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Let’s take a step back…



ν physics: what we know…
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Neutrino Oscillation: 
1st evidence of BSM!



ν physics: … and what we don’t!
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Experimentally, neutrinos are difficult
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Neutrinos are the most abundant massive particle in the universe, and one of the less understood.
They are neutral: we can’t directly detect them. We can study them only if they interact, but…



Experimentally, neutrinos are difficult
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Neutrinos are the most abundant massive particle in the universe, and one of the less understood.
They are neutral: we can’t directly detect them. We can study them only if they interact, but…

Neutrinos don’t really like to interact! 

14 order of magnitude less likely than a pion interaction

When they do, the particles produced often have low energy (hundreds of MeV). And there’s more...



A simplified view of ν interaction
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Incoming ν:
  Flavor unknown
  Energy unknown

Outgoing lepton:
CC: charged lepton
NC: neutral lepton
       Energy: measure

Mesons:
Final State 
Interactions
     Energy? Identity?

Outgoing nucleons:
Visible?
Energy?

From the products of the neutrino 
interactions, it is the experiment’s 
job to understand the neutrino type 
(νe,νμ,ντ ) and to measure the 
neutrino energy. 

(and of our job as experimentalist)
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Dear DOE, 
for the next years, we would like:

Big and dense detectors
            exposed to high neutrino flux.

A detector technology able to measure the energy and
identity of many particles even at low energy.

An excellent calibration of that technology.

Love,
the US Neutrino Community
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Liquid Argon Time Projection 
Chambers!



Dense 40% more dense than water → many nuclear centers for interaction
Abundant 1% of the atmosphere     → “cheap”, we can build big detectors!
Ionizes easily  55,000 electrons / cm                                            
High e- lifetime Noble liquid!

Why Argon? And Why Liquid?

9/14/21 Elena Gramellini  | elenag@fnal.gov10

Standard ionization 
mechanism: 
energy transferred from 
charged particle to the 
medium knocks off ionization 
electrons if the energy is high 
enough 
(LAr work function 23.6 eV). 



Why Argon? And Why Liquid? 
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Dense 40% more dense than water → many nuclear centers for interaction
Abundant 1% of the atmosphere     → “cheap”, we can build big detectors!
Ionizes easily  55,000 electrons / cm
High e- lifetime Noble liquid!                                                                                                    
Lots of scintillation light Transparent to light produced (128 nm)

Two detection mechanisms:  
Ionization Charge and 
Scintillation Light



Liquid Argon Time Projection Chamber: The Basis
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→ A block of Ar, 0.24 ton (ArgoNeuT) to 10kTon (DUNE)



Liquid Argon Time Projection Chamber: The Basis
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Cathode Anode

→ A block of Ar, 0.24 ton (ArgoNeuT) to 10kTon (DUNE)

→ Sandwich it in a parallel planes capacitor:
- Cathode at negative HV
- Segmented anode to see the charge signal

Traditionally, 2 or more 
planes of parallel wires a 
few millimeters apart…
… pixel solutions are 
becoming more and more 
popular.



Liquid Argon Time Projection Chamber: The Basis
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Cathode Anode

→ A block of Ar, 0.24 ton (ArgoNeuT) to 10kTon (DUNE)

→ Sandwich it in a parallel planes capacitor:
- Cathode at negative HV
- Segmented anode to see the charge signal

→ Create an electric field as uniform and 
     as constant as possible



Liquid Argon Time Projection Chamber: The Basis
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Cathode Anode

→ A block of Ar, 0.24 ton (ArgoNeuT) to 10kTon (DUNE)

→ Sandwich it in a parallel planes capacitor:
- Cathode at negative HV
- Segmented anode to see the charge signal

→ Create an electric field as uniform and 
     as constant as possible

→ Equip with a light collection system 
    (usually mounted behind the anode)



