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Plan for This Talk

ÅWhy?

ÅExperiments: Detectors and Neutrino Beams

ÅHow to Measure a Cross-Section

ÅObservables in Differential Cross-Sections

ÅSome Examples of Measurements (too many!)

ÁLeptonic and lepton-hadron correlated observables

ÁNuclear Dependence and Nucleons

ÅConclusions
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Why?
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(ñbecause itôs thereò is always the wrong answer)
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Future Neutrino Experiments: T2HyperK

ÅMajor upgrade of the T2K beam and a larger far detector, 

HyperKamiokande, in approximately the same location.
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ÅDesigned to be a high statistics test of the observed (with low statistics) CP 
asymmetry in the T2K oscillation result.
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Future Neutrino Experiments: DUNE

ÅHappy coincidence of location of Sanford lab (the former 

Homestake mine where neutrino emission from the sun was discovered!) 

and locations of high-power multi-GeV proton sources at an

optimal distance.
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ÅDetector mass of ~40kTon (or 40Gg if you prefer) of material capable of 
measuring ionization from neutrino interaction products anywhere in that mass.

Drift and collect 

ionization e- in 

liquid argon 

(~2 e- per ɛm).

Try to identify all 

particles in the 

event by their 

ionization or 

interactions.
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What must the detectors measure?

Å In flavor interferometry, neutrinos are characterized by flavor and energy.

ÅBut the beam has a broad spectrum.  And events are rare, so need to 

observe flavor and energy from all the possible final states. 
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ÅRequires a detailed understanding of a large number of neutrino interaction 
mechanisms, and how they may obscure energy and flavor.

Rate and spectral 

differences as a 

function of CP phase
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How to Measure GeV Neutrino Energies

ÅKinematic Reconstruction

ÁPerfect if your events are 

charged-current elastic on free 

nucleons. 

ÁOnly need to measure outgoing 

leptonôs angle and momentum

ÁInfer momentum and thus 

energy transfer from that and the 

neutrino direction.

ÅCalorimetric Reconstruction

ÁIn the limit of large particle 

multiplicities and good 

calorimetry, this can be ñperfectò.

ÁNeed to measure as many of the 

outgoing particles in the hadronic 

system as possible

ÁCanôt see all particlesô (neutrons), 

and calorimetric response is 

different for each particle, 

i.e., charged and neutral pions.

ÁὉ Ὁ Ὁ
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Kinematic Reconstruction on Nuclei

ÅFinal nucleus may carry significant momentum and energy that 

excites internal degrees of freedom of causes fission.

ÅNot everything that appears quasielastic is quasielastic!

ÅAll three reactions below may appear

to be quasielastic because of neutron

invisibility or pion absorption in nucleus.
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Martini et al, 
arXiv:1211.15

23 [hep-ph]

Multi-

nucleo

n



nCalorimetric 

Reconstruction

ÅMeasure lepton energy

ÅMeasure as much about the 

hadronic system as you can. 

ÁComplex since particle visibility 

signature depends on particle 

type and energy.

ÅUse a simulation to 

understand the relationship 

between visible hadronic 

energy and true hadronic 

energy.
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Oscillation at Hyper -K and DUNE
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ÅNote the very different probabilities for HyperK and DUNE!



n

Theory and Experiment

ÅBoth are critical, but both are limited in what they can offer.

ÅTheory uses necessary approximations, is limited in phase space, or calculates 

overly inclusive reactions ill-suited to describing the full final state.

ÅData are good at pointing out modeling deficiencies, but often poor at 

pinpointing the problem.
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Effective 
Models

Reaction 
Data 

(ɜA or eA)
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Experiments: Detectors
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(who studies this, and how?)
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ÅShort baseline oscillation experiments have enough rate to also measure 

neutrino interactions: LSND, MiniBooNE, MicroBooNE.

ÅOscillation experiments have near detectors which measure interactions with 

varying degrees of effort: K2K, MINOS, T2K, NOvA, SBN.

