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peer-reviewed publications

The DUNE Collaboration
• 1400+ collaborators

• 200+ institutions across 30+ countries

• 30+ peer-reviewed publications
• Many more in preparation!

Design of DUNE
• Broad-band neutrino beam at Fermilab

• 1.2 MW—upgradeable to > 2.0 MW

• 1300 km baseline

• Near detectors: suite of technologies, off-axis capabilities

• Far detectors: Liquid Argon Time Projection Chambers
• Total mass: 𝟒 × 𝟏𝟕, 𝟎𝟎𝟎 tons

Adapted from T. Stokes
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Adapted from UKRI PPD: DUNE

https://inspirehep.net/literature?sort=mostrecent&size=250&page=1&q=collaboration%3ADUNE&doc_type=published&ui-citation-summary=true&ui-exclude-self-citations=true
https://www.ppd.stfc.ac.uk/Pages/DUNE.aspx


What is DUNE?
• Goals of DUNE

• Extract 𝜈 oscillation parameters: 𝛿𝐶𝑃 & mass ordering
• First measurements will be rendered using atmospheric 𝝂s

• Search for BSM physics (baryon number violation)

• Implications of DUNE
• Precision 𝑈PMNS, lepton universality, 𝜏 production, BSM/NSI 

constraints, calibrations, cross sections (ND)

• Features and Challenges
• 𝝂𝐛𝐞𝐚𝐦: timing, broadband (~1-5GeV) energy, known direction
• 𝝂𝐚𝐭𝐦: no timing, even broader energies, ~unknown direction

• Backgrounds for rare processes:  𝒑 → 𝑲+ ത𝝂   and   𝒏 → ഥ𝒏

Ghosh et al. Eur. Phys. J. C (2016)76

Atmospheric 𝝂s 
immediately!

Signal and Background!

3
FD: 4 × 17kt total 4 × 14kt active Adapted from UKRI PPD: DUNE

https://link.springer.com/article/10.1140/epjc/s10052-016-3962-7
https://www.ppd.stfc.ac.uk/Pages/DUNE.aspx
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Adapted from UKRI PPD: DUNE

Atmospheric 𝜈s immediately!
~𝟐𝐲𝐫𝐬 data taking

before beam!

Far Detectors located on 4910′ level at SURF
• Excellent shielding to cosmogenic events—quiet!

• ~1000 cosmics/𝐝𝐚𝐲 in single FD module
• Compare to ~1000 cosmics/𝐬 in MicroBooNE!

 

Atmospheric 𝜈s: first ≳ 2 yrs DUNE 𝜈 data!

DUNE Collaboration Meeting
May 2024
Fermilab

DUNE Far Detector caverns
100% complete!

deployed in phases

https://www.ppd.stfc.ac.uk/Pages/DUNE.aspx
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𝑒+𝑒− production

𝐌𝐈𝐏 × 𝟐𝐌𝐈𝐏 × 𝟏

V. Meddage APS April 2019

Liquid Argon Time Projection Chambers

Adapted from B. Yu, H. Wei, and J. H. Jo

First HE cap K to the plus  cross section

• 𝛾/𝑒 discrimination
• Tracks and gaps

• Low KE hadron thresholds
• Directly reconstruct 𝑲±

• DUNE’s technology
• ICARUS, MicroBooNE, SBND
• ProtoDUNE operational!

• ~1kt prototype at CERN
• First HE 𝐾+ cross section

• 40Ar as nuclear target and 

detector medium

• Ionization of LAr for track 
and shower reconstruction
• Charge drifts via high 𝐸 field
• mm-scale resolution
• 𝑑Q/𝑑𝑥~𝑑𝐸/𝑑𝑥 for calorimetry

https://absuploads.aps.org/presentation.cfm?pid=15281
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.092011
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Liquid Argon Time Projection Chambers

𝑒+𝑒− production

𝐌𝐈𝐏 × 𝟐𝐌𝐈𝐏 × 𝟏

Two EM showers
𝜋0 → 𝛾𝛾

𝜋0

𝒑?

V. Meddage APS April 2019Adapted from B. Yu, H. Wei, and J. H. Jo

First HE cap K to the plus  cross section

• 𝛾/𝑒 discrimination
• Tracks and gaps

• Low KE hadron thresholds
• Directly reconstruct 𝑲±

• DUNE’s technology
• ICARUS, MicroBooNE, SBND
• ProtoDUNE operational!