1. Energy loss by charged particles:
Ionization and
Excitation of Ar

2. Prompt scintillation light emission by Ar2
+ starts 

clock: the light arrives to the light collection 
system in matter of ns

Liquid Argon Time Projection Chamber: Working Principles
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1. Energy loss by charged particles:
Ionization and
Excitation of Ar

2. Prompt scintillation light emission by Ar2
+ starts 

clock: the light arrives to the light collection 
system in matter of ns

3. Electrons drift to anode: the charge arrives to the 
anode in matter of ms depending on detector size.

(Ar+ ions drift to cathode)

4. Moving electrons induce currents on wires

5. Tracks are reconstructed from wire signals

Liquid Argon Time Projection Chamber: Working Principles
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νe

LArTPC in action
Extremely detailed 3D images + calorimetry + PID: 

unprecedented tool for neutrino interaction & BSM physics



Elena Gramellini  | elenag@fnal.gov20 8/05/21

νe

LArTPC in action
Extremely detailed 3D images + calorimetry + PID: 

unprecedented tool for neutrino interaction & BSM physics

~3 mm
 resolution

Electron Candidate
Low Proton Candidate
reco threshold 
ArgoNeuT: 21 MeV 
Phys. Rev. D 90, 012008

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.90.012008
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νe

LArTPC in action
Extremely detailed 3D images + calorimetry + PID: 

unprecedented tool for neutrino interaction & BSM physics

~3 mm
 resolution

Electron Candidate
Low Proton Candidate
reco threshold 
ArgoNeuT: 21 MeV 
Phys. Rev. D 90, 012008

Particle ID:  p/μ
Pioneering new techniques for 
muon/proton separation 
based on established 
methodology in the field
arXiv:2109.02460

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.90.012008
https://arxiv.org/abs/2109.02460


Elena Gramellini  | elenag@fnal.gov22 8/05/21

νe

LArTPC in action
Extremely detailed 3D images + calorimetry + PID: 

unprecedented tool for neutrino interaction & BSM physics

~3 mm
 resolution

Electron Candidate

PHYS. REV. D 104, 
052002 (2021)

Low Proton Candidate
reco threshold 
ArgoNeuT: 21 MeV 
Phys. Rev. D 90, 012008

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.052002
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.052002
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.90.012008
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νe

LArTPC in action
Extremely detailed 3D images + calorimetry + PID: 

unprecedented tool for neutrino interaction & BSM physics

~3 mm
 resolution

Electron Candidate

o(100) keV hit thresholds
Phys. Rev. D 99, 012002

Low Proton Candidate
reco threshold 
ArgoNeuT: 21 MeV 
Phys. Rev. D 90, 012008

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012002
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.90.012008
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At E = 500 V/cm (typical LArTPC field), ½ of half of energy released 
by charged particle in LAr goes in scintillation light 
→ Light holds ½ of the information quantity.

Generally used to “start the clock” (trigger), but there’s potential for 
much more: “Light Augmented Calorimetry”: improvement of 
energy resolution for low energy events

What about the light?
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Phys. Rev. B, vol. 20, no. 8, p. 3486, 1979
DUNE LIVES HERE!

LArIAT Phys Rev D 101.012010

LArIAT: 
Liquid Argon in a 
Testbeam

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012010


SBND Simulation results: 40 cm position res 
w/ PMTs alone

At E = 500 V/cm (typical LArTPC field), ½ of half of energy released 
by charged particle in LAr goes in scintillation light 
→ Light holds ½ of the information quantity.

Generally used to “start the clock” (trigger), but there’s potential for 
much more: “Flash-matching”. Segmented light detection, allows 
to determine which portion of the TPC contains a neutrino 
interaction (and discriminate against comic activity if on surface). 

What about the light?
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D. Garcia, Lidine 2017

 
JINST 16 (2021) 06, P06043

Measured Light pattern

Predicted Light pattern

https://iopscience.iop.org/article/10.1088/1748-0221/16/06/P06043


The physics handles highlighted involving charge hinge on the proper assessment of the energy 
deposited by the particles in the TPC (dE/dx) via the measurement of the charge seen by the anode wires  
(dQ/dx).   A number of detector effect complicate this relationship, and event reconstruction in general. 

