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Unranked, non-exhaustive list

• For oscillation experiments:
• To disentangle neutrino oscillations from neutrino 

flux x interaction probability
• To accurately reconstruct neutrino energy
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Unranked, non-exhaustive list

• For oscillation experiments:
• To disentangle neutrino oscillations from neutrino 

flux x interaction probability
• To accurately reconstruct neutrino energy

• For nuclear physics:
• Neutrinos offer a different probe of nuclear

structure

Radio Infrared Optical X-Ray 𝛾-Ray

The universe in different wavelengths

ν

In fancy words: sees the “axial” structure of 
the nucleus/nucleon
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Unranked, non-exhaustive list

• For oscillation experiments:
• To disentangle neutrino oscillations from neutrino 

flux x interaction probability
• To accurately reconstruct neutrino energy

• For nuclear physics:
• Neutrinos offer a different probe of nuclear

structure
• For other experiments:

• To elucidate the nature of neutrinos
• To find more effective ways of detecting neutrinos
• To learn about SuperNovae & other phenomena

0𝜈𝛽𝛽 – are neutrinos their own antiparticles?
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Unranked, non-exhaustive list
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Neutrinos are the only particles in the SM that interact only* via the weak interaction

*gravity at these scales is negligible
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Neutrinos are the only particles in the SM that interact only* via the weak interaction

*gravity at these scales is negligible

Charged current (𝑿 = 𝑾± boson)
Produces a detectable charged lepton 

flavor-coupled to the neutrino
Main signal for oscillation experiments

Neutral current (𝐗 = 𝒁𝟎 boson)
Neutrino flavor remains intact, but final state neutrino 

is not easily detectable
Is often a background for oscillation experiments

ℳ ∝
𝑔𝑊

2

𝑞2 − 𝑀𝑋
2 𝐽𝑙𝑒𝑝𝑡𝑜𝑛

𝜇
𝐽𝜇,ℎ𝑎𝑑𝑟𝑜𝑛 Z

At ~1GeV, about 70% of neutrino 
interactions are CC and about 30% are NC
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≃1/(boson “wavelength”)

Interaction with nucleons Interaction with quarks

Plot adapted from N. Jachowicz

Neutrino scattering with individual particles
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≃1/(boson “wavelength”)

Interaction with nucleons Interaction with quarks

Plot adapted from N. Jachowicz

Neutrino scattering with individual particles

Quasi-elastic (QE) Resonant (RES) Deep inelastic scattering (DIS)



Quasi-elastic (CCQE) interactions
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𝑀~
𝑔𝑤

2

8

1

𝑀𝑊
2 − 𝑞2

[ത𝑢𝑒𝛾𝜇 1 − 𝛾5 𝑢𝜈][ത𝑢𝑛 𝑉𝜇 − 𝐴𝜇 𝑢𝑝]

There are four parts of this 
matrix element

(1) The coupling factor, which 
determines the interaction 
strength

𝑔𝑤
2

8

(2) The propagator, 
accounting for the w 
exchange

It  also has some 
other parts at  higher 
energies

1

𝑀𝑊
2

(3) The leptonic current, which 

helps violate Parity and ... , uh 
comes from

... Its pretty 
important in QFT 

[ത𝑢𝜇𝛾𝜇 1 − 𝛾5 𝑢𝜈]

(4) The hadronic current, it 
[mumble mumble] extended 
objects [mumble mumble]

- And those are the 
four parts of the 
matrix element!  

A
d

ap
ted from

 XKC
D

From Stephen’s INSS lectures

https://xkcd.com/1489/
https://indico.cern.ch/event/1011452/contributions/4448410/attachments/2290748/3894688/sDolanNuXSec_part1.pdf
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𝑀~
𝑔𝑤

2

8

1

𝑀𝑊
2 − 𝑞2

[ത𝑢𝑒𝛾𝜇 1 − 𝛾5 𝑢𝜈][ത𝑢𝑛 𝑉𝜇 − 𝐴𝜇 𝑢𝑝]

The hadronic current

• The form factors are a way of parametrizing the fact that
the nucleons are extended objects (not point-like)

• Some are more or less known (from measurements or 
first principles)

• For our applications, a poorly known one is the axial 
form factor Could be written as a dipole

From Stephen’s INSS lectures

https://indico.cern.ch/event/1011452/contributions/4448410/attachments/2290748/3894688/sDolanNuXSec_part1.pdf
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✓ “Simplest” interaction type at ~1 GeV scale
✓ In principle fully calculable with enough pen and paper 

and patience
✓ The fact that the nucleon is an extended object is 

parametrized with “form factors”
✓ For neutrino experiments, a poorly known one is the 

axial form factor
• Mostly measured with bubble chamber 

experiments in the 70s and 80s

Digression: why don’t we trust those measurements? Other
parametrizations?