• ~1kt prototype at CERN
• First HE 𝐾+ cross section

• 40Ar as nuclear target and 

detector medium

• Ionization of LAr for track 
and shower reconstruction
• Charge drifts via high 𝐸 field
• mm-scale resolution
• 𝑑Q/𝑑𝑥~𝑑𝐸/𝑑𝑥 for calorimetry

https://absuploads.aps.org/presentation.cfm?pid=15281
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.092011
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𝑒+𝑒− production

𝐌𝐈𝐏 × 𝟐𝐌𝐈𝐏 × 𝟏

V. Meddage APS April 2019

Liquid Argon Time Projection Chambers

First HE cap K to the plus  cross section

• 𝛾/𝑒 discrimination
• Tracks and gaps

• Low KE hadron thresholds
• Directly reconstruct 𝑲±

• DUNE’s technology
• ICARUS, MicroBooNE, SBND
• ProtoDUNE operational!

• ~1kt prototype at CERN
• First HE 𝐾+ cross section

• 40Ar as nuclear target and 

detector medium

• Ionization of LAr for track 
and shower reconstruction
• Charge drifts via high 𝐸 field
• mm-scale resolution
• 𝑑Q/𝑑𝑥~𝑑𝐸/𝑑𝑥 for calorimetry

Low energy 
kaons

trackable in LAr!

https://absuploads.aps.org/presentation.cfm?pid=15281
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.092011


8

“Golden Channel”
Supersymmetric Particles Can Lower Mass Scales for Observable PDK

𝒪𝑝
6~𝜆𝑝

𝑞𝑞 ത𝑞𝑙

𝑀𝐺𝑈𝑇
2 ∝ 𝑢𝑑 ҧ𝑠 ҧ𝜈 ⟹ 𝒑 → 𝑲+ ത𝝂

Can be faster than 𝒑 → 𝒆+𝝅𝟎

Mass of 
supersymmetric 

particles
are key inputs

G. Santucci Thesis

Unification of 
Forces

Possibility for
quark to lepton 

transitions

Baryon Number 
Violation

⟹Proton Decay

Adapted from T. Stokes

https://research.stonybrook.edu/commcms/grad-physics-astronomy/_theses/santucci-gabriel-december-2018.pdf
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Courtesy of E. Kearns

Expected PDK Lifetimes
From GUTs and Supersymmetric GUTs

DUNE TDR-Volume II-DUNE Physics Overview of Nucleon Decay-L. Wan

“Golden Channel”

mailto:kearns@bu.edu
https://arxiv.org/pdf/2002.03005
https://indico.sanfordlab.org/event/68/contributions/1363/


𝒆−𝒆+

𝝁−
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Considered 𝒑 → 𝑲+ ത𝝂 Event Topologies
Opens Doors to Deep Learning Techniques

Signal Background

𝝂𝝁

𝑲+

𝝁+

𝒑+

𝒑+

𝒏

“Golden Channel”
𝒑 → 𝑲+ഥ𝝂 → 𝝁+𝝂 → 𝒆+

Analysis discussed 
today considers only 

muon decay
(BR~64%)

QE-like CC Scatters

Overview of Nucleon Decay—L. Wan

G. Santucci Thesis

“Forward” 
Bragg peak

“Backward” 
Bragg peak

Adapted from T. Stokes

True signal vertex

True 
background 

vertex

NNN24 N. Taniuchi: Kaon Reco. Improve. w/Pandora Reco. for Proton Decay Searches in DUNE

https://indico.sanfordlab.org/event/68/contributions/1363/
https://research.stonybrook.edu/commcms/grad-physics-astronomy/_theses/santucci-gabriel-december-2018.pdf
mailto:tstokes@fnal.gov
https://indico.ggte.unicamp.br/event/4/contributions/395/


𝒆−𝒆+

𝝁−
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Signal Background

𝝂𝝁

𝑲+

𝝁+

𝒑+

𝒑+

𝒏

QE-like CC Scatters

Overview of Nucleon Decay—L. Wan

G. Santucci Thesis

What if we lose 
the Michel?

Adapted from T. Stokes

Considered 𝒑 → 𝑲+ ത𝝂 Event Topologies
Opens Doors to Deep Learning Techniques

“Golden Channel”
𝒑 → 𝑲+ഥ𝝂 → 𝝁+𝝂 → 𝒆+

Analysis discussed 
today considers only 

muon decay
(BR~64%)

True signal vertex

True 
background 

vertex

NNN24 N. Taniuchi: Kaon Reco. Improve. w/Pandora Reco. for Proton Decay Searches in DUNE

https://indico.sanfordlab.org/event/68/contributions/1363/
https://research.stonybrook.edu/commcms/grad-physics-astronomy/_theses/santucci-gabriel-december-2018.pdf
mailto:tstokes@fnal.gov
https://indico.ggte.unicamp.br/event/4/contributions/395/


𝒆−𝒆+

𝒑+𝑲+

𝝁−
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Signal Background

𝝂𝝁

𝝁+
𝒑+

𝒏

QE-like CC Scatters

Overview of Nucleon Decay—L. Wan

G. Santucci Thesis

What if we lose 
the kaon?