Effects hindering charge reconstruction: 
- Recombination effects  → affects amount of charge produced by the particle
- Electron Lifetime → affects amount of charge arriving at the wires
- “Space charge” (i.e. local distortion of the electric field) → affects position reco
- Diffusion → affects position reco

As for the charge, light can also be quenched by contaminants. In particular nitrogen, which is usually 
very difficult to clean with the molecular filters with used to remove water and oxygen. 
Rayleigh scattering plays in important role as well.

These are important effects every LArTPC need to assess and calibrate for. 

Complications… Microphysics of the Ar & Impurities
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Current and Future LArTPCs 
(under the FNAL Umbrella)



US flagship project in the HEP panorama, TDR:

- Precision Measurements of Neutrino Mixing 

- Explore CP violation in lepton sector

- Neutrino Mass Hierarchy 

- Bonus! Rare BSM processes & Low Energy physics: 
proton decay, nnbar oscillations, superNovae

4 gigantic Far Detector Modules (40 kTon total) → Starting with LArTPCs
Several Near Detectors:  LArTPC, GArTPC and an on-axis detector

DUNE: LArTPCs for discovery
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800 Miles

https://iopscience.iop.org/journal/1748-0221/page/extraproc95


protoDUNE: Prototyping at scale
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11 m
800 ton

DUNE is set to run in the mid-2020s… while excavation 
continues at the Sanford Underground Research Facility 
& new beam is constructed at Fermilab... protoDUNE 
took data! 

Prototyping production and installation procedures for 
DUNE Far Detector at Cern Neutrino Platform.

Biggest LArTPC, sits on a beam of charged particles:
validating design from perspective of basic detector 
performance.

Demonstrating long term operational stability of the 
detector.

LArTPC technology development: fine tuning & explore 
near/beyond current technological limits.
Completed Run I, getting ready for Run II & Vertical Drift



protoDUNE: Prototyping at scale
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Events from Run I
T. Yang, DPF 2019

Core Physics Goal: Measure Hadronic XS in LAr 
Relevant to DUNE neutrino interactions.

DUNE is set to run in the mid-2020s… while excavation 
continues at the Sanford Underground Research Facility 
& new beam is constructed at Fermilab... protoDUNE 
took data! 

Prototyping production and installation procedures for 
DUNE Far Detector at Cern Neutrino Platform.

Biggest LArTPC, sits on a beam of charged particles:
validating design from perspective of basic detector 
performance.

Demonstrating long term operational stability of the 
detector.

LArTPC technology development: fine tuning & explore 
near/beyond current technological limits.
Completed Run I, getting ready for Run II & Vertical Drift
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Physics on 
the path to DUNE

Booster Neutrino Beam (BNB)

SBN: A multi-detector, LArTPC based facility on the BNB
- Explore the MiniBooNE Low Energy Excess: νe or γ?

- Measure oscillation parameters into sterile ν

- Neutrino cross section measurements

- Exotics

- R&D

Short Baseline Neutrino Program
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Physics on 
the path to DUNE

Booster Neutrino Beam (BNB)

SBN Proposal 
arXiv:1503.01520, January 

2014

SBN: A multi-detector, LArTPC based facility on the BNB
- Explore the MiniBooNE Low Energy Excess: νe or γ?

- Measure oscillation parameters into sterile ν

- Neutrino cross section measurements

- Exotics

- R&D

Short Baseline Neutrino Program
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Physics on 
the path to DUNE

ICARUS-T600 MicroBooNE SBND

Booster Neutrino Beam (BNB)

110 m Baseline: 600 m 470 m 

Short Baseline Neutrino Program
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SBND 

32 
Photomultipliers

Cathode and bottom field cages installed

Warm Cryostat with decking in place

“Cadillac” of PDSs in current large 
LArTPC generation. 
High granularity: o(100) ARAPUCAs + 
120 8’’ PMTs high coverage, 
 foils for reflected light 
(position resolution from timing). 

