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Workshop goals 
From the Indico page
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Search

DUNE will operate two prototypes for the far detector at CERN: the protoDUNE Single Phase and protoDUNE
Dual Phase.

The workshop goals are to:

provide well-defined parameters of the beam (particle types, rates, momentum resolution, PID) to
execute a successful measurement programme
identify a prioritized list of measurements and analyses and a plan to develop the required tools and
analysis algorithms
define and discuss benchmark measurements to evaluate the detector performance

Pease, see the list of considered tasks for the protoDUNE measurements which will be discussed during the
workshop (spreadsheet attached in the Material section at the bottom of this page). Note, that
measurements dedicated to support DUNE Far Detector physics should allow to develop calibration
procedures and ways of addressing detector-specific effects which will be then used on FD data. We would
like also to asses MC models themselves using protoDUNE data.
The list is evolving and updated already now, if you have comments or additions, please send us your
contribution.

The workshop is meant to engage wider participation in the efforts of the protoDUNE science measurements
and related areas. We welcome experts and newcomers to help shape the protoDUNE science program and
prepare readiness for data analyses.

We anticipate to dedicate the 1st day to a broader discussion and gradually become more focused
throughout the workshop to achieve the above goals. We are also planning to start or continue work on
several analyses and have experts attending the workshop to provide hands-on instructions.

Fees: We don't charge fee for this workshop, but that also means that meals are not covered.

Dates: from June 28, 2016 08:00 to June 30, 2016 18:00

Timezone: Europe/Zurich

Location: CERN
Room: 3150-R-002 (June 28) 42-3-002(June 29-30)

Chairs: Dr. Nowak, Jaroslaw
Naples, Donna
Kutter, Thomas
Dr. Lin, Cheng-Ju
Stefan, Dorota

Material: Measurements task list

Additional
info:

In order to enter CERN sites you need access card. It can be a short term visitor 
card, or you may want to register yourself as a CERN user and obtain long term 
access and personal computing account (e.g. required for using local LArSoft 
installation during the workshop).

To register as a user, please see instructions. If visitor access is enough for you, 
please inform Dorota (dorota.stefan@cern.ch) and she will apply for the card for 
you.

indico will be unavailable on Saturday June 25, 2016 between 9:00 AM and 10:0 AM, CST for maintenance (Red Hat OS patches)
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• This talk aims to contribute to these goals, from the perspective of 
Nucleon Decay and Atmospheric Neutrino Physics at DUNE



ProtoDUNEs measurements for Nucleon Decay 
Physics
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NDK searches: where do pDUNEs measurements enter?
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τ/B = np/n⋅ε⋅Mt / (Nobs - Nbgr) 
• np/n: number of p or n per unit mass [1 / kton] 
• ε: signal detection efficiency [1] 
• Mt: detector exposure [kton⋅yr] 
• Nobs-Nbgr: (upper limit on) number of signal events [1] 
• τ/B: (lower limit on) partial lifetime sensitivity [yr]

• ProtoDUNE measurements will affect ε, Nbgr estimates through: 
• π-Ar and K-Ar cross section measurements 
• Track/shower reconstruction performance 
• Particle ID performance 

• ProtoDUNE data may also permit to refine NDK event selection in a LAr-TPC



K±-Ar and π±-Ar cross section measurements
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• Tune hadron-nucleus interaction models in NDK generator (GENIE) and detector 
simulation (Geant4) 
• Understand irreducible signal efficiency losses, affect background rates 

• Not just total cross sections, but exclusive measurements needed 
• absorption, charge exchange, inelastic, elastic 

• Particularly interested in 0.1-0.5 GeV/c incident meson momenta 
• Caveat: LArIAT is a better match in momentum for this

61

Total Total pp-Ar Cross-Section -Ar Cross-Section 
Adding on Systematics

Systematics Considered Here
dE/dX Calibration: 5%
Energy Loss Prior to entering the TPC: 3.5%
Through Going Muon Contamination: 3%
Wire Chamber Momentum Uncertainty: 3%

