of the technique in was validated
with NOMAD data, in spite of the much worse conditions with respect to the STT 3 . Similar
results are expected for antineutrino interactions. It is also possible to apply a kinematic
selection of different topologies on H, including DIS events, although with smaller purity.
Although the interactions on H are free from nuclear effects, the subtraction of the background from C interactions can in principle be affected by the nuclear modeling. Figure 20
shows that a substantial smearing is introduced by nuclear effects on the reconstructed
energy. In order to reduce the related systematic uncertainties we perform a modelindependent background subtraction using the graphite target in STT. The final
H sample is therefore obtained from the difference between the events from the (C3 H6 )n radiators and the events from the graphite target, normalized to the fraction of C background
in the selected kinematic region (23%). Indirect effects from the acceptance corrections in
the graphite targets are expected to be negligible since the acceptance is already a second
order correction on a small data-driven subtraction.
The role of the H interactions from STT in the DUNE oscillation analysis is twofold:
• Independent determination of relative flux as a function of energy;
3

In NOMAD the number of resonance interactions is only a few percent of the total due to the higher
beam energies and the H content was only about 5% by weight. In addition the NOMAD tracking system
was characterized by one order of magnitude smaller granularity with respect to the STT.
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• Constraint of the nuclear response (smearing) function R(Erec , Etrue ) of FD.

For the determination of the relative flux as a function of energy the interactions on H
(free proton) from STT can play a role similar to the one of ν-e scattering, but with a crosssection about 2,000 times larger. Using the absolute normalization from ν-e scattering, we
can study the corresponding uncertainties introduced by shape of the corresponding crosssections as a function of energy. To estimate such uncertainties we consider the 3 track
resonance events on H and vary the axial and vector form factors in the event generators.
The results shown in Fig. 21 indicate shape uncertainties of the order of 2-5% depending
✦ Require Nch ≥ 2 and ignore detector µ ID
upon the✦energy.
must
be noted
that
such
uncertainties
can be
further reduced by applying
Kinematic It
tagging
to select
most likely
lepton
”candidate”
=⇒ 98% tagging
eﬃciency
a low-ν selection
to
H
events
or
by
simultaneously
fitting
the
flux
and cross-sections using
✦ Same kinematic analysis as in NOMAD: NPB 611 (2001) 3; NPB 700 (2004) 51
✦ Require Nch ≥ 2 and ignore detector µ ID
different ν and ν̄ topologies. Figure 21 shows that by✦applying
a cut ν < 0.5 GeV we can
Kinematic tagging to select most likely lepton ”candidate” =⇒ 98% taggin
substantially reduce the uncertainties on the flux determination.
This ascut
retains
about
✦ Same kinematic analysis
in NOMAD:
NPB
611 (2001) 3; NPB 700 (200
400,000 µ− pπ + events, which are sufficient to constrain the spectrum for E < 10 GeV.
The use of events on H practically removed hadronic uncertainties from the low-ν flux
determination described in Sec. 3.10.2.
✦ Require Nch ≥ 2 and ignore detector µ ID
ν < 0.5 GeV
✦ Kinematic tagging to select most likely lepton ”candidate” =⇒ 98% tagging eﬃciency
✦ Same kinematic analysis as in NOMAD: NPB 611 (2001) 3; NPB 700 (2004) 51

HiResMν:
Costs and Detector Design
Eﬀect of cross-section uncertainties on flux reduced with ν < 0.5 GeV cut
NO CUT

ν < 0.5 GeV

NO CUT

Eﬀect of cross-section uncertainties on flux reduced with ν < 0.5 GeV
Roberto Petti

USC

R. Petti
University
South
Carolina
ν <of0.5
GeV
Roberto Petti

NO CUT

Figure 21: Top panel: effect of resonance cross-section variations on the determination of
the relative flux from 3 track resonance
interactions
on Workshop
H in STT. Bottom panel: same as
LBNE Near
Detector
the top one but with a cut ν < 0.5 GeV applied.

Columbia SC, December 12, 2009

Roberto Petti

3.10.6

USC

Measuring nuclear effects in STT

Nuclear effects play a major role in all oscillation measurements from the FD. The use of a
heavy Ar target results in a large smearing of the reconstructed particles and energy from
both primary and final state interactions (FSI). Significant uncertainties are associated to the
modeling of such effects (especially on FSI), as can be seen from the wide range of predictions
obtained using different event generators. Understanding the nuclear smearing and
constraining the corresponding uncertainties on the FD analysis require multiple
nuclear targets different from Ar in the ND.
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A unique feature of STT is the capability to include a suite of different nuclear targets.
A complete characterization of the nucleus with A = 40 can be performed by comparing
the Ca and the Ar targets in STT (the LAr target part of ND can also be used). A direct
(model-independent) measurement of nuclear effects in Ar can be obtained from
a comparison with H (no nuclear effects) with both neutrino and antineutrino interactions.
Results can then be validated by comparing Ar predictions with the LAr detector in the
ND complex. In order to determine the elements of the response (smearing) function we
can analyze exclusive topologies and different spectra obtained by selecting primary vertices
located at a different radial distance from the beam axis, as well as different muon kinematics
(e.g. pT and θ).
Additional constraints on nuclear effects can be obtained from dedicated measurements
of various exclusive topologies using the complete suite of nuclear targets (H, (C3 H6 )n , C,
Ca, Ar) available in STT:
• Ratios of cross-sections and structure functions for exclusive and inclusive processes;
QE
ν
(1 trk) in Quasi-elastic topologies;
(2 trk) − Erec
• Difference ∆E = Erec

• Difference between QE cross-sections determined from 1 track and 2 track samples;
• Differences between the 2 and 3 track samples from Resonance production;
• Missing trasverse momentum in exclusive topologies;
• Backward going pions and protons.

4

Summary

We have summarized the detector and physics performance of the STT and answered to all
questions raised during the 3rd ND workshop at CERN (6-7 November 2017).
The STT offers unique advantages, which can significantly improve the
physics sensitivity of the ND complex:
• Timing resolution able to resolve the beam structure & withstand high rates;
• Transition Radiation (TR) capability for the e± identification (π rejection ∼ 10−3 );
• Polypropylene target radiators (C3 H6 )n with high chemical purity allowing a clean
selection of (anti)neutrino interactions on hydrogen (free proton);
• Suite of different nuclear targets (e.g. C, Ca, Ar, etc.) to measure nuclear effects and
the corresponding response (smearing) function;
• 4π detection of π 0 from γ conversions (∼ 50%) within the STT volume;
• Flexible design allowing a variation of the target configuration and mass, with density
0.017 ≤ ρ ≤ 0.1 g/cm3 .
25

The STT has an excellent synergy with the LAr detector within the ND
complex, allowing combined analyses and in-situ validation of predictions (redundancy)
for the FD. We have discussed a few examples of combined LAr and STT analyses and
complementarity.
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