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Why do we care about neutrino interactions?

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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Why do we care about neutrino interactions?
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

In fancy words: sees the “axial” structure of
the nucleus/nucleon

The universe in different wavelengths

Radio Infrared Optical X-Ray y-Ray
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Why do we care about neutrino interactions?

Unranked, non-exhaustive list n p n P
e <
* For oscillation experiments: w w ; :
» To disentangle neutrino oscillations from neutrino v o |
flux x interaction probability v & ::t
* To accurately reconstruct neutrino energy - " - :
* For nuclear physics: " P . P
* Neutrinos offer a different probe of nuclear 0vfB - are neutrinos their own antiparticles?
structure

* For other experiments:
* To elucidate the nature of neutrinos
* To find more effective ways of detecting neutrinos
* Tolearn about SuperNovae & other phenomena
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Wi — trino interactions?

This map shows muon-flavored cosmic neutrinos coming from the northern sky, where IceCube's view is clearest. These
l ’n ’I neutrinos’ long tracks through the detector allow scientists to precisely pinpoint their extragalactic origins. The two most n p
significant neutrino sources are circled.
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[ ] FOI GALACTIC NEUTRINOS

This map shows electron and tau neutrinos that coincide with the arrival of high-energy photons from within the galaxy.
P Most come from near the Milky Way's center or along the galactic plane.

ear OvBp - are neutrinos their own antiparticles?

A scattered
° ’@ neutrino
- ”
. Z \ nuclear
neutrinos boson'\ recoil

homena R ?;/_,,
788
" recoils

Both

maps are

in equatorial

coordinates on

a Hammer-Aitoff projection.

scintillation

SuperNova neutrinos?
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The weak interaction

Neutrinos are the only particles in the SM that interact only* via the weak interaction

Response

Nucleus

w

Nucleon

w

300 MeV

*gravity at these scales is negligible

05.08.2025 Laura Munteanu - EP-NU Summer Student Lectures
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*gravity at these scales is negligible

The weak interaction

Neutrinos are the only particles in the SM that interact only* via the weak interaction

1 2 1
I gw u 1
[ M £ ————< I
W : (qz _ M)Z() ]lepton]ﬂ,hadron 4 :
1 1
/m /m
Charged current (X = W* boson) Neutral current (X = Z° boson)
Produces a detectable charged lepton Neutrino flavor remains intact, but final state neutrino
flavor-coupled to the neutrino is not easily detectable
Main signal for oscillation experiments Is often a background for oscillation experiments

At ~1GeV, about 70% of neutrino
interactions are CC and about 30% are NC
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*gravity at these scales is negligible

The weak interaction

Neutrinos are the only particles in the SM that interact only* vj raction

Charged c Neutral current (X = Z° boson)

Produce Neutrino flavor remains intact, but final state neutrino
is not easily detectable
Main sign i Is often a background for oscillation experiments

At ~1GeV, about 70% of neutrino
interactions are CC and about 30% are NC
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Neutrino scattering with individual particles

Interaction with nucleons Interaction with quarks

[
»

i Plot adapted from N. Jachowicz
Elastic

A DIS

Q2 2 w  =1/(boson “wavelength”)

300 MeV
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Neutrino scattering with individual particles

Interaction with nucleons Interaction with quarks

[
>

Plot adapted from N. Jachowicz

Elastic
DIS

Nucleon

w  =1/(boson “wavelength”)

Q2 2 \IA\
/ 300 MeV \

Quasi-elastic (QE) Resonant (RES) Deep inelastic scattering (DIS)
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Quasi-ela
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There are four parts of this
matrix element

(1) The coupling factor, which

determines the interaction
strength

%

(2) The propagator,
accounting for the w
exchange

/ 1
My,

It also hassome
other parts at higher
energies

ALSO WHAT?

ANRY
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(3) The leptonic current, which
helpsviolate Parity and ..., uh
comes from

u
- WELL, UMM
|

... Its pretty
importantin QFT

/
T SEE.
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(4) The hadronic current, it
[mumble mumble] extended
objects [mumble mumble]

THATs NOT A SENTENCE.
YoU JusT SAID RADID—

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

N

From Stephen’s INSS lectures
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From Stephen’s INSS lectures

Qua51 elastic (CCQE) interactions

g
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The hadronic current
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The form factors are a way of parametrizing the fact that

the nucleons are extended objects (not point-like) 2\ _ f A (0)
fA q )= D)

Some are more or less known (from measurements or e

first principles) ( M2 )

For our applications, a poorly known one is the axial

form factor Could be written as a dipole
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Take-away for CCQE interactions