Near detector of the SBN program, undergoing installation phase:
→ Cathode equipped with TPB coated reflective foils,  bottom field cages 
and Photon Detection Calibration diffuser system installed this summer.
→ First anode plane to be installed end of September. 
        TPC expected to be completed by early 2022
→ First part of the cryostat (warm support structure) installed, rest to be 
         completed by Spring 2022
→ LAr filling starting early 2023
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MicroBooNE 

MicroBooNE is the longest running Liquid Argon Time Projection 
Chamber at FNAL. With 85 ton active volume, MicroBooNE collects 
neutrinos on-axis from the BNB and highly off-axis from NuMI. 

Completed 5 years physics runs: 2015-2021.
Largest neutrino-argon dataset available to date. 

Just started exciting R&D program! 

32 
Photomultipliers

Inside the MicroBooNE 
LArTPC: 3 wire planes 
(8192 gold-coated wires) 

73 
Cosmic Ray 

Tagger Modules



Far detector in the Short Baseline Neutrino Program (SBN)

Detector filled in Spring 2020, activated in Aug 2020, 
presently in final commissioning stage.

Fully operational at nominal drift field 
500 V/cm since the beginning, 

Cosmic ray tagger wall and bottom 
complete

First neutrino interactions
observed both from BNB and NuMI!

ICARUS

5/5/21 Presentation Title | Group/Person delivering37

Bird’s eye view of the ICARUS detector

Event display of a 
BNB 𝜈

μ
 interaction candidate

Event display of a 
NuMI 𝜈

e
 interaction candidate
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Study of Neutrino Interactions, 
Anomalies & Oscillations



Ingredients for a successful on-beam neutrino experiment 
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1. Know your neutrino flux
2. Know your detector
3. Know how neutrinos interact                      

[Insert massive 

detector here]

8/05/21
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Ingredients for a successful on-beam neutrino experiment 
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1. Know your neutrino flux
2. Know your detector
3. Know how neutrinos interact                      

[Insert massive 

detector here]

8/05/21

Experiments need good 
interaction modeling: 
predict final states on a 
wide range of energies 
with high precision. 

Theory is complex: 
several interaction processes + 
nuclear effects (FSI, MEC)

Cross section measurements 
essential to benchmark theory 
and help improve it!

A simplified view of ν interaction



A glance at the Neutrino Cross Section Panorama at LArTPCs
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νμ CC inclusive cross section
ArgoNeuT: Single-differential cross section
ArgoNeuT: Updated single-differential cross section
MicroBooNE: Double-differential cross section

νμ CC exclusive channels
MicroBooNE: νμ CCQE-like scattering
ArgoNeuT: νμ and Anti-νμ CC2p production
MicroBooNE: νμ CCπ0 production
ArgoNeuT: νμ and Anti-νμ NCπ0 production
ArgoNeuT: νμ and Anti-νμ CCπ+ production
ArgoNeuT: νμ and νμ̅ Coherent CCπ+ production

νe + Anti-νe CC inclusive cross section
ArgoNeuT:  νe and Anti-νe Inclusive in lepton angle
MicroBooNE: Total νe and Anti-νe CC Inclusive

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.161802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.112003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.012008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.012008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.012006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.012008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.012006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.012008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.012006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.052002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.261801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.011101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002


A glance at the Neutrino Cross Section Panorama at LArTPCs
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νe + Anti-νe CC inclusive cross section
ArgoNeuT:  νe and Anti-νe Inclusive in lepton angle
MicroBooNE: Total νe and Anti-νe CC Inclusive

And many more to come!