π- - Ar total cross section 
LArIAT FNAL W&C, April 2016 

(J. Asaadi)

pDUNEs: need measurement of low-
momentum K±-Ar and π±-Ar cross 
sections. Cross-check LArIAT



Track/shower reconstruction performance 
Single-particle reconstruction efficiencies, resolutions
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Proton Decay, p → K+ ⌫̄
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K+ momentum distribution and tracking 
efficiency in p → ν ̅K+ MC (A. Higuera)
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Proton Decay, p → K+ ⌫̄

What can we achieve “out of the box” with the current reconstruction for this !
particular analysis!
!
Generate 10K p-decay events with full reconstruction (Gabriel Santucci)!

K+

µ+
e+

Bueno et al. (JHEP 0704 (2007) 041 ) !
Estimate a 96.8% efficiency for Kaon ID

• Single-particle momentum/angular 
resolutions not so important, considering 
nuclear Fermi motion  

• Single-track efficiencies very useful to 
validate

pDUNEs: measure single-particle 
reconstruction efficiencies in LAr-TPC 

as similar as possible to DUNE FD



Track/shower reconstruction performance 
“Multi-particle” reconstruction for NDK signal
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Examples: 
• K0S→π+π- in p→μ+ K0 

• π0→γγ in p→e+ π0 
• η→γγ, 3π0 in p→e+ η

18

Nuclear Effects and Final State InteractionsNuclear Effects and Final State Interactions

April 8
th
 2016                   FNAL Wine and Cheese Seminar | J. Asaadi  | UT Arlington                            

LArIAT Data

Candidate p±→ p0 charge exchange

LArIAT Data

Candidate p± absorption with ejected protons

● Utilize LArIAT data to: 

– Tune hadron-nucleus 

interaction models Geant4 

and neutrino generators

– Study reconstruction 

systematics and calorimetry

● Features are important 

to n-oscillation 

experiments

– Constrain features of the 

n-interaction channels for 

oscillation

– Cross-section systematics 

begin to dominate for 

precision oscillation 

measurements

LArIAT FNAL W&C, April 2016 
(J. Asaadi)

pDUNEs: use pion charge exchange 
events to understand invariant 

mass and vertex reconstruction?

• Invariant mass and vertex reconstruction 
important, since many NDK searches 
involve reconstructing decays of neutral 
particles

• Vertex/position resolution also needed to 
quantify signal efficiency due to fiducial 
requirement

• “Multi-particle reco”: reconstruction of observables involving multiple particles 
• Examples: invariant mass of 2-body system, decay vertex position



Track/shower reconstruction performance 
Cosmogenic background to NDK
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• Understanding position resolution also important to suppress cosmogenic backgrounds

Background for proton decay 

!  Kaon momentum 340 MeV (Ekin=106 MeV) smeared by Fermi motion 
and intra-nuclear scattering. 

!  Kaon ID and energy from dE/dx and range (see Antonello et al. Adv. 
High Energy Phys. (2013) 260820). 

!  Assume perfect kaon reconstruction. 
!  Cut on the energy deposition. 

DUNE Collaboration Meeting, 13/01/2016 Sheffield Group 3 

Matt Robinson, Vitaly Kudryavtsev, Karl Warburton
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 filtered muons8Charged Kaon Spectrum, 10
Total energy deposition (7265)
With Kaon track (611)
and One Kaon track in event (218)
and No Muon track >20 cm (119)
and No hits within 2 cm of walls (1)

 filtered muons8Charged Kaon Spectrum, 10

6

Cosmogenic backgrounds to 
 p → ν ̅K+ (M. Robinson)



Particle ID performance 
dE/dx of stopping particles 
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• Understand PID performance (ID efficiencies, 
mis-ID rates) based on dE/dx of stopping 
particles 

• Several separations needed: e/μ/π/K/p 

• What mis-ID rates can we tolerate? 

• Need better understanding of NDK 
backgrounds from mis-reconstruction via full 
MC study within NDK WG (6 months away?)

Background for proton decay 

!  Kaon momentum 340 MeV (Ekin=106 MeV) smeared by Fermi motion 
and intra-nuclear scattering. 

