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● I think it is important to parse the physics use case of a pixel based 
LArTPC between the Near Detector and Far Detector
– These are two radically different environments for a pixel based LArTPC and so the 

idea, design, and requirements on the detector are different

– Additionally, the exact details of the physics you want to extract are VERY different 
between the near and far detectors

● e.g. You likely don’t care to make a measurement of neutrino electron scattering in the far detector
– For the most part, the physics case for a pixel based LArTPC near detector has been made (ala ArgonCube)  

DUNE Physics considering Pixel ReadoutDUNE Physics considering Pixel Readout

Near Detector
● High Multiplicity 

environment
● Multiple 

interactions per 
spill

● External (to 
LArTPC) 
detectors to aid in 
measurement

Far Detector
● Low Multiplicity 

environment
● Most of the 

detector sees 
“nothing” during 
an interaction

● Broader set of 
physics goals
than near 
detector 
(e.g. Supernova, 
Proton Decay, 
etc….)

Image Credit: University of Bern Group
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Requirements Requirements 
● Thinking about what are the requirements of a pixel 

based LArTPC, I will use the “Primary Science Drivers” 
as defined in the DUNE Conceptual Design Report 
(CDR: arXiv:1512.06148) as well as the “Guiding 
Principles” for the Far Detector Design (arXiv: 
1601.05471)
– Trying to think about both the detector performance and the 

physical detector requirements to guide the ideas which will help 
us evaluate the viability of a pixel based LArTPC for the DUNE far 
detector

● Will also rely on the most recent DUNE Interim Design 
Report for the Single Phase module (IDR: 
arXiv:1807.10327) to better elucidate the design choices 
which are at the base of the current detector design
–  Includes electronics performance, anode plane assembly (APA) 

quality assurances, photon detection assumptions, etc...



4

Primary Science Program for DUNEPrimary Science Program for DUNE

arXiv:1512.06148

● Additional scientific goals (atmospheric and solar neutrinos, NSI, dark 
matter signatures) are seen as being possible using the detector 
performance requirements for the primary program
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● Primary role of the ND is to provide 
constraints on the oscillation 
measurements and the near to far 
extrapolation
– The difference between 3% and 1% systematic can 

have as much as a 30% increase in the amount of 
required beam time for 5s discovery of dCP

● Such systematic constraints come from a 
suite of high precision measurements that 
must be made in the near detector
– n / n spectra

– Absolute and relative flux
● n-electron scattering
● CC-Coherent Pion 

– Background constraints

– Detector response

● Additionally, given the incredibly high rate 
of neutrino interactions, precision cross-
section measurements can be made using 
ND-data
– Millions of neutrino interactions per year in ND

– Allows for cross-section constraints in the FD

Near Detector ConstraintsNear Detector Constraints
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● Neutrino electron scattering (n-e) gives you one way to 
measure the absolute flux
– Signal is a very forward electron with no other final state particles

● Pure electroweak process with very well known cross-section
● Requires excellent angular resolution and sufficient statistics (detector 

mass)

– Flux shape measurements in this channel under study
● By restricting yourself to high resolution regions (Ereco – Etrue / Etrue < 0.3) 

might be possible to extract flux features

● Measuring the flux using the “Low-n method” 
(En – Elepton ~small) allows you to go after the flux shape

– Cross-section is largely independent of En

– Your uncertainties are dominated by systematics
● Muon energy, Hadronic Energy, theoretical corrections

– Preliminary estimates suggest for a 3% shape uncertainty you will 
need < 20% uncertainty in the theoretical correction, < 15% 
uncertainty in the hadronic energy (neutrons), and 1% precision 
in the muon energy scale

● Coherent Pion Production is another channel which 
will allow you to constrain both the flux and the energy 
scale
– Signal is a muon + pion with no vertex activity