Extensive Cross Section campaigns for the SBN program,
MicroBooNE: public notes
SBND: ~ 7 million νμ and ~ 50,000 νe in 3 years
ICARUS: high-stat νe from NuMI off axis, ~ 105 events/yr 
as well as DUNE Near Detectors

νμ CC inclusive cross section
ArgoNeuT: Single-differential cross section
ArgoNeuT: Updated single-differential cross section
MicroBooNE: Double-differential cross section

νμ CC exclusive channels
MicroBooNE: νμ CCQE-like scattering
ArgoNeuT: νμ and Anti-νμ CC2p production
MicroBooNE: νμ CCπ0 production
ArgoNeuT: νμ and Anti-νμ NCπ0 production
ArgoNeuT: νμ and Anti-νμ CCπ+ production
ArgoNeuT: νμ and νμ̅ Coherent CCπ+ production

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.011101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002
https://microboone.fnal.gov/public-notes/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.161802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.112003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.012008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.012008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.012006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.012008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.012006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.012008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.012006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.052002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.261801


Short Baseline Neutrino Anomalies
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Four main anomalies have been observed in neutrino experiments at short baseline in the last 20 years. 
Appearance of νe/anti-νe in νμ/anti-νμ beams at particle accelerators (LSND & MiniBooNE).
Disappearance of anti-νe detected from nuclear reactors (reactor anomaly).
Disappearance of νe from intense calibration sources in solar ν experiments  (gallium anomaly)

While independent explanations are not excluded, a unified hypothesis exists: 
mixing of the standard neutrinos with a fourth, non–weakly interacting sterile species, 
with mass splittings Δm2 43 ≈ Δm2 42 ≈ Δm2 41 ∼ O (1 eV2 ): main search for SBN experiments.

Experiment Type Channel Significance

LSND DAR accelerator 𝜈̅𝜇 → 𝜈̅𝑒 3.8 σ

MiniBooNE SBL accelerator
𝜈𝜇 → 𝜈𝑒
𝜈̅𝜇 → 𝜈̅𝑒

4.5 σ

2.8 σ

GALLEX/SAGE Source – e capture 𝜈𝑒 disappearance 2.8 σ

Reactors 𝛃 decay 𝜈̅𝑒 disappearance 3.0 σ
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SBN: sits on same beam a MiniBooNE (BNB): 
Investigate the nature of the MiniBooNE excess of low energy 
electromagnetic events. Is it electrons? Is it photons?

Inside the MicroBooNE 
LArTPC 

 Phys.Rev.Lett. 121 (2018) 22, 221801

MiniBooNE result

8/05/21

Electron dE/dx ~ 2 MeV/cm

Photon dE/dx ~ 4 MeV/cm

Gap

To e- or not to e- ? Why is e/γ separation a big deal?

https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201805.12028


νe analyses:
→ MiniBooNE-like final state (Pandora, 1eNp, 1e0p) 
→ restricting to quasi-elastic kinematics (Deep Learning , 1e1p)
→ all νe final states (Wire-Cell, 1eX)

single photon analysis:
→ targeting Delta radiative decay hypothesis 

              (Pandora, 1γ1p, 1γ0p)

3 reconstruction paradigms, 6 complementary channels 

Elena Gramellini  | elenag@fnal.gov46

1eX candidate data 
event

1e1p candidate data event

1eNp candidate data event

1e0p candidate data event

e
-

p

1γ0p candidate data 
event

p
1γ1p candidate data 

event

γ

p γ

p

e
-

e
-

e
-

8/05/21

Exploring the MiniBooNE LEE @ MicroBooNE



Exploring the Sterile Neutrinos @ SBN
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SBN will provide a conclusive verification of the sterile neutrino hypothesis 
In 3 years of data-taking (6.6 1020 pot):
→  Same detector technology will greatly reduce the systematic errors: 

SBND (near detector) will characterize the un-oscillated beam composition and spectrum.
 → Combined analysis of SBND and ICARUS data expected to cover the currently allowed parameter 

region with 5σ sensitivity both in appearance and disappearance channels 

Annual Rev. Nucl. Part. Sci. 
2019.69:363-387 

Appearance Disappearance 

https://www.annualreviews.org/doi/abs/10.1146/annurev-nucl-101917-020949
https://www.annualreviews.org/doi/abs/10.1146/annurev-nucl-101917-020949


