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NEUTRON DETECTION IN STT+ECAL

✦ Geometry with the SAND magnetic volume filled with LAr meniscus + full STT
including both CH2 and graphite targets (optimized for “solid” hydrogen concept).

✦ Generated inclusive CC and NC with gsimple+GENIE+edep-sim(GEANT4) and
default RHC beam (Optimized Engineered Nov2017 flux):

● 650k ν̄µ CC interactions randomly distributed within the STT volume;

● 4.9M ν̄µ CC inrteractions randomly distributed in magnet+ECAL+LAr+STT (full SAND).

✦ Default STT fiducial volume (30.3 m3): 20 cm from the ECAL surface:
● Energy thresholds applied on hits/cells: 250 eV in STT and 100 keV in ECAL;

● ECAL (barrel+ end-caps) digitization including light attenuation and photo-statistics.

✦ Detailed comparisons between GEANT4 and FLUKA simulations are in progress
(Lea, Federico, Paola) to understand the differences.
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Figure 49: Geometry of the complete detector with the inner magnetic volume filled by the STT supplemented
by the LAr meniscus, as implemented in the GEANT4 simulations. See text for details.

The results obtained with Geant4, following the dunendggd + edep-sim prescription described in Sec.
4.3.2, are very close to those obtained with Fluka. The muon track reconstruction, as for the Fluka sim-
ulation, is based on STT hits assuming a spatial resolution of 0.2 mm in the bending plane and on the
same event selection described for the Fluka simulation. Applying a circular-fit for the estimation of the
muon momentum pyz and a linear fit for the dip-angle � in the ⇢ � x plane, the total muon momentum is
reconstructed. The results in terms of percentage uncertainties, as �(1/p)/(1/p) = 3.4%, are reported in
Tab. 5. The muon charge misidentification, defined as the ratio between the number of wrong sign charges
and the total number of reconstructed charges, is estimated to be 0.8% in the full momentum range.

5.1.2 Electron Momentum and Angular Resolutions

As for the muon performances, the electron momentum and angular resolutions has been studied by means
of the two - Fluka and Geant4 - simulations. The two codes give very similar results.
Fluka simulation Taking into account the same fiducial volume cut on the interaction vertex - 30 cm from
the walls of the detector - and appying a circular-fit model, a percentage resolution on the electron total
momentum of 5.3% is obtained (Fig. 56, center). As stated in the previous Section, the circular-fit model
does not take into account for the energy loss, and this approximation is evident in the non-Gaussian tail
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Figure 50: STT hit e�ciency as a function of the minimum energy threshold applied to the energy detected in
the active gas of the straws for muon tracks in ⌫µ CC interactions. The gas mixture is Xe/CO2 70/30 operated
at an internal pressure of 1.9 atm. Results are obtained from a GEANT4 simulation.
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Figure 48: Views of the detailed STT geometry implemented in the GEANT4 simulations and described in
Sec. 3.3. The upstream empty space corresponds to the location of the internal LAr target, the first upstream
STT module following the LAr target includes 8 straw layers XXYY+XXYY, the blue modules correspond to
the ones equipped with graphite targets and are interleaved with standard CH2 modules shown in green.

Simulation Target pyz (%) dip-angle (mrad) p (%)

FLUKA LAr meniscus 2.6 ± 0.1 1.67 ± 0.09 2.53 ± 0.08
FLUKA STT 3.1 ± 0.2 1.71 ± 0.04 3.1 ± 0.2
Geant 4 STT 3.50 ± 0.05 1.1 ± 0.1 3.43 ± 0.05

Table 6: Uncertainties in the reconstruction of the muon momentum.

Fluka one, whereas for Geant 4 just the results are depicted.

Fluka simulation - Assuming the DUNE-neutrino beam, two di↵erent data samples have been generated.
In the first sample 104 neutrino interactions are simulated in the LAr meniscus, in the second sample 104

neutrinos interact in the STT volume (mainly in the radiator). In both cases the muon-track reconstruction
is based on the STT hits, assuming a spatial resolution of 0.2 mm on y and x axes and 0.01 mm on z axis
(beam axis).
In order to estimate the detector performances a simplified reconstruction method has been implemented
assuming that the muon track is well identified. The events are selected requiring at least 5 STT hits due to
the muon in the bending plane (y � z view). This cut implies the introduction of a target fiducial volume,
that is the interaction vertex must be at least 30 cm from the walls of the detector. The sagitta method,
the parabola-fit and the circumference-fit have been tested in order to estimate the muon momentum in the
bending plane (pyz). The two fit methods are preferred because they exploit the large number of STT hits
and the circumference-fit results the best one.