“Simplest” interaction type at ~1 GeV scale
In principle fully calculable with enough pen and paper
and patience
v" The fact that the nucleon is an extended object is
parametrized with “form factors”
v" For neutrino experiments, a poorly known one is the
axial form factor
* Mostly measured with bubble chamber
experiments in the 70s and 80s

AN

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

05.08.2025 Laura Munteanu - EP-NU Summer Student Lectures 19



Resonant interactions

* 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

05.08.2025 Laura Munteanu - EP-NU Summer Student Lectures 20



Deep inelastic scattering Asymptotic freedom
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At high energies, well understood with perturbative QCD:
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Deep inelastic scattering

w(u)

Q} Ey

P nucleon Hadron
Shower

...but now well understood in
the non-perturbative region

Q%<1 GeV)
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Take-aways at this point

v" We can mostly write down CCQE interactions, but don’t fully know the
axial form factor

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

v" We can calculate very high energy DIS interactions, but rely on
numerical methods for anything non-perturbative

05.08.2025 Laura Munteanu - EP-NU Summer Student Lectures

23



05.08.2025

Neutrino Interactions
Part 2: The Nucleus Strikes Back

Stephen Dolan

stephen.joseph.dolan@cern.ch

Laura Munteanu - EP-NU Summer Student Lectures
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Neutrino-nucleus scattering

Interaction with nucleons Interaction with quarks

[
>

Plot adapted from N. Jachowicz

Elastic
DIS

Nucleon

w  =1/(boson “wavelength”)

Q2 2 \IA\
/ © 300 Mev \

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

Interaction with nucleons Interaction with quarks

[
»

Plot adapted from N. Jachowicz

DIS

Nucleon

_Qi w =1/(boson “wavelength”)

300 MeV

05.08.2025 Laura Munteanu - EP-NU Summer Student Lectures

26



Neutrino-nucleus scattering

Interaction with nucleons Interaction with quarks

[
»

Response

Elastic

v — nucleus

Nucleus

>

Plot adapted from N. Jachowicz

DIS
v — nucleon

Nucleon

_Qg_ w =1/(boson “wavelength”)
Q2

300 MeV
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Fermi motion

0.14

012 FG =——

. £ 01y LFG —

: "‘ @ % 0.08 | SF —
P E 0.06
e 0 ¢ < 004°F
¢ 0.02 |

0 01 02 03 04 05 06 07 08

Nucleon momentum [GeV/c]

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

05.08.2025 Laura Munteanu - EP-NU Summer Student Lectures
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Nuclear removal energy

Nucleons are bound inside nuclei with a

certain energy

* And thereis 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”

05.08.2025 Laura Munteanu - EP-NU Summer Student Lectures
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Nuclear removal energy

Nucleons are bound inside nuclei with a

certain energy B Beuhar SF — Local FG
* And there is a correlation between this —— Global FG NEUT 5.5.0, 1,"°0
energy and the nucleon momentum = il I Eur.Phys |.ST 230 (2021) 24, 4469-4481
s
Some examples: ~ 2 ol
* RFG: “The nucleus is a box” t/) S|
* LFG: “The nucleus is a collection of I
boxes” 20
 SF/RMF/IPSM /others: “The nucleus
is a collection of shells” Gle s o v 1 ¢ 6w s -

0 100 200 300
Phrivigg (MeV/e)
ﬁmiss = ﬁv - ﬁu - ﬁp
—FSI
Emiss = 0 — T;? re — Amyp — Thuctremnant
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Nuclear removal energy

Nucleons are bound inside nuclei with a
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* And thereis a correlation between this — Global FG NEUT 5.5.0, 1,150
60

energy and the nucleon momentum %\ Eur.Phys ST 230 (2021) 24, 4469-4481
=
Some examples: N k:
*  RFG: “The nucleus is a box” t’, | 5
* LFG: “The nucleus is a collection of m "
boxes” i [

 SF/RMF/IPSM /others: “The nucleus
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Nuclear removal energy

Nucleons are bound inside nuclei with a

certain energy B Benhar S — Local FG

* And thereis a correlation between this —— Global FG NEUT 5.5.0, 1,10
energy and the nucleon momentum O

Eur.Phys.].ST 230 (2021) 24, 446 9-4481

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”

e 2 = o8 -
0 '
/0 100 200 300

Priiing (MeV/c)

ﬁmiss = ﬁv - ﬁu - ﬁp
_ Tpre—FSI —A

Emiss = n-p ~ Tnucl.remnant
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Nucleon correlations

Short-range correlations (SRC) Long-range correlations
Pairs of nucleons with usually high a.k.a “nuclear screening”, “dampening”, RPA...
momenta Nucleon interaction is “blurred” by the

Spectator nucleon ejected alongise coherent sum of the other nucleons’

interacting nucleon

Codependency
looks like...