!  Kaon ID and energy from dE/dx and range (see Antonello et al. Adv. 
High Energy Phys. (2013) 260820). 

!  Assume perfect kaon reconstruction. 
!  Cut on the energy deposition. 

DUNE Collaboration Meeting, 13/01/2016 Sheffield Group 3 

K/μ separation in ICARUS

pDUNEs: characterise dE/dx vs range in 
LAr-TPC as similar as possible to DUNE FD
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Particle ID performance 
e/γ separation

• e/γ separation also important, since many NDK searches involve electrons and 
gammas simultaneously  

• Example: p→e+ η, η→γγ

pDUNEs: measure e/γ separation performance. Photon-
initiated showers from electron bremsstrahlung events?

20

e/e/gg  Discrimination Discrimination

April 8th 2016                   FNAL Wine and Cheese Seminar | J. Asaadi  | UT Arlington                            

LArIAT data LArIAT data

Photon-initiated shower candidate

Electron-initiated shower candidate

 First few cm are used to separate electron-initiated from photon-initiated 
showers (single vs. double ionization)

 Direct experimental measurement of the (MC-estimated) separation 
e9ciencies and purities

 Enable development of reliable separation criteria/algorithms in the LArSoft 
o:ine reconstruction code

Important for oscillation experiments: support measurement of the low-
energy e-like excess from MiniBooNE (primary goal of MicroBooNE), and for 
DUNE separation of �e CC signal from NCp0 background

20

e/e/gg  Discrimination Discrimination

April 8th 2016                   FNAL Wine and Cheese Seminar | J. Asaadi  | UT Arlington                            

LArIAT data LArIAT data

Photon-initiated shower candidate

Electron-initiated shower candidate

 First few cm are used to separate electron-initiated from photon-initiated 
showers (single vs. double ionization)

 Direct experimental measurement of the (MC-estimated) separation 
e9ciencies and purities

 Enable development of reliable separation criteria/algorithms in the LArSoft 
o:ine reconstruction code

Important for oscillation experiments: support measurement of the low-
energy e-like excess from MiniBooNE (primary goal of MicroBooNE), and for 
DUNE separation of �e CC signal from NCp0 background

• Possible from dE/dx at shower beginning (first few cm): single vs double ionisation 



Prioritized list of pDUNEs measurements for NDK physics  
For discussion
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1.Particle ID performance

3.π±-Ar and K±-Ar cross section measurements
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• PID from dE/dx of stopping particles. Full e/μ/π/K/p separation 
• e/γ separation 
• Muon charge sign

• Few 100 MeV kinetic energies

2.Track/shower reconstruction performance
• Single-particle reconstruction efficiency 
• Decay vertex reconstruction 
• Invariant mass in neutral particles’ decays



ProtoDUNEs measurements for Atmospheric 
Neutrino Physics
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Atmospheric measurements: νμ→νe channel
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Goal: measurement of MH 
and other oscillation 
parameters

Neutrino is reconstructed as 
lepton plus hadronic system 
as a whole

Need to measure at least: 
• lepton flavor = e 
• energy (e + h) 
• direction (e + h)



Atmospheric measurements: νμ→νμ and νμ→ντ  channels 
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νμ disappearance ντ appearance

Goal: measurement of MH and other 
oscillation parameters, test of flux models

Need to measure at least: 
• lepton flavor = μ 
• energy (μ + h) 
• direction (μ + h)

Goal: unitarity tests

Need to measure at least (focus on 
inclusive hadronic channels): 
• π± ID 
• energy 
• direction



Hadron multiplicities in atmospheric neutrinos
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• Invariant mass distribution 
from atmospheric neutrino flux

• 1-5 hadrons in final state 
typically expected

T. Katori, S. Mandalia, arXiv:1412.4301



Detector performance assumptions 
From lbne-doc-7184
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Angular Resolution Electron 1 deg
Muon 1 deg