Adapted from T. Stokes

Considered 𝒑 → 𝑲+ ത𝝂 Event Topologies
Opens Doors to Deep Learning Techniques

“Golden Channel”
𝒑 → 𝑲+ഥ𝝂 → 𝝁+𝝂 → 𝒆+

Analysis discussed 
today considers only 

muon decay
(BR~64%)

True signal vertex

True 
background 

vertex

NNN24 N. Taniuchi: Kaon Reco. Improve. w/Pandora Reco. for Proton Decay Searches in DUNE

https://indico.sanfordlab.org/event/68/contributions/1363/
https://research.stonybrook.edu/commcms/grad-physics-astronomy/_theses/santucci-gabriel-december-2018.pdf
mailto:tstokes@fnal.gov
https://indico.ggte.unicamp.br/event/4/contributions/395/


PDK Event Displays

Signal-like True 𝒑 → 𝑲+ഥ𝝂 Signal-like True Atmospheric 𝝂
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Collection

Induction 2

Induction 1

Collection

Induction 2

Induction 1

Prospects for beyond the Standard Model physics searches at the Deep Underground Neutrino Experiment

𝑲+
𝝁+

𝒆+

𝒑 → 𝑲+ഥ𝝂

𝑲+ → 𝝁+𝝂𝝁

𝝁+ → 𝒆+𝝂𝒆ഥ𝝂𝝁

Adapted from T. StokesWork completed with V. Pec & Y-J. Jwa

https://link.springer.com/article/10.1140/epjc/s10052-021-09007-w
mailto:tstokes@fnal.gov


Atmospheric Neutrinos
Analysis Progress

14



Atmospheric Neutrino Physics
A Most Brief Overview
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PMNS: 𝛿𝐶𝑃
PMNS: 𝜃23

Mass Ordering
Sterile 𝜈 Oscillations …astrophysics…𝑬𝝂

𝟎. 𝟏 𝐆𝐞𝐕 𝟏 𝐆𝐞𝐕 ≲ 𝟏𝟎 𝐆𝐞𝐕 𝟏𝟎𝟎 𝐆𝐞𝐕 … 𝑎𝑛𝑑 𝑏𝑒𝑦𝑜𝑛𝑑

Figures adapted from M. Oliveira-Ismerio, physics scale visualization adapted from P. Granger

𝜈𝜇 + ҧ𝜈𝜇

𝜈𝑒 + ҧ𝜈𝑒
≅ 2,

𝜈𝜇

ҧ𝜈𝜇
≅

𝜈𝑒

ҧ𝜈𝑒
≅ 1

Kaons also 
produced

𝜽𝒛

𝐿𝑡𝑜𝑡 = 𝑅 + ℎ 2 − 𝑅2 sin2 𝜋 − 𝜽𝒛 + 𝑅 cos 𝜋 − 𝜽𝒛

Detector

Zenith
Preliminary reference Earth model

mailto:ismerio@pos.if.ufrj.br
https://www.sciencedirect.com/science/article/pii/0031920181900467


Atmospheric Neutrino Physics
A Most Brief Overview
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PMNS: 𝜹𝑪𝑷
PMNS: 𝜽𝟐𝟑

Mass Ordering
Sterile 𝝂 Oscillations …astrophysics…𝑬𝝂

𝟎. 𝟏 𝐆𝐞𝐕 𝟏 𝐆𝐞𝐕 𝟏𝟎𝟎 𝐆𝐞𝐕 … 𝑎𝑛𝑑 𝑏𝑒𝑦𝑜𝑛𝑑

Figures adapted from M. Oliveira-Ismerio, physics scale visualization adapted from P. Granger

𝜈𝜇 + ҧ𝜈𝜇

𝜈𝑒 + ҧ𝜈𝑒
≅ 2,

𝜈𝜇

ҧ𝜈𝜇
≅

𝜈𝑒

ҧ𝜈𝑒
≅ 1

Kaons also 
produced

𝜽𝒛

𝐿𝑡𝑜𝑡 = 𝑅 + ℎ 2 − 𝑅2 sin2 𝜋 − 𝜽𝒛 + 𝑅 cos 𝜋 − 𝜽𝒛

Detector

Zenith
Preliminary reference Earth model

≲ 𝟏𝟎 𝐆𝐞𝐕

mailto:ismerio@pos.if.ufrj.br
https://www.sciencedirect.com/science/article/pii/0031920181900467
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Detector
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PMNS: 𝜹𝑪𝑷

≲ 𝟏𝟎 𝐆𝐞𝐕

mailto:ismerio@pos.if.ufrj.br
https://www.sciencedirect.com/science/article/pii/0031920181900467