● One of the few channels with identical topology between n and n
● Will require high resolution vertex detection and good resolution on 

the muon and pion momentum

Near Detector ConstraintsNear Detector Constraints

DUNE Work in Progress



7

● DUNE’s sensitivity to the 
oscillation parameters is 
based on fast Monte Carlo 
Detector Response and an 
efficiency based on a 
previous hand-scan of data
– Updated results from DUNE 

shown at Neutrino 2018 using 
fully automated reconstruction 
match (do better) then CDR 
assumptions

● Simultaneous fit to all four 
spectra is used to extract 
oscillation parameters
– An assumed 5% residual flux 

uncertainty expected after 
constraints from the near 
detector 

DUNE Oscillation PhysicsDUNE Oscillation Physics
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ne and ne appearance rates

DUNE Far Detector Oscillation PhysicsDUNE Far Detector Oscillation Physics

nm and nm appearance rates

● These numbers are for ~7 years running 
– (3.5 neutrino mode / 3.5 anti-neutrino mode)
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● Bulk of the signal lives between 1 GeV < En < 5 GeV

– ~ 80% (95%) ne (nm) signal selection efficiency

– < 5% background from NC 

DUNE Far Detector Oscillation PhysicsDUNE Far Detector Oscillation Physics

ne

appearance 

sample 

nm

disappearance 

sample 

Neutrino Beam Mode Anti-Neutrino Beam Mode
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● Uncertainties in both the signal and the backgrounds 
effect the achievable sensitivity at DUNE
– Turning a negative into a positive:Turning a negative into a positive: If we can demonstrate 

smaller backgrounds or better signal measurements with a 
pixel based detector this is where (some of) the physics 
motivation will come from!

DUNE Oscillation PhysicsDUNE Oscillation Physics
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● If a pixel based 
LArTPC can perform 
better in the energy 
scale calculation 
(either from improved 
angular or shower 
energy 
measurements) or 
reduce the amount of 
background in the 
sample (and thus 
reduce the 
uncertainty on the 
background), then 
there might be a 
robust physics 
motivation

DUNE Far Detector Oscillation PhysicsDUNE Far Detector Oscillation Physics
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● One study that was recently highlighted at the DUNE collaboration 
meeting from Patrick Koller (Bern) shows that by using fast timing of the 
ArcLight system (light detection system proposed for pixel based TPC) 
and the modular nature of the pixel readout (smaller optical volumes) 
you can associated fast neutron recoils with the neutrino interaction
– This would allow for a much better reconstruction of neutrino energy using the neutrons

–  If you are looking to obtain the stated energy resolutions of DUNE, this is a very 
promising study

Highlight of some new studiesHighlight of some new studies
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● These measurements depend critically on the 
performance of the energy and angle reconstruction 
of individual particles
– The oscillation parameters are in terms of reconstructed 

neutrino energy which depends on these

DUNE Far Detector Oscillation PhysicsDUNE Far Detector Oscillation Physics

● 1 degree angular resolution for minimum 
ionizing tracks and showers (electron/photon)
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● MicroBooNE nmCC p0 result 
(mBooNE Public Note: 1032) 
shows a reconstructed p0 mass 
peak and compares it with the 
assumptions from the DUNE 
CDR
– Achieves the energy resolution 

needed in the DUNE CDR

– Note: The selection efficiency here is 
~6% to achieve a 64% purity

Current state of the art in LArTPC’sCurrent state of the art in LArTPC’s
LArIAT Preliminary

● LArIAT inclusive p--hadronic cross-
section uses “kinks” in the 
reconstructed pion tracks to 
identify hadronic interaction points
– Optimized tracking algorithm achieves 4 

degree scattering angle resolution on 
pions with kinetic energy between ~400-
1100 MeV

– Note: Not the ultimate sensitivity for 
these tracking detectors, but used to 
identify interaction points
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● In order to achieve the DUNE oscillation measurements a number of 
reconstruction based requirements must be met
– ~ 80% (95%) ne (nm) signal selection efficiency