Hadronic System 10 deg
Energy resolution Stopping muon 3%

Exiting muon 15%
Electron 1%/√E + 1%

Hadronic system 30%/√E
Signal Acceptance Electrons 90%

Muons 100%
Background rejection e-like (π0, γ) 95%

μ-like (π+, π-) 99%



MH sensitivity versus detector performance 
From lbne-doc-7039
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Impact of hadrons on atmospheric neutrino physics

• Since hadrons are the most difficult part of the event to measure, they dominate our 
resolution in neutrino energy and angle 

• For the MH measurement, we are talking about hadronic systems with few 100 MeV - 
few GeV 

• Caveat: neutrino-induced hadronic showers will be different from those produced by 
single particle test beams 

• However, the same nuclear models to simulate the former can be applied to the 
latter (ie, run GENIE in hadron-scattering mode) 

• Understanding the level of agreement in test beam data will be crucial for validating 
at least part of the models

18

pDUNEs: need measurement of energy and direction resolutions 
for hadrons. Study of multi-hadron final states important



Bonus: neutrino/antineutrino separation in atmospherics
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Separating neutrinos from antineutrinos would greatly enhance DUNE’s sensitivity to MH

• Full separation could be achieved with B-field. In non-magnetised detector as DUNE, 
statistical discrimination still possible with proton tag or decay electron tag

neutrino: νμ + n → μ- + p 
capture

e- + νe̅ + νμ

↳
↳

75%

25%

antineutrino: νμ̅ + p → μ+ + n 
e+ + νe + νμ̅↳100%

Tag Efficiency

Proton 100% if p KE > 50 MeV 

Decay electron 25% μ-, 100% μ+

pDUNEs: need measurement of p 
and decay e tagging efficiencies

[Fechner and Walter, JHEP 0911 (2009) 040]



Atmospherics and interaction models 
From Y. Hayato’s talk at ANW’16
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pDUNEs: need 
measurement of π±-Ar 

and p-Ar cross sections

• http://indico.universe-cluster.de/indico/conferenceDisplay.py?ovw=True&confId=3533
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Prioritized list of pDUNEs measurements for atmospherics physics 
For discussion

1.Track/shower reconstruction performance
• Energy and direction resolution for single hadrons  
• Energy and direction resolution for multi-particle hadronic system 
• Reconstruction efficiency 
• Vertex resolution 
• Lepton track sense (up/down)

2.Particle ID performance
• Efficiencies and contamination for e / μ, e / γ, μ / π separation 
• Particle / anti-particle ID via decay electron and proton tagging efficiencies

3.π±-Ar and K±-Ar cross section measurements
• Few 100 MeV - few GeV kinetic energies
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pDUNEs measurements for NDK/Atmospherics 
Summary of priorities (tentative)
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Physics topic h-Ar xsecs Track/shower reco Particle ID

NDK √ √ √ √ √ √

Atmospherics √ √ √ √ √ √ 



ProtoDUNEs datasets and non-TPC 
instrumentation
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ProtoDUNEs test beam requests 
From SP proposal, DP TDR
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Particle Momenta (GeV/c) Sample Purpose
Size

⇡+ 0.2, 0.3, 0.4, 0.5, 0.7, 1, 2, 3, 5, 7 10k hadronic cal, ⇡0 content
⇡� 0.2, 0.3, 0.4, 0.5, 0.7, 1 10k hadronic cal, ⇡0 content
⇡+ 2 600k ⇡o/� sample

proton 0.7, 1, 2, 3 10k response, PID
proton 1 1M mis-ID, PD, recombination

e+ or e� 0.2, 0.3, 0.4, 0.5, 1, 2, 3, 5, 7 10k e-� separation/EM shower
µ� (0.2), 0.5, 1, 2 10k E

µ

, charge sign
µ+ (0.2), 0.5, 1, 2 10k E

µ

, Michel el.,charge sign
µ� or µ+ 3, 5, 7 5k E

µ

MCS
anti-proton low-energy tune (100) anti-proton stars

K+ 1 (13k) response, PID, PD
K+ 0.5, 0.7 (5k) response, PID, PD

µ, e, proton 1 (vary angle ⇥5) 10k reconstruction

Table 1: Requirements summary for particle types and momenta. The sample size
column indicates the number of particles for each momentum point. Items in parenthesis
indicate lower priority (see text).