Atmospheric 𝝂 Oscillation Promise
• Atmospheric 𝜈s are both…

• Primary Rare Processes’ background

• Valuable 𝜈 oscillation physics signal
• Many baselines, many energies

• DUNE capable in < 1GeV reconstruction

• 𝜈atm sample adds to 𝜈beam sample
• Increases overall DUNE sensitivities

• Different systematic uncertainties

• Improvements to angle resolution 
very important at low energies
• Difficult due to Fermi motion

• New ML methods in development by 
DUNE A&EWG members
• Could improve 𝜈atm and even 𝜈beam 

reconstruction
18

Sub-GeV Atmospheric Neutrinos and CP Violation in DUNE

Input 
𝜹𝑪𝑷 

value

DUNE FD 400kt ⋅ yr exposure
Using the NuWro 𝜈 event generator
Assuming ~15° angle resolution
30 MeV 𝑝 kinetic energy threshold 

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.081801
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𝜹𝑪𝑷 =
𝟑𝝅

𝟐

𝑷𝒆𝒆

𝑷𝝁𝒆

𝑷𝒆𝝁

𝜹𝑪𝑷 = 𝟎

Assuming 10% 
energy smearing

Accessing 
low energy 
𝝂𝒂𝒕𝒎 events 

with
hadron-rich 
final states 
gives more 

importance to
low energy

𝝂𝒂𝒕𝒎  flux 
predictions

⇒ Large 
systematic 

uncertainties
Sub-GeV Atmospheric Neutrinos and CP Violation in DUNE

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.081801


20Figure from M. Oliveira-Ismerio, physics scale visualization adapted from P. Granger

Assuming 
NuFit5.2 

parameters

Fast oscillations 
due to Δ𝑚31

2  not 

easily visible

Improving angular resolution is a must 
for sub-GeV oscillation sensitivity

mailto:ismerio@pos.if.ufrj.br
http://www.nu-fit.org/?q=node/256
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Atmospheric Spectra at Homestake
Expected 𝝂𝐚𝐭𝐦 Count Rates via Integration a Key Input for BNV Backgrounds

M. Oliveira-Ismerio

past analysis

MaCh3 oscillation analysis

MaCh3 oscillation analysis

Improvements from past analysis
• Interpolation scheme
• Move to NuFitv5.2 w/OscProb
• CC 𝜈𝜏/ ഥ𝜈𝜏 expectations

Ongoing work directly targets 
systematic uncertainties
• Cross section dependencies
• Solar minimum/maximum
• PREM layering constraints
• Normal/Inverted ordering
• Production height accounting
• Will serve as key inputs to 

forthcoming MaCh3 
oscillation analysis

Rates already being used in 
current BNV studies 

APS April 2024

𝜈𝜏 are also of interest to our group: B. Yaeggy APS April 2024

mailto:ismerio@pos.if.ufrj.br
https://trace.tennessee.edu/utk_graddiss/6617/
https://indico.kcl.ac.uk/event/210/contributions/1055/
https://indico.kcl.ac.uk/event/210/contributions/1055/
https://meetings.aps.org/Meeting/APR24/Session/G15.8
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Atmospheric Angular Reconstruction
Improved Resolution Driven by LArTPCs’ Hadronic Reconstruction Capabilities

DUNE Simulation duneswv09_85_00d00

GENIEv3.4.0 AR23 Base Tune
DUNE:FD HD 1x2x6 Reduced Geometry

P. Granger

MaCh3

D. Barrow

• Final part of atmospheric production complete (15M)
• Lead by P. Granger (CERN) and S. Farrell (Rice) et al.

• Reconstruction techniques across energies—under review!
• Lead by APC & CERN groups (kinematics), Rice (process identification)
• Optimizing tools will inform first publication’s energy range and analysis target
• Improved angular reconstruction < 1GeV can greatly empower 𝛿𝐶𝑃 sensitivity
• Near future: ML-powered energy and angle estimation for oscillations

• MaCh3 atmospheric 𝜈 oscillation framework ready to go (Oxford, Imperial, APC)
• Lead by D. Barrow (Oxford) et al.
• Systematics inputs under development for full analysis—cross section systematics needed!
• Updated FLUKA (P. Sala et al.) simulation in process!

P. Granger, H. Souza, C. Sironneau, C. Mironov

~𝟏𝟎° 
improvement!

mailto:pierre.granger@cern.ch
https://indico.kcl.ac.uk/event/210/contributions/1055/
mailto:daniel.barrow@physics.ox.ac.uk
mailto:pierre.granger@cern.ch


Understanding
Nuclear Modeling 

Systematics
in

Rare Processes

23
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Nuclear Model Configuration Comparative Flows
Signal & Background Sample Comparisons to Better Determine Modeling Systematics

Effectively a “universe” style approach

A good way to conservatively 
understand modeling systematics for 

an unknown process is to iterate!