ÅA few dedicated experiments: SciBooNE, MINERvA, ANNIE.
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Lots of Experiments
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SBN Program Near Detector (SBND)

ÅSBND utilizes liquid argon TPC (LArTPC) technology because of 

its low particle thresholds and good particle identification.  

ÅClose to the beam source and massive, it will accumulate nearly 

NOvA near detector or MINERvA sized statistics on argon.

27 October 2025 Kevin McFarland: Cross-Section Experiments 14



n

T2K/HyperKamiokande  SuperFGD

ÅThe SuperFGD 3D pixelated scintillator also provides increased 

granularity for high multiplicity and low thresholds.

ÅAlso has excellent neutron capability, including time-of-flight 

momentum reconstruction.
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Future: DUNE Phase One Near Detector

ÅIncludes PRISM concept in novel 

segmented LArTPC, which is currently 

being prototyped.

27 October 2025 Kevin McFarland: Cross-Section Experiments 16



n

DUNE Phase One Near Detector

ÅSAND includes CH2 and C (for separation of H and C) 

and Ar targets to compare interactions on different nuclei.
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DUNE Phase Two Gaseous ñmore capableò  ND

ÅA future gaseous argon detector would provide bubble-chamber 

like low thresholds for reconstruction of charged particles.

ÅValuable information about energy lost to nuclear final states.
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Experiments: Neutrino Beams
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what do we have to work with?
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Neutrino Beams: Intensity
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ÅWe have two ~GeV neutrino beams approaching 1MW beam 

power, both with incremental paths to slowly increasing power.

NOvA beam (NuMI) T2K beam
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Neutrino Beams: Intensity
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ÅBoth FNAL and J-PARC 

have paths to significant 

increases in what is now 

the visible future.
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Energy by Location

ÅBeams (like NuMI) can be tuned 

to produce different energies.

ÅBut also, NOvA and T2K use the 

ñoff-axisò technique, pointing the 

beam away from the detector to 

select neutrino energy.

ÅPRISM: measure many off-axis 

angles in the same near detector 

to study beams of 

different energies.
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Journal of Physics: 

Conference Series. 
1219. 012021 increasing angle, 

decreasing 

energy and rate
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Energy by Location

ÅT2K and MINERvA have both produced first results

 exploiting this to measure energy dependence.

ÁT2K by using different detectors in different locations.
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Phys Rev D108, 
112009 (2023) 

T2K on-axis

T2K off-axis
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Locationé for energy

ÅT2K and MINERvA have both produced first results

 exploiting this to measure energy dependence.

ÁMINERvA with differently tuned beams on the same detector!
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Dan Ruterbories, 

NuINT 2024
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Flavor!  By Location

ÅMicroBooNE uses the NuMI beam far  off-axis, 

where there are enhanced contributions from 

kaon decays, and therefore a larger ’ fraction.

ÅMicroBooNE and SBN (ICARUS) plan to exploit 

this for oscillation and interaction studies.
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MicroBoooNE
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SBND ñMiniò (my word) PRISM 

ÅIn the near future, SBND will be able to do this within their detector.

ÁEnabled by high statistics, and proximity to a low energy beam.

ÁWill be limited by access to low energies far off axis, but it should work well 

from 0.7 to 1.5 GeV in neutrino energy.
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DUNE and HyperKamiokande  PRISM

ÅDUNE and HyperKamiokande both intend to have 

movable detectors for the PRISM technique.

ÁWhile framed as a tool directly applied to oscillations, 

this probes neutrino energy dependence of interactions.
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DUNE
HyperKamiokande

movable, 

for PRISM

IWCD
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How to measure a cross -section

27 October 2025 Kevin McFarland: Cross-Section Experiments 28

(something between a cookbook and an advice column)
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Cross -Section as a Function of Energy
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ὔὉ „Ὁ ɮ Ὁ ‭Ὁ ὓ

Interaction 

cross section

(area per 

target)

Neutrino flux

(nôs per unit area)

Detector effects, 

use event generator 

to estimate this

Mass 

(number of 

targets)

ÅHowever, as we have observed, the energy in neutrino scattering 

is not determined event-by-event, so this becomes more 

complicated.