– < 5% background from NC

– 1 degree angular resolution on electromagnetic showers and MIP like tracks

– 2% + 15%/sqrt(E) energy resolution on showers

– 100 MeV or less kinetic energy threshold on most particle species
● 50 MeV threshold on protons (key for identifying neCC-QE samples)

● These requirements have correlations with each other which I am not 
paying close attention to
– Instead just letting this serve as a flavor of the things we should be thinking of when 

evaluating detector performance and the gains to be made in considering a pixel 
based far detector

● Development in wire based reconstruction is continuing to advance 
the field of LArTPC’s towards achieving these requirements
– Current protoDUNE charged particle test beam run will do a lot to further inform 

these requirements  

Very rough summary (Oscillations)Very rough summary (Oscillations)
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Primary Science Program for DUNEPrimary Science Program for DUNE

arXiv:1512.06148
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● Current nucleon decay channels (as well as nn-oscillation studies) rely on the 
(assumed) high tracking efficiency and particle identification techniques 
available in LArTPC’s
– These are currently being tested in data using the LArIAT experiment for a sample of Kaons and 

anti-protons (which mimic the nn-oscillation signature) 

– DUNE also further studying identification techniques in the far detector

Nucleon Decay ChannelsNucleon Decay Channels

 

LArIAT Data

K+ → μ+ → e+ Candidate

Bragg peak
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● The observation of supernova burst neutrinos during the DUNE era 
represents “discovery” level physics opportunity
– The ability to reconstruct low energy neutrino interactions separate from 

backgrounds that come in a short time window represent a unique challenge for this 
detector technology

Supernova Burst NeutrinosSupernova Burst Neutrinos

Event rates for a 40kT LArTPC for a core collapse supernova at 10 
kpc using charged current (CC) and elastic scattering (ES)
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● The inclusion of nucleon decay searches and supernova 
neutrino detector puts additional requirements on the 
DUNE detector since neither of these processes can be 
externally triggered 
– The energy regime in which these processes occur is also different 

then the energies of the particles coming from beam neutrinos

● The stated requirements for the DUNE detector (DAQ 
and components) from the DUNE CDR and IDR can be 
summarized as follows:
– Zero deadtime (as stated in the IDR)

● CDR requires > 90% uptime

– Self-triggering
● Energy thresholds of ~5 MeV with “high” efficiency
● Handle a total bandwidth of data from all 4 modules of 30 PB/year

– Includes “bursts” from possible supernova candidate (30 seconds full readout)

● Control on natural backgrounds (e.g. Ar39) one key aspect

Very rough summary Very rough summary (nucleon decay and Supernova (nucleon decay and Supernova nn ’s)’s)
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● Another aspect to consider is the individual detector 
components which have to meet certain requirements in order 
to achieve the physics sensitivities outlined above
– For example: The readout electronics must have a sufficient dynamic 

range to detect a 5 MeV electron and record a 1 GeV proton directed at 
the wire planes

● In considering the case for a pixel based DUNE far detector, 
there may be examples where some of the design 
requirements can be more easily achieved when compared to 
a wire based readout
– For example: Achieving the flatness and planarity of the massive Anode 

Plane Assemblies (APA’s) is quite an engineering feat since they have to 
withstand the tension of the wires

● Tileable flat PCB pixel boards could potentially solve this engineering challenge 
quite easily

● In the next few slides I go over just a few example 
requirements that I thought might be of interest when 
considering how a pixel based detector must perform

Hardware/Detector RequirementsHardware/Detector Requirements
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● Since part of the discussion here at this workshop surrounds ongoing 
work with new pixel based readout chips, I thought it would be 
worthwhile to outline the requirements as stated in the DUNE IDR 
(arXiv: 1807.10327)
– < 1000 e- noise requirement

– 20 year expected lifetime for the electronics
● Assumes any design will have the electronics inaccessible in the LArTPC

– Peaking time between 1 and 3 microseconds
● This is particular to the drift time between wire planes

– Adjustable baseline
● Driven by the bi-polar nature of the induction pulse compared to the collection pulse