Resonant interactions
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Δ+

𝜋+

𝑛

±
• Theoretical model widely used today developed

by Feynman & others in the 70s
• Very simplistic model
• Scattering amplitude is similar in concept to 

CCQE but much longer
• Uses its own set of form factors and they are 

poorly known



Deep inelastic scattering
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Asymptotic freedom

At high energies, well understood with perturbative QCD:



Deep inelastic scattering
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Asymptotic freedom

…but now well understood in 
the non-perturbative region
(𝑄2<1 GeV)



Take-aways at this point
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✓ We can mostly write down CCQE interactions, but don’t fully know the 
axial form factor

✓ We have a simplistic model for resonant interaction and have more 
form factors we don’t know very well

✓ We can calculate very high energy DIS interactions, but rely on 
numerical methods for anything non-perturbative
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≃1/(boson “wavelength”)

Interaction with nucleons Interaction with quarks

Plot adapted from N. Jachowicz

Neutrino-nucleus scattering

Quasi-elastic (QE) Resonant (RES) Deep inelastic scattering (DIS)
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≃1/(boson “wavelength”)

Plot adapted from N. Jachowicz

Neutrino-nucleus scattering

Interaction with nucleons Interaction with quarks
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≃1/(boson “wavelength”)

Plot adapted from N. Jachowicz

Neutrino-nucleus scattering

Interaction with nucleons Interaction with quarks

𝜈 − nucleon

𝜈 − nucleus



Fermi motion
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Nucleons are not stationary inside the nucleus
• Their momenta are comparable to the neutrino energies we care about
• Different approaches to describe momentum distributions



Nuclear removal energy
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Nucleons are bound inside nuclei with a 
certain energy
• And there is a correlation between this

energy and the nucleon momentum

Some examples:
• RFG: “The nucleus is a box”
• LFG: “The nucleus is a collection of 

boxes”
• SF/RMF/IPSM/others: “The nucleus 

is a collection of shells”
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Nucleons are bound inside nuclei with a 
certain energy
• And there is a correlation between this

energy and the nucleon momentum Eur.Phys.J.ST 230 (2021) 24, 4469-4481

Ԧ𝑝𝑚𝑖𝑠𝑠 = Ԧ𝑝𝜈 − Ԧ𝑝𝜇 − Ԧ𝑝𝑝

𝐸𝑚𝑖𝑠𝑠 = 𝜔 − 𝑇𝑝
𝑝𝑟𝑒−𝐹𝑆𝐼

− 𝛥𝑚𝑛→𝑝 − 𝑇𝑛𝑢𝑐𝑙.𝑟𝑒𝑚𝑛𝑎𝑛𝑡

Some examples:
• RFG: “The nucleus is a box”
• LFG: “The nucleus is a collection of 

boxes”
• SF/RMF/IPSM/others: “The nucleus 

is a collection of shells”

https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
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Nucleon correlations
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Short-range correlations (SRC) Long-range correlations

Pairs of nucleons with usually high 
momenta
Spectator nucleon ejected alongise
interacting nucleon

a.k.a “nuclear screening”, “dampening”, RPA…
Nucleon interaction is “blurred” by the 
coherent sum of the other nucleons’ 
wavefunctions (& other effects)

Essentially reduces cross-section in 
certain regions of phase space



Multi-nucleon interactions (2p2h)
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Nucleons are “bound” by virtual pions
In some neutrino interactions, two nucleons can be 
ejected at once

Known nuclear effect (probed with electron scattering)
Relatively new addition for neutrino physics

QE

2p2h

𝝅 prod.



Final state interactions (FSI)
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Hadrons (𝜋, 𝑝, 𝑛 …) produced inside the 
nucleus can undergo reinteractions with
the nuclear medium
• We typically model this using Monte 

Carlo methods (e.g. cascades)
• There are attempts to include some of 

these processes more consistently in 
models but it’s very hard!



Recap of nuclear effects
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• Fermi motion
• Removal energy
• Short/long-range correlations
• Multi-nucleon interactions
• Final state interactions

+ there are other effecs which can be more/less important 
(e.g. Pauli blocking, NLO additions at higher energies…) but 
will not discuss them here



Interaction channels vs visible topologies
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Because of nuclear effects, we can never see a “true” e.g. CCQE interaction
→ we can only approximate them using visible topologies inside a detector

True interaction 
(before FSI)

CCQE 2p2h RES DIS



Interaction channels vs visible topologies
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Because of nuclear effects, we can never see a “true” e.g. CCQE interaction
→ we can only approximate them using visible topologies inside a detector

? ? ?

