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Flux how many neutrinos pass through
a given unit area in a given
unit time at a given unitenergy

Ers
How do we translate this to a rate
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how likely is an interaction
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Formaggio Zeller

2013

note m millibarn 1027cm

Now let's consider neutrino electron scattering

Veté veté

two contributions Neutral Current NC
and Charged Current CC
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Following Mohapatra Pal Ch 2.2 2.3
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Me 511 KeV electron mass
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and most importantly the inelasticity
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Neutrinos mostly interact with

nuclei nucleons in experiments Different

things happen at different energy ranges

Following Formaggio Zeller 2013

CEUNS IBD GEIRES DIS
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GeV Tev Pev
target nucleus nucleons quarks
Coherent Elastic Neutrino NucleusSiattering

Ev MeV
v v

Coherentenhancement

32 QuR ox

in me titis tinier
low recoil energy Tmax FILE

Inverse Beta Decay 1.806L Fer 10
Je et Intimately connected to nuclearbeta

decay one predicts the other
3W

Distinct coincidence signature

AP A et annihilation with e n capture on nude

followed by emission of monoenergeticphoton
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This is the powerhouse of neutrino physics

First neutrino detected IBD of reactorneutrino

Cowan Reines 1956

First solar neutrino detection IBD with

neutrinos Vet C1 Arté DavisBachall1976

Quasi elastic and Resonance Production

QE ve e Je e
O.lt vs20
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neutrino scatters elastically off of an

individual nucleon kicking it out of the nucleus

roughly speaking dogxEE FCEJ.EE in
Ideform factorsnuclear environment matters

nulleons are not at rest vector F z

theyundergo final state interactions FSI axial vector FA

they can be correlatedwith other
pseudoscalar Fp

nucleons including mesonexchangecurrentsMEC
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RES ve e

Sw
q q baryon resonance

N N e g Δ 1232

nucleons have 3 valence quarks which

can transition in charged current interactions

most common case N NT singlepionproduction

less common cases coherent pion production
multi pion production
Kaon production

this is a messy region As
we transition from QE to DIS

the hadronic system becomes more

complicated Many historical disagreements
between theory and experiment
if interested look into the axial mass anomaly



Formaggio

Zeller 2013

note lack of

w̅ data at

low energies

Deep Inelastic Scattering E azoser

neutrinos scatter off of quarks
when their energy is high enough to

probe such small length scales

This is the most important regime for

Astro neutrino experiments so we'll divedeeperhere
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nucleon is W
hadronic shower

observables Ee End Or

Looks complicated right Actually pretty
well understood process in perturbativeQCD
Three important Lorentz invariant quantities

inelasticity y 1,1 EYE
momentum transfer Q q

met 2Ev Ee Pecose

Bjorken scaling
variable
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21T



Simplest picture for both CC and NC DIS

d our

Tay FIgifEaECxQycc

s.nc
ty 1E E yQ2

1 9 1 E E x Q

F x Q are structure functions

that depend on P i fIn the CC case

Fz x Q 2 xqlx.at t xE x Q

qE u d

F x Q 2 xq x Q xE x Q

qEEud

F If via the Callan Gross relation

q and I are the anti quark PDFs



The important things to remember about

neutrino DIS

Fs is unique to neutrino DIS

It represents interference between the

vector and axial parts of the weak interaction

F and I are measurable in electron DIS

F is sensitive to the valence quark
content of the nucleon which leads to
the sign difference for v s w̅

As neutrino energy increases scattering

off of sea quarks dominates So

Of Of at lower Ev

Of Of at higher E

For NC scattering the Fi structure

functions depend on the neutral current
vector and axial couplings of the quarks
In general One Occ 2



At ultra high energies the w Z

propagators become on shell

Q MIE

EE S a came

transition happens at E 100 TeV

uphot off
Ev Eu lOOTeV

19363 E 2100TeV

01m

H xp 1 CHD 1

MM Q2

En E it
4 0



Points and are evident here

Weigel Conrad Garcia Soto 2024

Inelasticity is the most important

variable from a laboratory perspective

y Iffen all measurable in Icelube
for example

the difference for Esimportantly

that and I have differentmeans

inelasticity distributions



Weigel Conrad

Garcia Soto 2024

Different neutrino flavors have

different CC cross sections due

to the charged lepton mass

o o 0

Esa out 0 0

Even though the threshold is at Eu Ee

Suppression lasts for a while



Kretzer Reno 2002

The Earth can shield neutrinos

at sufficiently high energy

Pintera Eu exp ODIs Eu nearget Do

protethat EE.at EEteter
a neutrino interacts
while traversing
the Earth



One last interaction the

Glashow resonance

We on shell

win resonance condition

e is Feme Mw

E 6.3 PeV

To summarize the high energy landscape

Formaggio Zeller 2013



Next time
What does a v DIS interaction

look like in Ice Cube

VeNsex unNsuX VeNs EX UNSUX

cascade truck double cascade NC cascade

All interactions are relevant for Icelule

CEUNS IBD GEIRES DIS

Mev olev tev Pe'v

Supernova LE Atmospheri Astro neutrinos

Neutrinos oscillations HE Atmospherics