Mixing signal and 
background 
models to 

understand 
ranges of 
expected 

background rates 
and signal 
efficiencies

Mixing of available 
nuclear models 
and final state 

interaction models



Figure courtesy of T. Golan

Final State Interactions

Two main GENIE intranuclear cascades:

1. hA2018 (single effective interaction simulation)
• Table based method

• Hadron+nucleus data→final state prediction

• Reweightable, conserves total cross section
• Useful for systematics studies

• No full step-by-step interaction modeling

2. hN2018 (full intranuclear cascade simulation)
• Models stochastic intranuclear interactions
• Full stepped sequence of hadronic interactions

Adapted from T. Stokes

25

https://indico.fnal.gov/event/15286/contributions/30851/attachments/19320/24158/nustec_mc_02.pdf
mailto:tstokes@fnal.gov


Initial Nucleon Momentum Distributions
Initial State Preparation for Atmospherics and 𝒑 → 𝑲+ഥ𝝂 in GENIEv3.0.6

26

Atmospheric 𝝂 𝒑 → 𝑲+ഥ𝝂

Bodek-
Ritchie 

Nonlocal 
Relativistic 
Fermi Gas

(red & green)

Effective 
Spectral 
Function
Nonlocal

Nonrelativistic 
Fermi Gas

(blue & yellow)

Local 
Nonrelativistic 

Fermi Gas
(pink & black)

T. Stokes

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.23.1070
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.23.1070
https://link.springer.com/article/10.1140/epjc/s10052-014-3091-0#Bib1
https://link.springer.com/article/10.1140/epjc/s10052-014-3091-0#Bib1
https://link.springer.com/article/10.1140/epjc/s10052-014-3091-0#Bib1
mailto:tstokes@fnal.gov


Initial Nucleon Momentum Distributions
𝒑 → 𝑲+ ത𝝂 Initial State in GENIEv3.0.6
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Bodek-
Ritchie 

Nonlocal 
Relativistic 
Fermi Gas

Effective 
Spectral 
Function
Nonlocal

Nonrelativistic 
Fermi Gas

Local 
Nonrelativistic 

Fermi Gas

T. Stokes

Vastly different initial 
states can lead to 

different final states

Different nuclear model 
assumptions can lead to 

softer FSI

→Better signal efficiency

Very similar to 
new DUNE Tune: 

AR23

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.23.1070
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.23.1070
https://link.springer.com/article/10.1140/epjc/s10052-014-3091-0#Bib1
https://link.springer.com/article/10.1140/epjc/s10052-014-3091-0#Bib1
https://link.springer.com/article/10.1140/epjc/s10052-014-3091-0#Bib1
mailto:tstokes@fnal.gov
https://indico.fnal.gov/event/57030/contributions/275861/


Nuclear Modeling Effects on Kaon Energy

FSI effects

• 𝐾+ generated directly from decaying 𝑝 in nucleus
• Initial momentum from Fermi motion and rest mass

• FSI effects of hA or hN Intranuke 2018 show differences
• hA has distinct shift toward lower energies upon exiting envelope

28T. Stokes
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https://link.springer.com/article/10.1140/epjs/s11734-021-00295-7
mailto:tstokes@fnal.gov


Nuclear Modeling Effects on Kaon Energy
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Final State

Initial State

hA Intranuke 2018
+

Bodek-Ritchie 
nonlocal relativistic 

Fermi Gas

Lower final 
state 𝑲+ 

momentum 
can 

adversely 
affect signal 
efficiencies

Must 
understand 
modeling 

systematics!

FSI effects

• 𝐾+ generated directly from decaying 𝑝 in nucleus
• Initial momentum from Fermi motion and rest mass

• FSI effects of hA or hN Intranuke 2018 show differences
• hA has distinct shift toward lower energies upon exiting envelope

T. Stokes

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.23.1070
https://link.springer.com/article/10.1140/epjs/s11734-021-00295-7
mailto:tstokes@fnal.gov


Nuclear Modeling Effects on Kaon Energy
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Final State

Initial State

hN Intranuke 2018
+

Effective Spectral 
Function

Nonlocal nonrelativistic 
Fermi Gas

Lower final 
state 𝑲+ 

momentum 
can 

adversely 
affect signal 
efficiencies

Must 
understand 
modeling 

systematics!

