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Overview
• Era of high precision neutrino oscillation measurements aiming to 
   extract the oscillation parameters and to determine the mass hierarchy

• Liquid Argon Time Projection Chambers (LArTPCs) are 
   state-of-the-art detectors in neutrino physics

• Demand for precise ν cross section measurements on a complex nucleus
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Importance of Cross Section Measurements
να

Detect να Detect νβ 

νβ

να
Near Detector Far Detector

Distance L

N(Erec) ~ Φ(L,Eν,true) σ(Eν,true) ε(Eν,true) P(να→νβ)

Precision cross section measurements are a prerequisite for 
accurate oscillation probability measurements
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LArTPC Experiments

• Head start for DUNE with Short-Baseline Neutrino (SBN) Program

• LArTPCs are ideal for detailed measurements of complex topologies 

•  MicroBooNE has already recorded ~500k ν scattering events over the past 5 years

    → Largest available ν-Argon scattering dataset

Short Baseline Long Baseline



5

MicroBooNE @ Fermilab

JINST 12, P02017 (2017)

480 m

http://iopscience.iop.org/article/10.1088/1748-0221/12/02/P02017/meta;jsessionid=DC657D18996F120301114136AE4ABDB3.c3.iopscience.cld.iop.org
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MicroBooNE Beams

On axis [MICROBOONE-NOTE-1031-PUB]

Booster Neutrino Beam (BNB)
8 GeV protons <Eνμ>~1 GeV

NuMI Neutrino Beam

120 GeV protons <E νe
>~1 GeV

Off axis [arXiv:2101.04228] 

BNB

NuMI

(93.6%)
(5.86%)
(0.52%)
(0.05%)

5x BNB νe

https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1031-PUB.pdf
https://arxiv.org/abs/2101.04228
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Time Projection Chambers

MicroBooNE detector
• 3 wire planes
• 8192 gold coated wires
• 3 mm wire spacing
• 32 PMTs

U V V wire plane waveforms

Y wire plane waveforms

Y
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Position along
beam direction

MicroBooNE event display

• Low detection thresholds

• Precise calorimetric 
   information

• 4π coverage 
   & high statistics

Wires

Time Position in direction 
perpendicular to
beam line

Position along
beam direction

Color scale shows 
deposited charge
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Wealth Of ν-Argon Scattering Results

• νe+νe Charged Current (CC) inclusive cross section
  → Flux averaged total cross section                                                                               arXiv:2101.04228

• νμ CC inclusive cross section
  → Double differential cross section                                           Phys. Rev. Lett. 123, 131801 (2019)
  → Single differential cross section with updated detector and interaction models
                                                                                                                   MICROBOONE-NOTE-1069-PUB

• νμ exclusive channels
   → νμ CCπ0 flux averaged total cross section                                   Phys. Rev. D99, 091102(R) (2019)
   → νμ CC with protons and no pions                                                  Phys. Rev. D102, 112013 (2020)
   → νμ CCQE-like scattering                                                                           Eur. J. Phys. C79, 673 (2019)
                                                                                                                                Phys. Rev. Lett. 125, 201803 (2020)
   → νμ NC1p production                                                                   MICROBOONE-NOTE-1067-PUB

Let’s take a closer look at them !

https://arxiv.org/abs/2101.04228
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1069-PUB.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112013
https://epjc.epj.org/articles/epjc/abs/2019/08/10052_2019_Article_7184/10052_2019_Article_7184.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1067-PUB.pdf
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LArTPC Strength: Electrons And Photons

Photon dE/dx ~ 4 MeV/cm Electron dE/dx ~ 2 MeV/cm

• Both electrons and photons produce showers in LArTPCs
   → Important to understand for νe appearance searches in SBN and DUNE
• Photons from π0 decays are the dominant background
• LArTPC discrimination power using deposited energy and vertex/shower-start distance



11

LArTPC Strength: Photons

• Deposited energy of ~ 4 MeV/cm
• Clear separation between interaction vertex and shower start point
• First measurement of flux averaged νμ-Ar CCπ0 cross section

Phys. Rev. D99, 091102(R) (2019)