Then two other very loose cuts are applied looking at the fit results. One is referred to the reduced-
chisquare value, and the other one requires that the reconstructed Larmor radius is lower than 200 m, which
implies a muon energy lower than ⇠ 36 GeV . After the estimate of the muon momentum in the bending
plane (Fig. 51), the dip angle (�) is measured by the fit of the track in the ⇢� x plane (see F. Ragusa ”An
Introduction to Charged Particles Tracking”, www.mi.infn.it/ ⇠ ragusa/tracking sns 28.05.2014.pdf ).
As a conclusion the reconstructed muon momentum is p = pyz/cos�. Fig.s 52 and 53 show the percentage
error on the measurement of pyz, � and p for neutrino interactions in the LAr and in the STT, respectively.
In Fig. 54 the percentage error on p is shown for di↵erent neutrino-energy ranges. The dependence of such
error on p value is finally summarized in the plots of Fig. 55 both for LAr and STT target interactions.

In the case of the LAr meniscus the reconstructed momentum is compared to the true momentum after
the energy loss in LAr layer. In order to estimate the original muon momentum, the path-length and the
energy loss inside LAr should be taken into account by means of the vertex reconstruction.

For both the samples (LAr and STT) the tracking algorithm can be improved by considering the energy
losses in the STT volume. Up to now we did not update the algorithm because this energy-loss e↵ect is
estimated very small.
Geant simulation -

43

Green: polypropylene (CH2) targets (4.7 t FV)      Blue: graphite (C) targets  (504 kg FV)

https://docs.dunescience.org/cgi-bin/private/ShowDocument?docid=13262
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DEFINITION OF NEUTRON CANDIDATE LIST

✦ Assign a random time stamp within the 9.6 µs spill for each event generated in SAND.

✦ N events in given spill: random from Poisson with mean = average events/spill.

✦ For each genuine ν̄µp → µ+n, overlap (N-1) random pile-up events within SAND.

✦ List of Nn neutron candidates from topological criteria without using MC truth:
● Any disconnected energy deposition/neutral vertex in STT with hits above a threshold of 250 eV;

● Any disconnected cell/neutral cluster in ECAL above a threshold of 100 keV and not reached by
charged tracks extrapolated from STT;

● Multiple neutrons sharing the same neutral cluster merged into a single candidate;

● Neutral clusters accepted as candidate can be originated by particles different from neutrons;

● Timing and position of each candidate given by the earliest hit/cell within the cluster/vertex;

● Smearing according to expected timing (1 ns in STT, 54ps/
√
E ⊕ 50 ns) and position resolution.

Roberto Petti USC
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Definition of neutron candidates from energy deposits above threshold: 
select STT neutral vertices + ECAL neutral clusters (purple and red), 

not connected to any charged track from STT (yellow and green)
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RECONSTRUCTION OF NEUTRON MOMENTUM

✦ Assume target nucleon at rest and a single neutron produced in the final state (ν̄-H).

✦ For each of the Nn neutron candidates reconstruct the 4-momentum:

● Energy of neutron calculated from energy-momentum conservation and measured µ+:

En =
M2

n −m2
µ + 2MpEµ −M2

p

2 (Mp − Eµ+ | p⃗µ | cos θµ)
+Mp − Eµ

● Direction of neutron (line of flight) from line connecting vertex (first µ+ hit) and neutron candidate;

● Smearing from parametrized δpµ/pµ and δθµ (Glukstern + multiple scattering);

● Position of vertex (first hit) and neutron candidate smeared according to expected resolution.

Roberto Petti USC

Figure 74: (✓reco � ✓true)/✓true versus ✓true for neutron detected in the STT at left and in the calorimeter in
the right part. In the bottom plots the global resolution (✓reco � ✓true)/✓true integrated on all ✓true is shown.

center of the calorimeter cell were used and it was applied a smearing of few cm to the true coordinate
along the longitudinal direction of the cell. On the contrary, if the neutron was detected in the STT, the
true hit coordinate was considered due to the very high position resolution of the STT detector. For this
analysis only the quasi elastic interaction of antineutrino on Hydrogen present in the CH2 radiator slabs
placed between the STT modules, were considered. The reconstructed angle distribution versus the true
angle distribution as achieved by Monte Carlo information are shown in Fig.74 for neutron detected in the
calorimeter and in the STT.