FSI effects

• 𝐾+ generated directly from decaying 𝑝 in nucleus
• Initial momentum from Fermi motion and rest mass

• FSI effects of hA or hN Intranuke 2018 show differences
• hA has distinct shift toward lower energies upon exiting envelope

T. Stokes

https://link.springer.com/article/10.1140/epjc/s10052-014-3091-0#Bib1
https://link.springer.com/article/10.1140/epjc/s10052-014-3091-0#Bib1
https://link.springer.com/article/10.1140/epjs/s11734-021-00295-7
mailto:tstokes@fnal.gov


Current 𝒑 → 𝑲+ ത𝝂 
Analysis
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Preselection Cuts Before BDT Input
Improving PDK Signal Quality and Reducing Backgrounds

1. Minimum of two tracks per event

2. A common vertex between tracks, each within 5cm

3. Short track kinetic energy requirement, improves purity

4. Long track length of requirement, reduces backgrounds

5. Short track must contain min. numb. hits, improve 𝑑𝐸/𝑑𝑥 T. Stokes

> 2 Tracks Common Vtx Short KE Long Track Length Short Track Hits

Cuts

Sample Surviving vs Cuts: Background

hA_ESF hA_LFG hA_BR hN_ESF hN_LFG hN_BR
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Cuts

Sample Surviving vs Cuts: Signal

hA_ESF hA_LFG hA_BR hN_ESF hN_LFG hN_BR

DUNE IN PROGRESSDUNE IN PROGRESS

DUNE Simulation dunesimv09_42_03

GENIEv3.0.6 G18_10x Base Tune
DUNE:FD HD 1x2x6 Reduced Geometry

mailto:tstokes@fnal.gov


Boosted Decision Tree Implementation

Strategy:

1. Select a nominal nuclear model configuration (hA LFG)

• Note that hA predicts markedly lower 𝐾+ FS kinetic energy—conservative

2. Tune BDT parameters to this base model

3. Obtain a classification

• Use base nuclear model configuration BDT parameters, run over all others

What you get:

• A spread of signal efficiencies and background rates 

- Expected due to different responses to FSs from each configuration

• Representation of how changing model affects classification

- Can be used to conservatively estimate nuclear modeling uncertainties

- Large component of the systematics will come from this source

33T. Stokes

mailto:tstokes@fnal.gov
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DUNE Simulation dunesimv09_42_03

GENIEv3.0.6 G18_10x Base Tune
DUNE:FD HD 1x2x6 Reduced Geometry

DUNE IN PROGRESSDUNE IN PROGRESSDUNE IN PROGRESS

DUNE IN PROGRESS DUNE IN PROGRESS DUNE IN PROGRESS

T. Stokes

Good signal and background discrimination capabilities!

mailto:tstokes@fnal.gov
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BDT ROC Curves from Testing Samples
Signal Efficiency vs. Expected Background Count

hA LFG BDT Parameter Optimized

hA ESF hA LFG hA BR hN ESF hN LFG hN BR

DUNE Simulation dunesimv09_42_03

GENIEv3.0.6 G18_10x Base Tune
DUNE:FD HD 1x2x6 Reduced Geometry
CERN ROOTv6.22/08 TMVA

DUNE IN PROGRESS

𝟏 candidate event per 𝟒𝟎𝟎𝐤𝐭 ⋅ 𝐲𝐫

𝟎. 𝟏 candidate events per 𝟒𝟎𝟎𝐤𝐭 ⋅ 𝐲𝐫

35T. Stokes
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Graphical Neural Network 
Methods

for

Baryon Number Violation
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NuGraph, V Hewes et al.

Developed with T. Stokes, V Hewes, Y-J. Jwa, & C. Sarasty

https://indico.fnal.gov/event/61901/contributions/278584/attachments/172763/233516/2023-11-10%20NuGraph2%20workshop.pdf
mailto:tstokes@fnal.gov


NuGraph Operation

ExaTrkx Phase II Kickoff: Cerati PhysRevD.110.032008 Neutrino ML 2024: Cerati

Adapted from T. Stokes & G. Cerati

38

https://indico.fnal.gov/event/66124/contributions/301001/attachments/182269/250240/NuGraph2-EXTXP2-workshop.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032008
https://indico.phys.ethz.ch/event/113/contributions/833/


ExaTrkx Phase II Kickoff: Cerati PhysRevD.110.032008 Neutrino ML 2024: Cerati 39

1) Hits as GNN inputs
•Gaussian fits to waveforms
•Features:
•Wire number
•ADC peak time tick
•ADC integral
•RMS

NuGraph Operation
Adapted from T. Stokes & G. Cerati

https://indico.fnal.gov/event/66124/contributions/301001/attachments/182269/250240/NuGraph2-EXTXP2-workshop.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032008
https://indico.phys.ethz.ch/event/113/contributions/833/


ExaTrkx Phase II Kickoff: Cerati PhysRevD.110.032008 Neutrino ML 2024: Cerati

1) Hits as GNN inputs
•Gaussian fits to waveforms
•Features:
•Wire number
•ADC peak time tick
•ADC integral
•RMS

