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Neutrino Flux Uncertainty 
● Neutrino flux uncertainty limits the precision of measurements in all 

accelerator-based neutrino experiments
○ Dominated by hadron production uncertainty
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DUNE ND at LBNFMicroBooNE at Booster Neutrino BeamMINERvA at NuMI beamline

https://indico.fnal.gov/event/54494/contributions/241105/attachments/160511/211496/Neutrino2022_poster_Nilay.pdf
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1031-PUB.pdf
https://inspirehep.net/files/f0eb61e26561fa5477a7420a45496aad


How to Model Neutrino Flux
● Neutrino flux simulation relies on the 

hadronic interaction models used in 

MC event generators
○ i.e. FLUKA or GEANT4 

○ Very large uncertainty (>20%)

● Important to have constraints on the 

hadronic processes
○ Primary proton-target interaction

○ Secondary interactions

■ Inside the target

■ Other materials
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Leonidas Aliaga, 
PhD Thesis, 2016

https://lss.fnal.gov/archive/thesis/2000/fermilab-thesis-2016-03.pdf
https://lss.fnal.gov/archive/thesis/2000/fermilab-thesis-2016-03.pdf


NA61/SHINE
● SPS Heavy Ion and Neutrino Experiment
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https://iopscience.iop.org/article/10.1088/1748-0221/9/06/P06005


NA61/SHINE
● SPS Heavy Ion and Neutrino Experiment

● Beam
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Beam

https://iopscience.iop.org/article/10.1088/1748-0221/9/06/P06005


NA61/SHINE
● SPS Heavy Ion and Neutrino Experiment

● Beam
○ Primary proton beam from CERN SPS

○ Secondary beam of proton, kaon, pion, etc.
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https://iopscience.iop.org/article/10.1088/1748-0221/9/06/P06005


NA61/SHINE
● SPS Heavy Ion and Neutrino Experiment

● Beam
○ Primary proton beam from CERN SPS

○ Secondary beam of proton, kaon, pion, etc.

● Physics program
○ Heavy ions / strong interaction

○ Cosmic-ray production

○ Hadron production for neutrino beams
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https://iopscience.iop.org/article/10.1088/1748-0221/9/06/P06005


NA61/SHINE Detector
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● Eight Time Projection Chambers (TPCs)
● Two superconducting magnets
● Time-of-flight detectors

● Projectile Spectator Detectors (PSDs)
● Major detector upgrade finalized in 2022

TOP view



NA61/SHINE Detector
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Event Display of 120 GeV/c proton + Carbon
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The Neutrino Program at NA61/SHINE
● Dedicated hadron production measurements for long-baseline neutrino 

oscillation experiments
○ T2K, Hyper-K, NOvA, DUNE, … 

● Run periods
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Hadron Production Measurements
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● Thin-target measurements
○ Total, inelastic and production cross sections

○ Charged and neutral hadron yields from primary 

interactions

○ Input to reweight flux simulations



Hadron Production Measurements
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● Thin-target measurements
○ Total, inelastic and production cross sections

○ Charged and neutral hadron yields from primary 

and secondary interactions

○ Input to reweight flux simulations

● Replica-target measurements
○ Differential production yield measurements from 

the surface of the target

○ Beam survival probability

○ Input to reweight flux simulations

○ Input to understand beam attenuation
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Measurements for the T2K Experiment
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● Proton at 31 GeV/c
● Targets

○ Thin:   2 cm graphite target
○ Thick: 90 cm replica graphite target 
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● Thin target: 31 GeV/c proton on 2 cm graphite target 
○ Total cross-section and π+/- spectra measurements  (Phys. Rev. C84 (2011) 034604) 

○ K+ spectra measurement (Phys. Rev. C85 (2012) 035210) 

○ K0
S and Λ0 spectra measurements (Phys. Rev. C89 (2014) 025205) 

○ Total cross-section and π+/-, K+/-, p, K0
S, and Λ0 spectra measurements (Eur. Phys. J. C76 

(2016) 84) 

● Replica target: 31 GeV/c proton on 90 cm replica graphite target 
○ Methodology, π+/- yield measurement (Nucl. Instrum. Meth. A701 (2013) 99-114) 