True interaction 
(before FSI)

Observable 
topology

CCQE 2p2h RES DIS

CC0𝝅 CC1𝝅 CCN𝝅



Interaction channels vs visible topologies

05.08.2025 Laura Munteanu - EP-NU Summer Student Lectures 39

Because of nuclear effects, we can never see a “true” e.g. CCQE interaction
→ we can only approximate them using visible topologies inside a detector
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True interaction 
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In practice, it looks more like this…
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CC0𝝅

CC1𝝅

CCN𝝅



In practice, it looks more like this…
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CC0𝝅

CC1𝝅

CCN𝝅



Neutrino energy reconstruction
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LArTPC – measure particles’ energy deposits

Inspired by S. Dolan’s INSS 2023 lecture

𝜇-like 𝑒-like

Water Cherenkov – measure kinematics of 
particles above threshold

Different detectors – different methods – different priorities

https://indico.fnal.gov/event/57378/contributions/273081/
https://indico.fnal.gov/event/57378/contributions/273081/
https://indico.fnal.gov/event/57378/contributions/273081/
https://indico.fnal.gov/event/57378/contributions/273081/


Neutrino energy reconstruction
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(“kinematic” energy reconstruction) (calorimetric energy reconstruction)

Inspired by S. Dolan’s INSS 2023 lecture

Different detectors – different methods – different priorities

Infer neutrino energy from
lepton kinematics under 2-

body reaction assumption 𝜋0

𝑛

𝛾

𝛾

Add up all visible energy
from final state particles

https://indico.fnal.gov/event/57378/contributions/273081/
https://indico.fnal.gov/event/57378/contributions/273081/
https://indico.fnal.gov/event/57378/contributions/273081/
https://indico.fnal.gov/event/57378/contributions/273081/


What impacts 𝑆 𝐸𝜈
𝑡𝑟𝑢𝑒 , 𝐸𝜈

𝑟𝑒𝑐𝑜 ?
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Beyond detector resolution

Sources of missing energy:
• Binding energy smears all 

peaks by O(50 MeV)
• Charged pion masses (decay 

to neutrinos)
• Neutrons (invisible energy)

𝐸𝜈
𝑟𝑒𝑐𝑜 = 𝐸𝑙𝑒𝑝 + ∑𝑇𝑝 + ∑𝑇𝜋± + ∑𝐸𝜋0,𝛾



What impacts 𝑆 𝐸𝜈
𝑡𝑟𝑢𝑒 , 𝐸𝜈

𝑟𝑒𝑐𝑜 ?

05.08.2025 Laura Munteanu - EP-NU Summer Student Lectures 45

Beyond detector resolution

Sources of missing energy:
• Binding energy smears all 
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Beyond detector resolution

Sources of missing energy:
• Binding energy smears all 

peaks by O(50 MeV)
• Charged pion masses (decay 

to neutrinos)
• Neutrons (invisible energy)

𝐸𝜈
𝑟𝑒𝑐𝑜 = 𝐸𝑙𝑒𝑝 + ∑𝑇𝑝 + ∑𝑇𝜋± + ∑𝐸𝜋0,𝛾

After FSI:
• Increased contributions from 

neutrons 
• Pion absorption

The net effect of FSI is to shift visible 
energy to invisible contributions
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Beyond detector resolution

For ഥ𝝂𝝁 it’s worse

• Neutron final states dominate 
even before FSI (e.g. all CCQE 

interactions have a neutron in the final state)

𝐸𝜈
𝑟𝑒𝑐𝑜 = 𝐸𝑙𝑒𝑝 + ∑𝑇𝑝 + ∑𝑇𝜋± + ∑𝐸𝜋0,𝛾

No unbiased
events
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Beyond detector resolution

For ഥ𝝂𝝁 it’s worse

• Neutron final states dominate 
even before FSI (e.g. all CCQE 

interactions have a neutron in the final state)

• Migration of invisible energy 
from pions to neutrons

𝐸𝜈
𝑟𝑒𝑐𝑜 = 𝐸𝑙𝑒𝑝 + ∑𝑇𝑝 + ∑𝑇𝜋± + ∑𝐸𝜋0,𝛾

FSI significantly increases
amount of invisible energy for ҧ𝜈𝜇 

Important, as 𝝂 vs ഥ𝝂 differences are 
instrumental for 𝜹𝑪𝑷 measurements
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Beyond detector resolution