2) Hit connections made
•Effective within each plane
•Utilizes Delaunay triangulation
• Produces connected graph
• Long & short connections made
•Can connect across dead regions

NuGraph Operation
Adapted from T. Stokes & G. Cerati

40

2023 J. Phys.: Conf. Ser. 2438 012091

https://indico.fnal.gov/event/66124/contributions/301001/attachments/182269/250240/NuGraph2-EXTXP2-workshop.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032008
https://indico.phys.ethz.ch/event/113/contributions/833/
https://stats.iop.org/article/10.1088/1742-6596/2438/1/012091/pdf
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NuGraph Operation
Adapted from T. Stokes & G. Cerati

1) Hits as GNN inputs
•Gaussian fits to waveforms
•Features:
•Wire number
•ADC peak time tick
•ADC integral
•RMS

2) Hit connections made
•Effective within each plane
•Utilizes Delaunay triangulation
• Produces connected graph
• Long & short connections made
•Can connect across dead regions

3)  “Nexus” connections made
•Hits associated with 3D SpacePoints
•Corroborated across planes
•SpacePoints unconnected among selves
•SpacePoints’ features not used in GNN

2023 J. Phys.: Conf. Ser. 2438 012091

https://indico.fnal.gov/event/66124/contributions/301001/attachments/182269/250240/NuGraph2-EXTXP2-workshop.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032008
https://indico.phys.ethz.ch/event/113/contributions/833/
https://stats.iop.org/article/10.1088/1742-6596/2438/1/012091/pdf


NuGraph Capabilities
Semantic Labeling Performance in Example 𝝂𝝁 Interaction

• NuGraph can semantically label detector hits well
- Particle identification & topology is critical

• Central in separating 𝑝 → 𝐾+ ҧ𝜈 signal from atmospheric 𝜈 background

• NuGraph can operate after training to yield binary classifier
- Direct access to signal-like or background-like discriminator
- Can semantically label 𝑲+ classes in signal and background
- Plan: Utilize this binary classification as an input into the BDT analysis

42V Hewes CHEP 2023

Adapted from V Hewes & T. Stokes

Trained on MicroBooNE 
open datasets
• ~82% hit PID accuracy
• With 3D connections, 

consistency between views 
improved: ~𝟔𝟕% ⟹ 𝟗𝟒%𝝂𝝁

2023 J. Phys.: Conf. Ser. 2438 012091

https://indico.jlab.org/event/459/contributions/11733/attachments/9550/13855/2023-05-09%20CHEP%20talk.pdf
https://stats.iop.org/article/10.1088/1742-6596/2438/1/012091/pdf


True semantic labels for signal-like true 𝑝 → 𝐾+ ҧ𝜈 signal

Predicted semantic labels for signal-like true 𝑝 → 𝐾+ ҧ𝜈 signal

DUNE IN PROGRESS DUNE IN PROGRESS DUNE IN PROGRESS

DUNE IN PROGRESS DUNE IN PROGRESS DUNE IN PROGRESS

DUNE Simulation dunesimv09_42_03

GENIEv3.0.6 G18_10x Base Tune
DUNE:FD HD 1x2x6 Reduced Geometry

NuGraph Training on hA LFG Sig:Bckgr 40k:40k

True 
Positive

T. Stokes 43

𝑲+

𝝁+

𝒆+

OKAY GOOD GOOD

Corroboration between planes increases hit-by-hit PID 
and binary classification capabilities—Nexus nodes!

mailto:tstoke8@lsu.edu
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GENIEv3.0.6 G18_10x Base Tune
DUNE:FD HD 1x2x6 Reduced Geometry
NuGraph Validation on Sig:Bkgr 40k:40k

DUNE IN PROGRESS

T. Stokes 44

Preselection Requirement:
> 𝟐𝟎 hits in event

Score cut value: 𝟎. 𝟓

Various nuclear model configurations 
not expected to always maintain 

identical network response…
Robustness testing!

mailto:tstoke8@lsu.edu
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GENIEv3.0.6 G18_10x Base Tune
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NuGraph Training on Sig:Bckgr 400k:400k
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DUNE IN PROGRESS
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hA LFG Nuclear Model Configuration

NuGraph Event Classification: Larger Dataset
Training on 400k:400k Signal:Background Events

Preselection Requirement:
> 𝟐𝟎 hits in event

Score cut value: 𝟎. 𝟓

mailto:tstoke8@lsu.edu
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DUNE IN PROGRESS
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hA LFG Nuclear Model Configuration

NuGraph Event Classification: Larger Dataset
Training on 400k:400k Signal:Background Events

Preselection Requirement:
> 𝟐𝟎 hits in event

Score cut value: 𝟎. 𝟓

mailto:tstoke8@lsu.edu
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DUNE IN PROGRESS
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hA LFG Nuclear Model Configuration