○ π+/- yield measurement (Eur. Phys. J. C76 (2016) 617)

○ π+/-, p, and K+/- yield measurements (Eur. Phys. J. C79 100 (2019))

○ p beam survival probability measurement (Phys. Rev. D103 012006 (2021)) 
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Measurements for T2K 

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.84.034604
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.85.035210
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.025205
https://link.springer.com/article/10.1140/epjc/s10052-016-3898-y
https://link.springer.com/article/10.1140/epjc/s10052-016-3898-y
https://www.sciencedirect.com/science/article/pii/S016890021201234X?via%3Dihub
https://link.springer.com/article/10.1140/epjc/s10052-016-4440-y
https://link.springer.com/article/10.1140/epjc/s10052-019-6583-0
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.012006


Thick Target Measurements for T2K 
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● Replica target: π+/-, p, and K+/- yield measurements (Eur. Phys. J. C79 100 (2019))
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https://link.springer.com/article/10.1140/epjc/s10052-019-6583-0


Thick Target Measurements for T2K 
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● Replica target: π+/-, p, and K+/- yield measurements (Eur. Phys. J. C79 100 (2019))

DPF-PHENO 2024Lu Ren

π+

https://link.springer.com/article/10.1140/epjc/s10052-019-6583-0


Effect on T2K Flux Uncertainty
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● Improved T2K flux uncertainty down to ~5%

Lukas Berns, NBI 2019
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π+/- yield measurement

 (Eur. Phys. J. C76 (2016) 617)

π+/-, p, and K+/- yield 
measurements

 (Eur. Phys. J. C79 100 (2019))

Thin 2009

https://indico.fnal.gov/event/21143/contributions/61104/
https://link.springer.com/article/10.1140/epjc/s10052-016-4440-y
https://link.springer.com/article/10.1140/epjc/s10052-019-6583-0
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Measurements for Fermilab Experiments
● Beam

○ Proton at 120 GeV/c 

○ Proton at  60, 90 GeV/c 

○ Pion at 60 GeV/c 

● Target
○ Thin (1.5 cm)

■ Carbon

■ Beryllium

■ Aluminum

○ Thick

■ NuMI replica
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NuMI replica target 
“target in” at NA61
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● 2016 and 2017 data combined
● 120 GeV/c p + C neutral hadron multiplicities 
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Measurements of p + C at 120 GeV/c

Phys. Rev. D 107, 072004

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.072004
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Phys.Rev.D 108 (2023) 072013

Measurements of p + C at 120 GeV/c
● 2016 and 2017 data combined
● 120 GeV/c p + C charged hadron multiplicities 

https://inspirehep.net/files/7e844903d7553f8b4d60b2eedbd0d967
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Phys.Rev.D 108 (2023) 072013

Measurements of p + C at 120 GeV/c
● 2016 and 2017 data combined
● 120 GeV/c p + C charged hadron multiplicities 

https://inspirehep.net/files/7e844903d7553f8b4d60b2eedbd0d967
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Phys.Rev.D 108 (2023) 072013

Measurements of p + C at 120 GeV/c
● 2016 and 2017 data combined
● 120 GeV/c p + C charged hadron multiplicities 

https://inspirehep.net/files/7e844903d7553f8b4d60b2eedbd0d967
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Measurements of p + C at 90 GeV/c

NA61/SHINE 
Preliminary

NA61/SHINE 
Preliminary

NA61/SHINE 
Preliminary

NA61/SHINE 
Preliminary

NA61/SHINE 
Preliminary

NA61/SHINE 
Preliminary

Paper in preparation
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● 60 GeV/c p + C charged and neutral hadron 

multiplicities 

● 120 GeV/c p + NuMI replica target data analysis
○ Calibration is underway

○ Measurement of differential hadron production yields

■ In similar way as T2K replica target measurement

● Implementing 120 GeV/c p + C results into PPFX*

○ Could be used by all NuMI experiments and DUNE
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Other Ongoing Analyses 

