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Outline
• Status of the ProtoDUNE-SP performance paper
• What can we learn from ProtoDUNE-SP data beyond the 

performance paper
- Better understanding of the LArTPC technology

- Physics measurements: hadron-argon cross sections

- Push the limit on reconstruction capabilities

- Provide critical information on DUNE far detector
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• Aug. 16, 2019: Overleaf document created
• Dec. 13, 2019: Group review started
• Feb. 28, 2020: ARC review started
……
• Expected future path:
- Collaboration review starts in middle March

- Paper will be submitted by the end of March or early April

Work on the technical paper has started:
“Design, construction and operation of the ProtoDUNE-SP liquid argon TPC”
Gina Rameika is leading the work. A technical team is formed with four people.



Outline of the paper
1. Introduction
2. The ProtoDUNE-SP detector
3. CERN beam line instrumentation
4. TPC characterization
5. Photon detector characterization
6. TPC response
7. Photon detector response
8. Conclusions
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85 pages, 64 figures, 4 tables.



Flavio Cavanna |Jan 30, 2020 CERN Colloquium: 
New technologies for new discoveries5
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And  15 months Cosmic Run 

A muon bundle event.3/4/20 T. Yang | LBNC Review ProtoDUNE-SP 



TPC characterization

• Low noise level
- Coherent noise can be removed

• Excellent signal-to-noise ratio
• Robust reconstruction

- WireCell, Pandora
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TPC response
• Detector response is calibrated using cosmic ray muons. 
• The calibration constants work well on beam particles (muons, pion,

protons, positrons).
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• Developing alterative calibration scheme based on pulser measurements.
- Import for DUNE because of low cosmic-ray rate.



• Very well understood detector response to particles of different 
species. 

• Excellent separation of muons/pions and protons using 
calorimetric information.
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TPC + CE Performance : dE/dx - Ptcl Id

Preliminary Preliminary



Photon detector characterization
• 3 light collectors:

- ARAPUCA, double-shift light guide, dip-coated light guide
• 3 photosensors

- SensL SiPM, two types of Hamamatsu MPPC
• Stable gain
• High signal-to-noise ratio (6-12)
• Efficiencies measured using electron and muon data.
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colors in the plots), the distribution of the detected photons by the cells along the bar exhibits1218

a shower-like longitudinal profile, an indication of the position reconstruction capability of the1219

segmented ARAPUCA module. The number of detected photons is also clearly correlated with the1220

shower energy. The calorimetric energy reconstruction from scintillation light signals is discussed1221

in section 7.1.1222

The response of the light-guide modules (beam side) to beam electrons were also used for e�ciency1223

measurements with beam momenta of 3, 6 and 7 GeV/c, excluding electron data at 2 GeV/c with1224

the modules in APA1 at the farthest distance from the shower and low photon counting. Results are1225

shown in figure 36 (right) for the ten double-shift light-guide modules in APA3 and APA2 and in1226

figure 37 (right) for the nine dip-coated light-guide modules.1227

E�ciency: the photon detection e�ciency was evaluated through 8 independent measurements1228

using muon data and electron data at four di�erent beam momenta, for each element of the PDS (121229

cells in one ARAPUCA module, 15 double-shift light-guide modules and 14 dip-coated light-guide1230

modules of the PDS beam side). By comparing the results, e�ciency estimated from the electron1231

data is found in all elements systematically higher than from the muon data, regardless the energy1232

of the particle [see figures 35 (bottom), 36 and 37, points of di�erent color (energy) tend to overlap1233

but in the right plots (electron data) are systematically higher than in the left plots (muon data)].1234

The systematic di�erence is ascribed to possible bias in the MC simulation at the photon emission1235

stage (e.g., an unaccounted deviation in scintillation yield for GeV-scale electrons and muons with1236

respect to minimum-ionizing particles) and at the propagation stage (e.g., a di�erence due to the1237

computational method used to approximate the number of photons reaching the PD optical window1238

from localized volumes (EM showers) and long tracks (muons)). The mean value from all available1239

measurements h✏ji for the j-th element is taken as the best estimate of the e�ciency of that element,1240

and the standard deviation sj that measures the dispersion around the mean is taken as an estimate of1241

the systematic uncertainty on the e�ciency. The statistical uncertainty, evaluated from the standard1242

errors of the mean numbers of detected and incident photons in the data and MC samples of muons1243

and electrons at di�erent energies, is negligible. Comparing modules or cells of the same type,

Table 4: E�ciencies of the detector technologies in the ProtoDUNE-SP PD system: median value
among detectors of the same type, determined from the average of independent measurements with
beam muons and electrons at di�erent energies.