Photon dE/dx ~ 4 MeV/cm

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
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LArTPC Strength: Electrons

• Electrons deposit half the energy compared to photons
• Shower start attached to interaction vertex

arXiv:2101.04228

Electron dE/dx ~ 2 MeV/cm

https://arxiv.org/abs/2101.04228


13arXiv:2101.04228

• Largest ever sample of 
   νe-Ar interactions with > 200 events
• Purity ~40%
• Efficiency ~10%
• In good agreement with models

νe e

X
Target

arXiv:2101.04228 

νe + νe CC Inclusive @ NuMI

NuMI

Boosting the νe statistics
(<1% νe in BNB) 

https://arxiv.org/abs/2101.04228
https://arxiv.org/abs/2101.04228
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νμ CC Inclusive @ BNB νμ μ

X
Target

Phys. Rev. Lett. 123, 131801 (2019)

• First double differential measurement on Argon
• Overall good agreement with theory
• More recent models achieve better agreement 
   at forward scattering angles

Need more 
detailed topologies
to investigate
differences  

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801


LArTPC Strength: Low Proton Thresholds

• Low thresholds probe more detailed     
   interaction channels and nuclear effects
   → MicroBooNE: 300 MeV/c
   → ArgoNeuT: 200 MeV/c                 
                                Phys. Rev. D 90, 012008
   → T2K: 500 MeV/c                             
                                         Phys. Rev. D 98, 032003
   → MINERvA: 450 MeV/c                
                                Phys. Rev. D 99, 012004

• Protons identified by Bragg peak 
   in last 30 cm of track

JINST 15, P03022 (2020)
15

https://iopscience.iop.org/article/10.1088/1748-0221/15/03/P03022


16

CC0πNp with N≥1
• Event selection: Pμ > 100 MeV/c, 300 < Pp < 1200 MeV/c , 0π 
• Purity ~70% & efficiency ~30%
• Overall agreement in proton kinematics
• Bin close to detection threshold most sensitive to model differences

νμ μ

p
Target

Phys. Rev. D102, 112013 (2020)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112013
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CC0πNp with N≥1

Disagreement in muon kinematics at forward scattering angles 

Phys. Rev. D102, 112013 (2020)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112013
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CCQE-like νμ μ

pn

• Simple topology dominant at energies relevant for SBN

• Event selection: Pμ > 100 MeV/c, single proton Pp > 300 MeV/c 

• Cosmic contamination reduction

• QE contribution enhancement

• CCQE purity ~80%

Phys. Rev. Lett. 125, 201803 (2020)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
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CCQE-like

Phys. Rev. Lett. 125, 201803 (2020)

Good agreement with models, 
except at very forward 
muon scattering angles

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
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CCQE-like

Phys. Rev. Lett. 125, 201803 (2020)

Improved agreement if forward muon angles are excluded

χ2 Nom:
 14.2 / 7 bins

χ2 Nom:
 8.4 / 7 bins

χ2 Nom:
 12.4 / 7 bins

χ2 Nom:
 9.2 / 7 bins

χ2 Nom:
 5.1 / 7 bins

χ2 Nom:
 2.8 / 7 bins

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
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Consistent Picture

Phys. Rev. Lett. 125, 201803 (2020)Phys. Rev. D102, 112013 (2020)Phys. Rev. Lett. 123, 131801 (2019)

νμ CC Inclusive
MC excess in forward bin

νμ  CCNp
Data turnover in forward bin

νμ CCQE-like
Biggest deficit in forward bin

But far from the end of our cross section story!