NuMI replica target 
“target in” at NA61*  See Ian’s talk for more about PPFX

https://github.com/kordosky/ppfx
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2022 - 2023
● More T2K replica target data collected in 2022

○ Proton at 31 GeV/c

○ 18 times 2010 statistics

○ Being calibrated

○ Measure high-momentum kaon yields

● More thin target data collected for NuMI/DUNE in 2023
○ Proton at 120 GeV/c on Carbon

○ Proton at 120 GeV/c on Titanium

○ Kaon at 60 GeV/c on Carbon
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Data-taking with LBNF/DUNE Prototype Target
● 120 GeV/c proton beam
● 1.5-m long LBNF/DUNE prototype target
● Data-taking planned in July 2024
● Partial target (fewer segments) data-taking in 2025
● Measurement of differential hadron production yields
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Post-LS3 (2027- )
● A low-energy (2-13 GeV/c) beam designed by CERN beam group
● Beam may be available after CERN’s Long Shutdown 3 
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SPSC-M-793

https://cds.cern.ch/record/2810696


Physics Motivations of the Low-energy Beam
● Accelerator-based neutrino experiments

○ T2K, Hyper-K (pion at 2 GeV, 8 GeV)
○ LBNF/DUNE
○ Short-baseline Neutrino Program (proton at 8 GeV)

● Atmospheric neutrino experiments
○ sub-GeV neutrinos at Super-K, Hyper-K, DUNE

● Spallation neutron source neutrino experiments
○ JSNS2 (proton at 3 GeV)
○ COHERENT (proton <2 GeV)

● Muon experiments
○ COMET (proton at 8 GeV)

● … 
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More details at NA61++/SHINE open workshop

https://indico.cern.ch/event/1174830/


Summary
● NA61/SHINE provides unique hadron production measurements to support 

the accelerator-based neutrino experiments 
○ Greatly reduced T2K flux uncertainty

○ Recent results will benefit neutrino experiments at Fermilab

● DUNE prototype target data taking planned this year

● Many exciting opportunities after LS3 (2027- )

● We welcome new collaborators!
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Thank you!



Backup
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Charged Analysis
● In each kinematic bin, 

likelihood-based dE/dx fit 
performed to track dE/dx 
distribution 

● Result: Fraction of e+/- , π+/- , K+/-, 
p/p, D+/- in each kinematic bin 

○ Positive and negative tracks fit 
simultaneously in order to constrain 
calibration parameters

● Total number of each species used 
to calculate identified multiplicity in 
each bin
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Uncertainty of pC120 Charged Analysis 
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Uncertainty of pC120 Charged Analysis 
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V0 analysis
● Reconstruct collection of V0 candidates using V0 finder & fitter algorithms
● Calculate neutral kinematics using decay product assumption
● Improve purity of V0 sample by applying selection cuts
● Fit invariant mass distributions for signal yield
● Calculate & apply bin-by-bin Monte Carlo corrections
● Calculate multiplicities
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V0 analysis
● The Armenteros-Podolansky distribution 
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Uncertainty of pC120 Neutral Analysis 
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Uncorrelated:
statistical uncertainty, invariant mass fit 
uncertainty, decay product dE/dx selection 
uncertainty, reconstruction uncertainty, and 
V 0 selection uncertainty



Uncertainty of pC120 Neutral Analysis 
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CEDAR
● Cherenkov Differential Counter with Achromatic Ring Focus (CEDAR) counter

○ Uses a gas as radiator, Helium for beam momenta higher than 60 GeV/c and Nitrogen for 
lower momenta

○ Sophisticated optical system that collects and focuses the Cherenkov photons onto the plane 
of a diaphragm whose opening can be tuned

○ For a given gas pressure, such as to allow only the photons from the wanted species to pass 
through and get detected by the 8 PMTs of the counter
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https://lib-extopc.kek.jp/preprints/PDF/1983/8303/8303266.pdf


TPCs
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Beam Counters
● T1 (identified beam): S1*S2*V1_bar*CED6 
● T2 (beam interaction): T1*S4_bar 
● T3 (unidentified beam): S1*S2*V1_bar 
● T4 (unidentified interaction): T3*S4_bar 
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Atmospheric neutrino