Detector Type # of elements in PDS E�ciency

ARAPUCA cell 8 ✏̃A = (2.00 ± 0.005stat ± 0.25syst) %
ARAPUCA cell (double area) 4 ✏̃A2 = (1.06 ± 0.005stat ± 0.09syst) %

Double-shift module 15 ✏̃DS = (0.21 ± 0.000stat ± 0.03syst) %
Dip-coated module 14 ✏̃DC = (0.08 ± 0.000stat ± 0.02syst) %

1244

relative variations in e�ciency are within ±6% for the ARAPUCA cells, ±20% for the double-shift1245

modules and greater than ±25% for the dip-coated modules. The median e�ciency value with its1246

statistical and systematic uncertainty from each group of detectors (✏̃A, ✏̃A2, ✏̃DS, ✏̃DC) is selected to1247

characterize the di�erent technologies implemented in the ProtoDUNE-SP PD system. These value1248

are reported in table 4. The overall relative uncertainty on the e�ciency for all detector types is thus1249

– 50 –
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calorimetric response to EM showers 
from LIGHT Signal

single ARAPUCA module
(~0.5‰ photo-sensitive area coverage)
Resolution: 10% @ 2 GeV

Photo-Detector Performance :

Linearity
Observed (first approx) linear response over the 
entire range of energies. 
The slope gives the light yield 𝐿𝑌 =
102𝑃ℎ/𝐺𝑒𝑉
from (only) one ARAPUCA PhDet module, 
relative to a diffused light source (EM shower) 
at a distance of about 3 m

Preliminary
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Electron lifetime
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• Use CRT coincidences to select tracks 
parallel to the wire planes.

• dQ/dx vs drift time -> e lifetime
• This method is not sensitive to the 

space charge effects.
• Lifetime increases from 10 ms to 89 ms

in the last 11 days of beam run. 
• Can use this measurement to “calibrate” 

the purity monitor measurement. 



New CRT data
• CRT was actively used during the beam runs.
• CRT was reactivated in Nov 2019.
- Stability of CRT readout was much improved.

• Three weeks (Nov 6 – Dec 6) of dedicated data taking with CRT 
triggers:
- Detector calibration and stability studies
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Excellent LAr purity.
No electron lifetime correction needed. 
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On-going analyses
• Detector responses
- Improve space charge measurements

- Electron energy resolution

- Electron/photon response

- Michel electron spectrum

• Hadron-argon cross sections
- Inclusive pion- and proton-argon cross sections

- Exclusive channels: pion absorption, pion charge exchange

• Testing new simulation and reconstruction tools
• Focusing on the connection to the DUNE far detector.
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Space charge effects
• Current method measures spatial 

distortion at TPC faces and 
calculates distortion in the bulk 
through interpolation. 

• A novel method is developed to 
measure spatial distortion using 
anode-cathode-anode tracks.

• Spatial distortion is negligible at 
anode
- Reference points to measure

distortion

• Direct measurement of distortion.
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More space charge measurements
• Another approach is to use CRT tagged tracks to measure spatial 

distortion.
• CRT strips provide information on the track muon trajectory.
• Compare the measured distortion in drift direction between this 

method and the standard method. 
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Electron energy measurement in TPC
• Calorimetric measurement of 

electron energy in TPC
• Bias in energy measurement is

well understood:
- Upstream energy loss
- Threshold in hit finding
- Bias from Gaussian fit in hit 

reconstruction
- Pandora reconstruction

inefficiency
- Recombination

• Bias and resolution in 
electron energy measurement 
is critical information for 
DUNE.
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Electron/photon dE/dx
• Measure dE/dx at the beginning of electron or photon.
• 1 GeV beam electrons. 
• Photons from 6 GeV pion interactions.
• Clear e/g separation in dE/dx distributions.
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Michel electron spectrum
• Look for Michel electron hits near the stopping cosmic-ray 

muons. 
• Excellent data and MC Michel energy spectra.
• Goal is to improve the selection and energy reconstruction so 

we can see the shape edge at 53 MeV – reference energy for 
calibration. 
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Figure 16: Michel energy spectrum from ProtoDUNE data and simulation.

[5] W. Foreman et al. (LArIAT Collaboration), arXiv:1909.07920v2 .237
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Electron energy loss profile
• Measure light signal in each of the ARAPUCA cell for electrons of different energies. 
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designed to convert incident LAr scintillation photons (around 128 nm, in the Vacuum-UVrange)
into longer wavelength photons using photofluorescent compounds as wavelength shifters(WLS).
Visible light is trapped within the module, a portion of which is eventually incident on an array of
silicon photomultiplier photo-sensors.