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801
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Getting Even More Out Of LArTPCs

Better detector understanding
•  Signal processing from all planes
•  Improved calorimetry
•  Better reconstruction efficiency

    JINST 13, P07006 (2018)
   JINST 13, P07007 (2018)

Reduced systematic uncertainties
• Data driven method 
   for vastly improved 
   detector uncertainties

   MICROBOONE-NOTE-1075-PUB

Reduced cosmic contamination  
uncertainty
• Cosmic Ray Tagger installed in 2018
• Cosmic data as background 
   to simulation
   JINST 14, P04004 (2019)

http://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07006
http://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07007
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1075-PUB.pdf
https://iopscience.iop.org/article/10.1088/1748-0221/14/04/P04004/meta
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Improved Detector Understanding Enables Precision Measurements
•  Improved νμ CC inclusive purity from 50% to 71.9%
•  Reduction of cosmic contamination by a factor of ~3 
•  Reduced detector uncertainties from 16.2 % to 3.3 %

Previously published measurement Current measurement
Phys. Rev. Lett. 123, 131801 (2019) MICROBOONE-NOTE-1069-PUB

Tuned GENIE v3.0.6

See backup slide 33 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1069-PUB.pdf
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NC1p νμ

p

νμ

p

• Improvements allow for rare final states, e.g. neutral current interactions
• 1 proton track with 1.2 < length < 200 cm
• Lowest Q2 NC1p analysis to date (0.1 GeV2)
• Purity ~40% & efficiency ~30%
• Can measure strange component of neutral-current axial form factor 

MICROBOONE-NOTE-1067-PUB

http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1067-PUB.pdf
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Summary

• Cross-section measurements on Argon are vital for the success of the SBN program 
   and eventually DUNE

• Huge progress over the past two years
   → Measurements with low-energy protons, π0s, νes and more are extremely valuable

• LArTPC technology has demonstrated 4π acceptance
   → We are already able to make accurate measurements of exclusive final states

• More (and more precise) measurements expected in the future
   → Benchmark the performance of our models νX X

Target ?
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Wealth Of Results To Follow
CC inclusive 
• νe CC inclusive @ NuMI
• νμ CC inclusive @ NuMI
• νe /νμ ratios @ NuMI
• Eν, Eμ, hadronic energy @ NuMI & BNB

Pion production
• νμ CC1π+  @ BNB
• νμ CC-Coherent  @ BNB
• νμ CCπ0 @ BNB
• νμ NCπ0 @ BNB
• νμ CC/NC π0 @ BNB

CC0π
• νμ Single Transverse Variables @ BNB
• νμ CC2p topologies @ BNB
• νμ CC0π inclusive @ BNB
• νμ CC0π0p @ BNB
• νe CC0πNp @ NuMI

Rare channels  
• νμ CC Kaon  @ BNB
• νμ CC Kaon  @ NuMI
• η production @ BNB
• Hyperon (Λ,Σ) production @ NuMI
• MeV-scale Physics in MicroBooNE
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Thank you!
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Backup Slides



π0 Invariant Mass

29Phys. Rev. D99, 091102(R) (2019) MICROBOONE-NOTE-1085-PUB

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1085-PUB.pdf


NuMI Beam

30arXiv:2101.04228 

https://arxiv.org/abs/2101.04228


BNB Beam Neutrino Mode

31MICROBOONE-NOTE-1031-PUB

https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1031-PUB.pdf


Cosmic Background Dominance

Readout window of 2.3 ms 
•  ~20 cosmic interactions
•  ~0.0017 ν interactions

Significant reduction using optical information
to 1 ν interaction in ~10 events

32
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Drastically Reduced Systematic Uncertainties

Flux-integrated νμ CC inclusive cross section consistent with previous measurement with 
significantly reduced systematics  

MICROBOONE-NOTE-1074-PUB MICROBOONE-NOTE-1069-PUB

http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1074-PUB.pdf
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1069-PUB.pdf
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Advanced TPC/PMT Matching

❏ High neutrino selection efficiency
❏ Improved cosmic-ray background rejection 

arXiv:2012.07928

https://arxiv.org/abs/2012.07928
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GENIE v3.0.6
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Better Data/Simulation Agreement From Improved Modeling

• GENIE v2.12.2 → GENIE v3.0.6

• Tuned CCQE and CCMEC models 
   to T2K νμ CC0π data

• T2K data is on a carbon target 
   →  Tuning seems to give good 
         agreement with MicroBooNE’s 
         argon-target data 

MICROBOONE-NOTE-1074-PUB Current measurement
MICROBOONE-NOTE-1069-PUB

Tuned GENIE v3.0.6

http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1074-PUB.pdf
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1069-PUB.pdf