NuGraph Event Classification: Larger Dataset
Training on 400k:400k Signal:Background Events

Preselection Requirement:
> 𝟐𝟎 hits in event

Score cut value: 𝟎. 𝟓

mailto:tstoke8@lsu.edu
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Preselection Requirement:
> 𝟐𝟎 hits in event

Variable score cut to produce ROC curve

NuGraph Performance: Larger Dataset Training
400k hA_LFG PDK & 400k hA_LFG Atmospheric Neutrinos

 



NuGraph Performance: Larger Dataset Training
400k hA_LFG PDK & 400k hA_LFG Atmospheric Neutrinos

Trained Model Applied to Other Nuclear Model Configurations

49

Preselection Requirement:
> 𝟐𝟎 hits in event

Variable score cut to produce ROC curve

All the real action is here…

Studying low background 
regions for

nuclear model configuration 
robustness tests



Summary & Conclusions

MaCh3

MicroBooNE n goes to n bar 

include pionic cap K to the plus  decay modes

• DUNE’s first neutrino physics results will come from 
atmospheric neutrino oscillation measurements
• A&EWG taking lead here, working toward first publication

• Rate predictions, flux uncertainties, ang. reco. improvements ongoing
• Exploiting LArTPC powers for hadronic info critical to improvements

• MaCh3 oscillation framework ready for analyses
• Large first reconstruction techniques study near complete
• Will eventually be a key input for precision BNV background studies

• BNV analyses ongoing: public PDK sensitivities soon
• Understanding nuclear mod. syst. uncertainties critical

• Iteration over nonreweightable nuc. mod. configs. as conservative estimator of 
selection effects in automated methods (BDT, NuGraph)

• Will directly assess signal eff. & background rate uncertainties

• Current BDT framework shows good performance
• Need improvements in reconstruction to increase efficiency

• NuGraph performance incredibly encouraging
• Powers of semantic classification and binary classifier!
• BDT(GNN) combined analysis underway—similar to MicroBooNE 𝑛 → ത𝑛
• Will include pionic 𝐾+ decay modes soon—step towards inclusive BNV search?

• New 𝑛 → ത𝑛 analysis in development, new BRs now in GENIE 50

https://indico.kcl.ac.uk/event/210/contributions/1055/
https://iopscience.iop.org/article/10.1088/1748-0221/19/07/P07032/meta
https://indico.ggte.unicamp.br/event/4/contributions/395/

	Slide 1: Exploring Golden Channel Proton Decay in DUNE
	Slide 2
	Slide 3: What is DUNE?
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13: PDK Event Displays
	Slide 14: Atmospheric Neutrinos Analysis Progress
	Slide 15: Atmospheric Neutrino Physics A Most Brief Overview
	Slide 16: Atmospheric Neutrino Physics A Most Brief Overview
	Slide 17: Atmospheric Neutrino Physics A Most Brief Overview
	Slide 18: Atmospheric bold italic nu Oscillation Promise
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23: Understanding Nuclear Modeling Systematics in Rare Processes
	Slide 24
	Slide 25: Final State Interactions
	Slide 26: Initial Nucleon Momentum Distributions Initial State Preparation for Atmospherics and bold italic p goes to bold italic cap K to the plus , bold italic nu bar  in GENIEv3.0.6
	Slide 27: Initial Nucleon Momentum Distributions bold italic p goes to bold italic cap K to the plus , bold italic nu bar  Initial State in GENIEv3.0.6
	Slide 28: Nuclear Modeling Effects on Kaon Energy
	Slide 29: Nuclear Modeling Effects on Kaon Energy
	Slide 30: Nuclear Modeling Effects on Kaon Energy
	Slide 31: Current bold italic p goes to bold italic cap K to the plus , bold italic nu bar   Analysis
	Slide 32: Preselection Cuts Before BDT Input Improving PDK Signal Quality and Reducing Backgrounds
	Slide 33: Boosted Decision Tree Implementation
	Slide 34
	Slide 35
	Slide 36: Graphical Neural Network Methods for Baryon Number Violation
	Slide 37
	Slide 38: NuGraph Operation
	Slide 39: NuGraph Operation
	Slide 40
	Slide 41: NuGraph Operation
	Slide 42: NuGraph Capabilities Semantic Labeling Performance in Example bold italic nu sub bold italic mu  Interaction
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48: NuGraph Performance: Larger Dataset Training 400k hA_LFG PDK & 400k hA_LFG Atmospheric Neutrinos  
	Slide 49: NuGraph Performance: Larger Dataset Training 400k hA_LFG PDK & 400k hA_LFG Atmospheric Neutrinos Trained Model Applied to Other Nuclear Model Configurations
	Slide 50: Summary & Conclusions