As expected the resolution on the angle reconstruction is better for neutron detected in the STT tracker,
even if, as seen in the previous section, here the neutron e�ciency is lower. As it resulted from plot in
the bottom of Fig.74, the distribution of (✓reco � ✓true)/✓true has a FWHM about 1% and about 0.02% for
neutrons detected in the calorimeter and in the STT, respectively. This results is very important since for
quasi elastic interaction on Hydrogen (which is a two body process ⌫̄µp ! µ

+
n) if the muon momentum, the

neutron energy and the neutron angle are well reconstructed the neutrino energy can be directly calculated
by kinematics with very high accuracy.

5.2 Particle Identification

The STT combines a high resolution tracking with an e�cient particle identification throughout its entire
volume. The detector design was optimized for the reconstruction and identification of e± and � since the
most critical measurements in DUNE ND involve e

±: ⌫-e elastic scattering, ⌫e(⌫̄e) CC, ⇡
0
/�, etc.

A unique feature of STT is the availability of Transition Radiation (TR) for the identification of e± with
� > 1000. Figure 75 shows that the use of TR in NOMAD provided a rejection factor of 103 for ⇡ with an e

±

e�ciency of 90% or better [22]. We performed detailed simulations of the TR in the STT modules by using
the code developed by P. Nevski at BNL for the ATLAS TRT detector. Tabl 12 summarizes the average
number of TR photons detected in the straws for 10 consecutive STT modules equipped with radiators
and a 5 mm CH2 target plate (Fig. 12). The presence of the 5 mm CH2 target slab practically decouples
individual STT modules since it absorbs most of the undetected TR photons exiting from the modules. The
dependence of the number of TR photons detected in a STT module (average over 10 consecutive modules)
from the electron energy is shown in Fig. 76.

To this end, it is instructive to compare the STT performance with the corresponding one in NOMAD,
since this latter has been extensively demonstrated with neutrino data. Figure 77 shows that an electron
crossing 17 STT modules (corresponding roughly to a track length of 74 cm) results in about the same
number of detected TR photons as in the complete NOMAD TR detector (9 modules) for E > 1.5 GeV.
However, at lower energies the STT performance is substantially better than the NOMAD one [22], with an
increase in the number of TR photons detected by more than 60% at E=0.5 GeV. We note that the total
length of STT is 4 m and therefore, on average, we expect a substantially better e

± identification than in
NOMAD (Fig. 75) at all energies.

At lower electron energies the use of TR for e
± identification is complemented by the measurement of

56

Angular resolution obtained from FLUKA analysis

STT ECAL

6



TIMING

✦ Event timing randomly generated according to detailed time structure of neutrino spill.

✦ “Measured” time of flight of neutron:

∆t ≡ tn − tvtx

● tvtx measured time of the genuine ν̄µp → µ+n interaction on H from the µ+;

● tn measured time of the neutron interaction in the detector (either STT or ECAL).

=⇒ Discard neutron candidates with −4 < ∆t < 300 ns

✦ Difference with the calculated time of flight of neutron:

∆t′ ≡ ∆t−
d

βnc

● d distance in space between vertex and the interaction point of the neutron;

● βn derived from the calculated energy of the neutron En from 1/
√

1− β2
n = En/(Mnc2).

Roberto Petti USC
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ν̄µp → µ+n on H External events
Primary neutron Secondary neutron

Cut Neutrons ε (%) Neutrons ε (%) Neutrons ε (%)

No cut 0.0143 100.0 0.0654 100.0 8.1548 100.0
Neutron candidate 0.0118 82.5 0.0240 36.7 1.5774 19.3
−2 < ∆t < 300 ns 0.0116 81.0 0.0216 33.0 0.0472 0.6

Roberto Petti USC

Neutrons/spill and selection efficiencies: 
initial background candidates 136 times signal
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REJECTION OF RANDOM PILE-UP NEUTRONS

✦ List of Next external activity regions from the (N-1) pile-up events within the spill:
● Charged tracks in STT or energy depositions in ECAL with connected charged tracks;

● Timing and position of external activity regions from earliest hit within region;

● Some pile-up events without any visible primary activity detected (e.g. absorbed in yoke).