2.3 Detector physics validation tests
The measured energy deposition for various particles and its dependence on the direction
of the particle will be used to tune Monte Carlo simulations and allow improvements
to reconstruction of neutrino energy and interaction topologies. Measurements of the
response to charged particles and photons with the DUNE-PT will extend and be com-
plementary to measurements made with other smaller detectors, such as LArIAT [10]
and CAPTAIN [11].

2.3.1 Shower calibration

Accurate measurement of neutrino energy will require reconstruction of both electromag-
netic and hadronic showers. Reconstruction of hadron energy in these energy ranges will
require knowledge of the fate (interact, decay, or stop) of the initiating hadron (⇡+/�, p,
or K+/�). For the case of interacting hadrons the composition of secondaries will need
to be determined to characterize the response. These will include neutrals and particles
which deposit energy electromagnetically (⇡o, �), as well as secondary hadrons. The test
beam with known incoming particle type and momentum will be used to characterize
interacting hadrons in this energy range.

Fig. 5 shows the fraction of true energy deposited by interacting protons with 1 GeV/c
(left) and 3 GeV/c (right) incident momenta simulated using FLUKA particle transport
code [12]. Interacting protons (65% of the 1 GeV/c sample) are selected. For this
study, visible energy is summed using hit information with corrections applied for the
lifetime of the drift electrons (No attempt is made to correct for recombination effects
or electromagnetic shower fractions). The resulting energy deposition in the two cases
cannot be accurately characterized by an average shower calibration factor. Monte Carlo

14
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FIG. 155: Top view of the layout of LBNO-DEMO (LAGUNA-Proto and MIND) in the EHN1 building and
its extension.

FIG. 156: Side view of the layout of the LBNO-DEMO (LAGUNA-Proto and MIND) in the EHN1 building
and its extension.

TABLE XIX: Requirements for particles and their momenta. The particle rate here is the rate within a spill,
regardless of the spill length, slow extraction is assumed.

Type Momentum [GeV/c] Rate [kHz] Total Time est. [hrs]
Muon tracks

µ+�− 0.8, 1.0, 1.5, 2.0, 5.0, 10.0, 20.0 0.1 5 × 106×14 200
Shower reconstruction

⇡+�− 0.5, 0.7, 1.0, 2.0, 5.0, 10.0, 20.0 0.1 5 × 106×14 200
e 0.5, 0.7, 1.0, 2.0, 5.0, 10., 20.0 0.1 5 × 106×7 100

pDUNE-SP 
(DUNE-doc-186)

pDUNE-DP 
(arXiv:1409.4405)



Beam datasets 
Particle types and momenta

• Specific comments: 

• K+ beams would be valuable. Not just K+ non-
interacting events. Also K+ charge-exchange 
events to study K0S decay topologies
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Figure 3: A CNGS muon neutrino CC event (top) and a low energy NC neutrino interaction (bottom) recorded in ICARUS T600.

physics potentials offered by its high granularity imag-
ing and extremely high resolution will address already
with the T600 detector both underground physics and
long base-line and high precision neutrino physics. In
particular ICARUS-T600 will allow with few year data
taking to study the atmospheric neutrino oscillations in
the most relevant region of the spectrum below 200
MeV and investigate the nucleon stability with a new
complete different way than the present experiments. In
fact the T600 detector is well suited for nucleon decay
channels not accessible to water Cherenkov detectors
due to the complicated event topology, or because the
emitted particles are below the Cherenkov threshold like
in n→ e−K+ channel.

The ICARUS-T600 detector is presently taking data
receiving the CNGS neutrinos from CERN-SPS for
νµ → ντ oscillations and sterile neutrino searches,
smoothly reaching optimal working conditions. Data
analysis of the recorded events is already on-going. The
ICARUS experiment at the Gran Sasso Laboratory is
so far the most important milestone for the LAr-TPC
technology and acts as a full-scale test-bed located in a
difficult underground environment.