Large uncertainty on the size of 
the bias

Fraction of events with bias>10%:
• O(50%) for 𝜈𝜇 → models differ 

by >30%
• O(60%) for ҧ𝜈𝜇 → models differ 

by >10%
…and this is just due to the impact of the cascade: in 
reality, more physics effects will affect this
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Beyond detector resolution

Large uncertainty on the size of 
the bias

Fraction of events with bias>10%:
• O(50%) for 𝜈𝜇 → models differ 

by >30%
• O(60%) for ҧ𝜈𝜇 → models differ 

by >10%
…and this is just due to the impact of the cascade: in 
reality, more physics effects will affect this

Imperative to constrain these differences 
for DUNE oscillation physics
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𝚫𝐦𝟑𝟐
𝟐 = 𝟐. 𝟓𝟒 × 𝟏𝟎−𝟑𝒆𝑽

𝚫𝐦𝟑𝟐
𝟐 = 𝟐. 𝟐𝟒 × 𝟏𝟎−𝟑𝒆𝑽

𝜈𝜇 survival

To first order, direct impact on 𝚫𝒎𝟑𝟐
𝟐 via 

shift in reconstructed energy…
…but also impacts all oscillation 
parameters (incl. sin2 𝜃23 and 𝛿𝐶𝑃)

Moving visible energy to 
invisible energy has the 
same effect
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From C. Wilkinson’s talk

𝚫𝐦𝟑𝟐
𝟐 = 𝟐. 𝟓𝟒 × 𝟏𝟎−𝟑𝒆𝑽

𝚫𝐦𝟑𝟐
𝟐 = 𝟐. 𝟐𝟒 × 𝟏𝟎−𝟑𝒆𝑽

𝜈𝜇 survival

To first order, direct impact on Δ𝑚32
2 via 

shift in reconstructed energy…
…but also impacts all oscillation 
parameters (incl. sin2 𝜃23 and 𝛿𝐶𝑃)

Moving visible energy to 
invisible energy has the 
same effect

https://indico.fnal.gov/event/57388/contributions/260906/attachments/164903/218861/dune_systematics_challenges_upload.pdf
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No model is able to 
describe global 

neutrino scattering
measurements

Phys. Rev. Lett. 121, 022504 (2018)
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Socrates, 
as he analyzes neutrino cross-

section measurements

No model is able to 
describe global 

neutrino scattering
measurements
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Improve our measurements
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Improve our detectors

Improve our generators

Improve our measurements

To measure new 

neutrino interactions



What this lecture didn’t cover & other resources

 We didn’t speak at all about neutrino generators
 For some great lectures, see one from Stephen, one from Luke and one from

Clarence

 We didn’t cover theory in depth

 See lectures by Noemi, Minoo

 We didn’t cover how to parametrize cross-section systematic uncertainties
 See lecture by Clarence

 We didn’t discuss how to measure neutrino cross sections

 See lectures from Lukas (statistics), Deborah (measurement principles)

 This lecture was heavily inspired by Stephen’s INSS lectures

 See this one and this one (2023) and these ones (2021)
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https://indico.cern.ch/event/1331901/contributions/5883133/attachments/2876682/5037997/SDolanNuSTECLecture.pdf
https://indico.cern.ch/event/1331901/contributions/5883137/attachments/2878340/5041290/NuSTEC2024GeneratorsTechnical-2.pdf
https://indico.fnal.gov/event/59963/contributions/288526/
https://indico.cern.ch/event/1331901/contributions/5883075/attachments/2871397/5027194/talk_Rocco_NUSTEC_PartI.pdf
https://indico.cern.ch/event/1331901/contributions/5883093/attachments/2872638/5029959/Cern_lecture1.pdf
https://indico.cern.ch/event/1331901/contributions/5883125/attachments/2875570/5035763/CWret_NuSTEC_school_Oscillations_PartI.pdf
https://indico.cern.ch/event/1331901/contributions/5883105/
https://indico.cern.ch/event/1331901/contributions/5883071/
https://indico.fnal.gov/event/57378/contributions/273068/attachments/170016/228423/SDolanLectures_part1.pdf
https://indico.fnal.gov/event/57378/contributions/273081/attachments/170128/228642/SDolanLectures_part2.pdf
https://indico.cern.ch/event/1011452/timetable/


Summary

Neutrino interactions are fundamental to all fields of neutrino physics

They are hard! Nuclei are messy…

We understand some processes, but not all, and not well enough for the 
precision era

Many opportunities to make significant contributions!
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