✦ Combine 7 discriminating variables into NN1 to evaluate if each neutron candidate
comes from the signal vertex or from one of the Next external activity regions:

● ∆t with respect to the signal vertex;

● ∆t′ with respect to the signal vertex;

● “Time-of-flight” ∆t2 with respect to the external activity considered;

● Distance in space between the signal vertex in STT and the external activity considered;

● Distance in space between the external activity considered and the neutron candidate;

● β of the neutron candidate with respect to the signal vertex;

● β2 of the neutron candidate calculated using the external activity considered.

✦ NN1 training: background from pile-up neutrons with their own correct external
activity (if detected), signal from primary n on H with random external activity.

Roberto Petti USC
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TAGGING OF THE PRIMARY NEUTRON

✦ No cut on NN1: for each ν̄µp → µ+n event select a single n among the Nn candidates.

✦ For each of the Nn neutron candidates evaluate the Next possible values of NN1 in
combination with all available external activity regions:

● Consider all possible combinations of neutron candidates and external activity regions;

● Find the minimum value of NN1, NNmin
1 , corresponding to the most likely external activity region

to originate the given candidate;

● Among the Nn possible candidates select the single neutron maximizing NNmin
1 .

=⇒ Use NN1 to tag the most likely primary signal neutron

ν̄µp → µ+n on H External events
Primary n Secondary n

Maximum NNmin
1 77 % 16 % 7%

Roberto Petti USC
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REJECTION OF SECONDARY NEUTRONS IN H

✦ Most of the wrong n choices with NN1 from secondary neutrons on H.

✦ Combine 6 discriminating variables into NN2 to evaluate if each neutron candidate is a
primary or secondary neutron within the same H event:

● Minimum value of NN1 among the Next external activity regions;

● Maximum value of NN1 among the Next external activity regions;

● ∆t with respect to the signal vertex;

● ∆t′ with respect to the signal vertex;

● Distance in space between the signal vertex and the neutron candidate;

● β of the neutron candidate with respect to the signal vertex.

✦ NN2 training: background from secondary neutrons on H, signal from primary
neutrons on H with values of NN1 within 0.05.

Roberto Petti USC
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CHOICE OF THE PRIMARY NEUTRON

✦ For each of the Nn n candidates, define a linear combination of NNmin
1 and NN2:

NN ≡ c×NNmin
1 +NN2

● Value of the coefficient c = 4.5 optimized to maximize correct choices of the primary signal neutron;

● Among the Nn possible candidates select the single neutron maximizing NN.

=⇒ Associate one neutron candidate to each ν̄µp → µ+n event

ν̄µp → µ+n on H External events
Primary n Secondary n

Without isolated γ candidates 85.4 % 8.5 % 6.0%
Including isolated γ candidates 83.8 % 10.2 % 5.9%

Roberto Petti USC
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KINEMATIC ANALYSIS

✦ Build complete event kinematics from µ+ and n momentum vectors: p⃗µ, p⃗n.

✦ Likelihood function used to select H signal from C background:

LH
QE =

[

[ pHT , p
m
T , ΦlH , θνT ], ∆En, p

n
L

]

● pHT , pmT transverse momentum of neutron and missing transvrse momentum;

● ΦlH angle between transverse momenta of muon and neutron;

● θνT angle of total visibl momentum with respect to the beam direction;

● ∆En = Eν − | p⃗µ + p⃗n | where Eν calculated from energy-momentum coonservation;

● pnL longitudinal momentum (along beam) of the neutron;

● The square brackets denote multi-dimensional correlations.

✦ Discriminant variable ln of likelihood ratio between H signal and C bkgnd in CH2

=⇒ Background likelihood not re-calculated for random neutrons

Roberto Petti USC
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Distribution of H/C likelihood ratio for H events with 
correct choice of primary n (red) and wrong choice of external random n (blue)

ln�QE ⌘ ln L(H)
L(C)
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Distribution of H/C likelihood ratio for H events with 
wrong choices of secondary n in H (red) and random external n (blue)

ln�QE ⌘ ln L(H)
L(C)
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