DUNE Long Baseline Oscillations
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On long baseline, DUNE will leverage oscillations to measure δCP, mass ordering, θ23 octant.
The 1300 km baseline → powerful handle: sensitivity to the matter effect  
a large asymmetry in the νµ → νe vs Anti-νµ → Anti-νe oscillation probabilities (±40% at peak flux)
More than allowed by max CP-violation: mass ordering and δCP can be determined at the same time.
Epjc 10052 020 08456

https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-08456-z


DUNE Long Baseline Oscillations
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The 1300 km baseline → powerful handle: sensitivity to the matter effect  
a large asymmetry in the νµ → νe vs Anti-νµ → Anti-νe oscillation probabilities (±40% at peak flux)
More than allowed by max CP-violation: mass ordering and δCP can be determined at the same time.
Epjc 10052 020 08456

Simultaneous fitting of 
two disappearance and 
two appearance samples.

Systematics constrained at the 
Near Detector

https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-08456-z
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What else is there?



DUNE non-accelerator physics: SuperNovae
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DUNE will allow the study of neutrinos from 
SuperNovae with unprecedented statistics.

Dominant channel: CC absorption of νe on 40Ar

Expected events in 40 kton of liquid argon for a core 
collapse at 10 kpc Epjc, 10052 021 09166

https://link.springer.com/content/pdf/10.1140/epjc/s10052-021-09166-w


DUNE non-accelerator physics: Baryon Number Violating Processes
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Every interaction in the SM conserves baryon 
number, yet this conservation is “accidental”: 
no underlying symmetry

Proton or bound neutron decay, or nnbar 
oscillation can occur only as a violation of 
baryon number and it’s predicted by almost 
every Grand Unified Theory. 

The detection of even one rare process event 
would open a window on GUTs exploration.

Possible in DUNE FD given the sheer mass of 
the detector
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Every interaction in the SM conserves baryon 
number, yet this conservation is “accidental”: 
no underlying symmetry

Proton or bound neutron decay, or nnbar 
oscillation can occur only as a violation of 
baryon number and it’s predicted by almost 
every Grand Unified Theory. 

The detection of even one rare process event 
would open a window on GUTs exploration.

Possible in DUNE FD given the sheer mass of 
the detector

Signal for proton decay (golden mode): 
p → K+ + Anti-ν

What would the signatures of 
such processes be in a LArTPC?

K+ → µ+ → e+ Candidate

Bragg peak LArIAT Data

Signal for nnbar: 
Annihilation w/ 2 GeV deposited energy
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Every interaction in the SM conserves baryon 
number, yet this conservation is “accidental”: 
no underlying symmetry

Proton or bound neutron decay, or nnbar 
oscillation can occur only as a violation of 
baryon number and it’s predicted by almost 
every Grand Unified Theory. 

The detection of even one rare process event 
would open a window on GUTs exploration.

Possible in DUNE FD given the sheer mass of 
the detector

Signal for proton decay (golden mode): 
p → K+ + Anti-ν

What would the signatures of 
such processes be in a LArTPC?

K+ → µ+ → e+ Candidate

Bragg peak LArIAT Data

LArIAT Data

Signal for nnbar: 
Annihilation w/ 2 GeV deposited energy

Closest data available: 
we have is anti-proton annihilation in LArIAT 



Improved Limits on Millicharged Particles Using the 
ArgoNeuT Experiment at Fermilab
PRL 124 131801

New constraints on tau-coupled Heavy Neutral Leptons 
with masses mN = 280 − 970 MeV. 
(Signature N → ν µ+ µ− )
https://arxiv.org/pdf/2106.13684.pdf

Search for a Higgs portal scalar 
decaying to electron-positron 
pairs in the MicroBooNE detector
https://arxiv.org/abs/2106.00568

Probes for interesting BSM models in smaller LArTPCs!
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.131801
https://arxiv.org/pdf/2106.13684.pdf
https://arxiv.org/abs/2106.00568


Summary
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Liquid Argon Time Projection Chambers are cutting-edge 
detectors for accelerator neutrinos in the few GeV range… 
they allow to probe a world of physics, from advancing our 
understanding of the nucleus to exploring new BSM models. 