An unhealthy Lack of
obsession with identity

the relationship ’& 3 without +hem
Struggling to Overwhelming
identify your fear of being
emotions l abandoned
Being heavily reliant Doing anything for
on the other person them and ignoring your
to feel good about own needs in order to
yourself be loved/chosen

05.08.2025

wavefunctions (& other effects)
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Essentially reduces cross-section in

certain regions of phase space
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Multi-nucleon interactions (2p2h)

Nucleons are “bound” by virtual pions
In some neutrino interactions, two nucleons can be
ejected at once

™~ T
)

05.08.2025

E=560 MeV. 8=60". q,,, =508 MeV/c
- - 5000 | ' | L
............... P - 10.56
N 4000F ., :
5 R 10.54
3000F
- H0.52
2000F A
N B - 105
------ A 1000 .
- ) 10.48
0 - T K S R I_ TSI T Bl i PR B!
0 0.1 0.2 0.3 04

Known nuclear effect (probed with electron scattering)
Relatively new addition for neutrino physics
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Final state interactions (FSI)

Charge Exchange &

Elastic
Scattering

Pion Production

Hadrons (T, 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 butit’s very hard!

05.08.2025 Laura Munteanu - EP-NU Summer Student Lectures
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Recap of nuclear effects

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

05.08.2025 Laura Munteanu - EP-NU Summer Student Lectures
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Interaction channels vs visible topologies

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
CCQE RES DS

Vu I m

True interaction
(before FSI)
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Interaction channels vs visible topologies

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

RE DIS
€00 5 .
True interaction
(before FSI) v
n P / e
” 10
Observable
topology hn

P e
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Interaction channels vs visible topologies

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

RE DIS
€00 5 .
True interaction
(before FSI) v
n P / e
” 10
Observable
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P e
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In practice, it looks more like this... Tz
uBooNE _
BT B,

neutrino
interaction
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Inspired by S. Dolan’s INSS 2023 lecture

Neutrino energy reconstruction
YPER

\

Charge/tick/channel (ke)

-2.5

200 300 400
Wire Number

Water Cherenkov — measure kinematics of

LArTPC - measure particles’ energy deposits
particles above threshold

[ Different detectors - different methods - different priorities ]
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Inspired by S. Dolan’s INSS 2023 lecture

\

(calorimetric energy reconstruction)

Neutrino energy reconstruction

H"E

(“kinematic” energy reconstruction)

Y I
\\%// Infer neutrino energy from
v lepton kinematics under 2-

Y H

W Add up all visible energy
N oY from final state particles
2 $b & body reaction assumption ," «é é - <
Ny — ~ )
— ~— %
v A\ P
n

[ Different detectors - different methods - different priorities ]
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-E"™®) [em?/nucleon]

reco
EV

do/d(

Ratio w.r.t. Total CC

What lmpaCtS S(E,Srue’ E“'I;eCO) ? Beyond detector resolution

Total CC
With neutrons, with o=

x10 % .

No neutrons, no =
T T

—— With neutrons, no n=

No neutrons, with =

pre FSI

[ v, GENIE AR23_20i_00_000

- 1
G.L«— i DA
-0.4 -0.2 0

E(,ECD_E&,TUE [GeV]
05.08.2025
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Sources of missing energy:

* Binding energy smears all
peaks by O(50 MeV)

* Charged pion masses (decay
to neutrinos)

* Neutrons (invisible energy)

After FSI:

* Increased contributions from
neutrons

* Pion absorption
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* Neutron final states dominate
even before FSI (eg alccqe

interactions have a neutron in the final state)
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Large uncertainty on the size of
the bias

Fraction of events with bias>10%:

* 0(50%) for v, » models differ
by >30%

* 0(60%) for v, » 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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Imperative to constrain these differences
for DUNE oscillation physics
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How does this impact oscillation measurements?

Am3, = 2.24 x 107 3eV

1.0
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T
Si.
[

05 Moving visible energy to
invisible energy has the
same effect

v, survival

0.0- 1. 5 : ; .

E,(GeV)

To first order, direct impact on Am3, via
shift in reconstructed energy...
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How do our models perform? arxiv:181006043
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How do our models perform?
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How can you help?
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Improve our generators
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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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