[1] C. Rubbia, The Liquid-Argon Time Projection Chamber: A new
Concept for Neutrino Detector, CERN-EP/77-08 (1977).

[2] S. Amerio et al. [ICARUS Collab.], Nucl. Instr. and Methods
A527 (2004) 329.

[3] A. Ankowski et al. [ICARUS Collab.] Nucl. Instr. and Meth.
A556 (2005) 146.

[4] A. Ankowski et al. [ICARUS Collab.], Acta Phys. Polon. B41
(2010) 103.

[5] A. Ankowski et al. [ICARUS Collab.], E. Phys. J. C48, (2006)
667.

[6] F. Arneodo et al.[ICARUS Collab.], ICARUS initial physics
program, LNGS P28/01, LNGS-EXP 13/89 add. 1/01; Cloning
of T600 modules to reach the design sensitive mass, LNGS-EXP
13/89 add. 2/01.

A. Guglielmi / Nuclear Physics B (Proc. Suppl.) 229–232 (2012) 342–346346

• μ+ vs μ- beams to study decay electron tag efficiency 

• π± beam data sets over extended momentum range valuable, covering from 
single track topologies to hadronic showers 

K+n→K0p charge exchange

~10 GeV νμ CC 
interaction in ICARUS

Overall, initial test beam request from pDUNEs is a 
good match to NDK/Atmospherics physics goals



Beamline instrumentation 
Momentum resolution

• Current pDUNEs goal to measure momentum of incoming particles with 1-5% 
accuracy should be sufficient for NDK/Atmospherics purposes

26

Ideally, beamline instrumentation should provide better momentum and PID 
selection/measurement compared to the ones we wish to perform in pDUNEs



Beamline instrumentation 
PID

• PID requirements for NDK/Atmospherics still to be quantified. Preliminary numbers: 

• (e+μ+π) / K / p separation with >99% purity (and >99% efficiency) via dE/dx from 
Bueno et al. (arXiv:0701101) assumptions for NDK searches

27

Ideally, beamline instrumentation should provide better momentum and PID 
selection/measurement compared to the ones we wish to perform in pDUNEs

Current pDUNEs goal to provide >3σ π/K separation over full momentum 
range should be maintained, even if for only a subset of events

• LBNE atmospherics studies assume 99% π± suppression in μ-like sample

• Also need “good” (tbd) e / μ / π separation

Possible to limit muon contamination in π± datasets to 1% at most?



Photon detector system
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How&much&light&do&we&need?
• Assume%0.32%%detector%
efficiency,%5%PE%threshold%
summed%across%all%PDs.

• Look%at%proton%decay%or%
atm.%neutrinoblike%energy%
depositions.

• Good%efficiency%(>99%)%
across%the%whole%detector.
– Seeing%~80%photons%from%
the%far%side%of%the%detector.

• Note:%basically%a%calculation,%
not%a%full%event%simulation%
and%reconstruction!

29

Early + Late 99% avg.
Early only 96% avg.

200&MeV&Evis
~proton&decay&or&

atmospheric&neutrino

• Slide from Alex 
Himmel for DUNE FD

pDUNEs: validate MC 
expectations for 
PDS light yields



Cosmic-ray sample 
And related instrumentation

• Instrumentation enabling cosmic ray muon sample very useful for pDUNEs calibration 

• May also provide information for NDK/Atmospherics/Cosmogenic physics that is 
complementary to beam data samples 

• Photon detector system trigger efficiency vs deposited energy, position 

• Neutrons?

29



Summary

30



Summary

• Have tried to provide a prioritized list of pDUNEs measurements of 
particular relevance for Nucleon Decay / Atmospheric Neutrino Physics 

• Started to think about pDUNEs beam requirements from NDK/
Atmospherics point of view. To be made more quantitative  

• Natural for people involved in NDK/Atmospherics/Cosmogenic Physics 
WGs to also be involved in related pDUNEs analyses 

• TPC PID performance, hadron track/shower reco, charge sign 
discrimination, photon detector light yields, etc.
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