– ADC Sampling frequency of 2MHz
● Match of the shaping time of 1microsecond (via Nyquist condition)

– Linear response for an input up to 500,000 e-
● Minimizing saturation to less then 5% for beam events 

– Dynamic range of 3000:1
● Implies a 12-bit ADC

– ADC cannot contribute “significantly” to the overall noise

– Power consumption must be < 50 mW / channel
● Lower is seen as more desirable  

Readout Electronic RequirementsReadout Electronic Requirements

Note: I highlight 
requirements which the 
current LArPix chip has 
demonstrated thus far

(Apologies if I missed any)
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● The opacity of the pixel plane means 
different ideas for photon detection will 
have to be explored if this system is to 
be implemented

● Some of this work has been started by 
different groups (ArgonCube 
Collaboration and the Arapuca groups)
– See arXiv: 1711.11409 for summary of the 

ArcLight detector

– Recent pixel based testbeam run (PixLAr) had 
both these systems deployed

● Analysis ongoing

● Other ideas also being pursued in the 
context of the ArgonCube collaboration 
include a wavelength shifting fibers 
coated with TPB (Light Collection 
Module)
– Dubna group continuing tests in collaboration 

with University of Bern
● Preliminary results look encouraging

Light Detection SystemLight Detection System

Pixel PCB w/ ArcLightPixel PCB w/ ArcLight

Light Collection Module (LCM)Light Collection Module (LCM)
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● Current stated photon 
detector system 
performance metrics 
in order to achieve 
DUNE’s primary 
physics goals
– Worth noting that similar 

“requirements” for the 
light detection system in 
the near detector are 
less elucidated

● See talk from 
Patrick Koller (Bern) on 
neutron tagging using 
ArcLight in the near 
detector for example of 
studies to further specify 
what is needed!

Light Detection SystemLight Detection System

arXiv:1807.10327

https://indico.fnal.gov/event/16526/session/47/contribution/103/material/slides/0.pdf
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● The DUNE-APA’s are large 
and heavy assemblies in 
order to accommodate all 
the wire planes under 
tension
– The flatness requirement of the 

APA’s is the same as the wire 
plane spacing (+/- 0.5 mm) so 
the frame needs to be robust

● Moreover, the wiring, 
tension, and testing is a 
non-trival and time 
consuming process
– ProtoDUNE having just 

completed this process will 
have many “lessons learned” to 
hopefully make this process 
easier

Construction of the APAConstruction of the APA

protoDUNE APA under assemblyprotoDUNE APA under assembly
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● One example of “strict controls” that has to be in place in the wrapped wire 
readout of the current DUNE APA’s in the number of consecutive channels 
which are allowed to be non-functioning
– If a wire is found electrically unresponsive it can effect multiple drift volumes

● One unresponsive wire represents a rectangular area of approximately 
4.5 mm x 6706 mm x 3530 mm

– Assuming this is in the middle of the APA

● The same effected pixel channels would represent significantly less detector 
volume
– Assuming the pixel pitch of the same order as the wire plane (~ 4.5 mm) this is only a small 

rectangular volume of approximately 4.5 mm x 4.5 mm x 3530 mm

Construction of the APAConstruction of the APA

APA
 A

ss
em
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CPA A
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em
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CPA A
ss
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UnresponsiveUnresponsive
AreaArea
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● Above was a very rough overview of some of the high-
level requirements on the DUNE far detector in order to 
achieve the “primary physics goals” and a brief review 
of some of the individual component requirements for 
the detector
– More to be said on the requirements for the DUNE near detector in 

order to achieve the constraints on the flux and intrinsic beam 
backgrounds

● Any of the places where a pixel based LArTPC can 
achieve the same or better performance in the 
identification, classification, and reconstruction of 
neutrino events can enhance the physics reach of DUNE
– Studies ongoing and will be presented later today

● Additional thoughts about requirements and places 
where pixel detectors could have greater value are 
welcome!

SummarySummary
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Discussion / Feedback / Questions

Thank you for your attention!
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