1.1 The ARAPUCA PD modules

5 876 94321 432 10 11 12 13 14 15 16

ARAPUCA Cell #

Readout 
end

Figure 1. ARAPUCA PD moudule. The detector is organized in two groups of cells. The first 8 cells host
12 MPPC devices and each cell is read by a single channel. The second group of 8 sub-cells host 6 MPPC
devices each one and a single channel reads two sub-cells. As result we have 12 channels, each one read 12
MPPC, arranged in 8 cells of 9.8 ⇥ 7.9 cm2 and 4 cells of 2 ⇥ 9.8 ⇥ 7.9 cm2 sensitive area.

Two of the 60 PD modules are ARAPUCA modules [2]. One is located in the top half of
the upstream APA in the beam side drift volume. A second is located in the middle of the APA
in the center of the opposite drift volume. The ARAPUCA modules are segmented longitudinally
in 12 cells with independent read-out, 8 with 9.8 ⇥ 7.9 cm2 optical area and 4 with double area
(19.6 ⇥ 7.9cm2). The ARAPUCA cells convert incident VUV photons into the visible range using
pTP (p-terphenile, ⇠ 350 nm) as first WLS, then a dichroic filter window (400 nm cuto�) reflects
photons from a second WLS (TPB, tetra-phenilbutadiene, ⇠ 430 nm) inside the cell underneath the
window and prevent them from exiting until detected by the photo-sensors distributed inside the
cell. Each cell of the ARAPUCA modules has 12 (6⇥ 6 mm2) Silicon photo-sensors of Hamamatsu
MPPCS13360-6050 (50µm pixel size) - the CQ-type (Quartz windowed for Cryogenic application),
distributed in the plane opposite to the cell optical window, for a total of 144 photo-sensors in the
ARAPUCA module (12 cells). Each cell of the ARAPUCA modules is read-out by one channel (12
MPPC per channel). The readout system transmits unamplified signals from the photo-sensors in
LAr to outside the cryostat on cables, and performs processing and waveform digitization. Based
on the photon detector system requirements, a dedicated custom module was built for receiving
silicon photo-sensor signals, and performing signal processing in the front-end as preprocessing for
trigger and DAQ. The module is called the SiPM Signal Processor (SSP) [3].

2 H4-VLE Beam Line Instrumentation

The ProtoDUNE-SP TPC is located in a tertiary extension branch of the H4 beamline in the CERN
North Area. The primary proton beam with a momentum of 400 GeV/c is extracted from the
CERN Super Proton Synchrotron (SPS) and is directed towards a beryllium target, producing a
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Shower max as a function of electron energy can be used to determine critical 
energy and radiation length in liquid argon. 

More details in FERMILAB-CONF-20-008-ND.
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Hadron-argon cross sections
• Hadron-argon cross sections provide critical information to final state 

interaction (FSI) in neutrino-argon interactions.
- Collaboration with neutrino generator experts has started. 

• Inclusive pion-argon and proton-argon cross sections
- Elastic scattering and inelastic scattering

• Exclusive channels
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Pion absorption
• The primary process for pion absorption on heavy nuclei is thought to be the 

absorption on two nucleons

- p+nn→pn, p+pn→pp

- Final state interaction will change the number of nucleons seen in the TPC

• Event selection: only protons in the final state (no charged or neutral pions)
- CNN track/shower ID to remove g, c2 PID to remove charged pions
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Improvement on simulation
• A simulation task force was formed
- Improved interface to Geant4 through refactorization of code.

• A connection with the Geant4 community is established

- Wire-Cell detector simulation
• Improved detector response simulation: realistic response functions, 

induced charge on neighboring wires

• The simulation tuned with ProtoDUNE data will be used in DUNE far 
detector simulation. 
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Testing reconstruction tools
• The high-quality of ProtoDUNE-SP data are ideal to test 

reconstruction tools that will be used in DUNE.
• One powerful tool is to use convolutional neural network (CNN) 

to separate track and shower hits.  

• Also in collaboration with ML experts to develop new tools
- Using TensorRT improves CNN speed by a factor of 14!
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Conclusions
• ProtoDUNE-SP performance paper is currently under review 

and will be submitted soon. 
• ProtoDUNE-SP have a very strong and effective analysis team 

that will deliver many more results:
- Improving the understanding of LArTPC technology

- Physics measurements: hadron-argon cross sections

- Valuable information for the future DUNE reconstruction and data 
analysis.
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