They provide a wide range of experimental handles: mm res 
event topology, fine-grained calorimetry, PID, light! 

They are also pretty complex detectors: the microphysics 
of the Ar is rich and event reconstruction is challenging 
→ Advancement in reconstruction techniques and detector 
R&D necessary to unlock the LAr full potential... 

...and we’ll see a lot of that this week, 
                             we are in for a spectacular line-up!

ICARUS-T600

SBND

DUNE

MicroBooNE

ArgoNeuT



LArTPC intro: Chapter 2 
https://lss.fnal.gov/archive/thesis/2000/fermilab-thesis-2018-24.pdf
Recombination: https://arxiv.org/pdf/1306.1712.pdf
Lifetime: https://arxiv.org/pdf/0910.5087.pdf
Space charge: https://arxiv.org/pdf/2008.09765.pdf
Signal processing: https://arxiv.org/pdf/1802.08709.pdf
https://arxiv.org/pdf/1804.02583.pdf
LArIAT Detector description: https://arxiv.org/pdf/1911.10379.pdf
Scintillation Light: https://dspace.mit.edu/handle/1721.1/101327

Literature review
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For physics with LArTPCs...

... the best is yet to come!
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Thanks!!
Special thanks to Angela Fava, Roberto Acciarri, 
Vincent Basque, Diego Garcia Gamez, Jonathan 
Asaadi, Ben Jones & Mitch Soderberg for helping 
me gather the presented material

https://lss.fnal.gov/archive/thesis/2000/fermilab-thesis-2018-24.pdf
https://arxiv.org/pdf/1306.1712.pdf
https://arxiv.org/pdf/0910.5087.pdf
https://arxiv.org/pdf/2008.09765.pdf
https://arxiv.org/pdf/1802.08709.pdf
https://arxiv.org/pdf/1804.02583.pdf
https://arxiv.org/pdf/1911.10379.pdf
https://dspace.mit.edu/handle/1721.1/101327


Making the LArTPC better
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A fundamental issue with LArTPC w/ projective 
readouts (wires): highly anisotropic detectors... the 
readout affects the possibility of maintaining the 
intrinsic 3D quality of the events.

In 2D projective readouts, the readout space DOES 
NOT coincide w/ the physical space: traditional 
LArTPCs use sets of wire planes at different angles 
to reconstruct the transverse position → automatic 
plane matching is difficult, especially for complex 
topologies.

Constructing anode planes with pixels instead of 
wires can solve a number of shortcomings of 2D 
projective readouts.



More resilient against single point failure and simpler to construct.

Small pixels sizes (4x4 mm2 ) provide comparable spatial 
resolution, but the readout space coincides w/ the physical 
projected space:
→ native 3D reconstruction
→ abated ambiguities (mm vs m projections)

Shortcoming: massive amounts of readout channels “Pixelizing”

Pixels!
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a massive detector 
such as a 10kTon 
DUNE module 
requires 
O(130.0 million) 
pixels vs

O(1.5 million) 
wires.



DUNE non-accelerator physics: SuperNovae
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DUNE will allow the study of neutrinos from SuperNovae with unprecedented statistics.
Expected events in 40 kton of liquid argon for a core collapse at 10 kpc Epjc, 10052 021 09166

https://link.springer.com/content/pdf/10.1140/epjc/s10052-021-09166-w


Beyond the Standard Model?
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BSM evidence
Neutrino Oscillations => Massive Neutrinos

2015


