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Neutrino Cross Sections 
and Interactions



Neutrinos are abundant  

Produced at various sources with different energies  

Interacting only via the weak force - very rarely 

Measuring neutrino interactions in massive detectors 



Neutrino Cross Sections and Interactions 
Today: 

What is the probability for neutrino interactions to happen?  
What is a cross section? 
Why is it so important in neutrino physics? 

The nuclear target 
Possible neutrino nuclei interactions  
Final State interactions  

   Some examples for neutrino cross section measurements  

How can we estimate those cross sections?  
  How can we improve? 
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Cross Section

Rate - Number of interactions per unit time  
Luminosity - depends on beam and target � =

R

L

L = �Ntargets

Incoming flux

�Ntargets L =

Z
Ldt

Integrated luminosity [1/Area]
4

R = �L

Cross section, σ,  is a measure for a process to happen  

Experimentally, it depends on: 
The process itself  
The experiments condition.  



Integrated Cross Section
Integrated cross section 

σ has units area: cm2 or barn (1 br = 1E-24 cm2) 
σ is also: Lorentz invariant, additive 

� =

Z
R

L dt =
N

L

Classically, σ can be interpreted as the effective surface area of a target, a

Or the area around the target particle within which 
the incident particles will interact with target. 
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Differential Cross Section
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Differential Cross Section - in real life
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Fermi golden rule

For any process. the rate is proportional to: 

R / |Mif |2⇢

Density of states 

Matrix element

Gabriel N. Perdue Fermilab

p
p

W⁺

μ%νμ

π+

Δ++

4

a+ b ! c+ d

a

b

c

dW = �� = �navab

W =
1

h
|Mif |2 ⇢f

Fermi’s Second Golden Rule

Mif =

Z
 ⇤
fH id⌧Perturbation Theory:

ρf is the density of states (phase space factor).

Basic Formalism

Fermi makes the rules.

� (a+ b ! c+ d) / |Mif |2 ⇢f

M is the “Matrix Element”

Calculable in perturbation theory 

Gabriel N. Perdue Fermilab
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Fermi’s Second Golden Rule

Mif =

Z
 ⇤
fH id⌧Perturbation Theory:

ρf is the density of states (phase space factor).

Basic Formalism

Fermi makes the rules.

� (a+ b ! c+ d) / |Mif |2 ⇢f

M is the “Matrix Element”

8 For more see: Quarks and Leptons, Halzen & Martin p79
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Fermilab

Beam flux and Targets in Neutrino Physics 

Sanford Underground 
Research Facility



flux and n targets - in Neutrino Physics 
Counting POT - Protons On Target 

For example                             BNB O(1021) POTs per year 

                                                    Φ = 3.15769 × 1010cm–2 per year  

Nuclei target with high A.           Example Argon Z = 18, A = 40 

Neutrino is dimensionless wrt to atomic nuclei RA = 1.2 A1/3 fm 

Detectors are measured in tons (or tons in fiducial volume) 

     For example                         Ntargets =  ρArVNA/mmol = 1.203 × 1030

                                                  Additional orders of magnitude 

Cross Section -  Charged Current neutrino interaction on Argon O(10-38 cm2) 
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Fermilab
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Why Cross Section is important when oscillations 
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Oscillations Require incoming E  Reconstruction
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Oscillations Require incoming E  Reconstruction
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Oscillations Require incoming E  Reconstruction
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Oscillations Require incoming E  Reconstruction
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Detecting neutrino interaction
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⌫

?

Eν = Σ Εoutgoing particles



Detecting neutrino interaction
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⌫

Eν = Σ Εoutgoing particles
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The nuclei 
The atom is made out of nucleons 

How are they interacting with one another? 

What is their initial state? Their momentum distribution? their motion? 

Important to understand the initial state to understand final state 

Historically been studied by bombarding by electrons or other hadrons and measuring 
their final state 
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Initial State - Fermi Gas ModelIndependent particles: global Fermi gas

2

The basic concept of the FermiThe basic concept of the Fermi--gas modelgas model

The theoretical concept of a Fermi-gas may be applied for systems of weakly 
interacting fermions, i.e. particles obeying Fermi-Dirac statistics leading to the Pauli
exclusion principle !!!!
• Simple picture of the nucleus:
— Protons and neutrons are considered as moving freely within the nuclear volume. 
The binding potential is generated by all nucleons
— In a first approximation, these nuclear potential wells are considered as
rectangular: it is constant inside the nucleus and stops sharply at its edge 
— Neutrons and protons are distinguishable fermions and are therefore situated in 
two separate potential wells

— Each energy state can be ocupied by two
nucleons with different spin projections
— All available energy states are filled by 
the pairs of nucleons !!!! no free states , no 
transitions between the states
— The energy of the highest occupied state 
is the Fermi energy EF

— The difference B‘ between the top of the well and the Fermi level is constant for 
most nuclei and is just the average binding energy per nucleon B‘/A = 7–8 MeV.

• Simple picture of the nucleus: only 
statistical correlations are retained 
(Pauli exclusion principle)

• Protons and neutrons are considered 
as moving freely within the nuclear 
volume

• The nuclear potential wells are rectangular: constant inside the nucleus and goes sharply to 
zero at its edge 

• The energy of the highest occupied state is the Fermi energy:  EF

• The difference B’ between the top of the well and the Fermi level is constant for most nuclei 
and is just the average binding energy per nucleon B’/A ~ 7-8 MeV

C. Bertulani, Nuclear Physics in a Nutshell

Simplest model 
- No interactions between nucleons 
- Moving freely inside the nucleus 

volume (potential well).  
- Using Pauli exclusion principle 

(only two 1/2 spin fermions in 
each energy state) 

Fermi energy (EF)  

The highest occupied state energy 

Binding energy (B/EB) 

Energy required to separate a nucleon from nucleus



20

Initial State - Fermi Gas ModelIndependent particles: global Fermi gas

2

The basic concept of the FermiThe basic concept of the Fermi--gas modelgas model

The theoretical concept of a Fermi-gas may be applied for systems of weakly 
interacting fermions, i.e. particles obeying Fermi-Dirac statistics leading to the Pauli
exclusion principle !!!!
• Simple picture of the nucleus:
— Protons and neutrons are considered as moving freely within the nuclear volume. 
The binding potential is generated by all nucleons
— In a first approximation, these nuclear potential wells are considered as
rectangular: it is constant inside the nucleus and stops sharply at its edge 
— Neutrons and protons are distinguishable fermions and are therefore situated in 
two separate potential wells

— Each energy state can be ocupied by two
nucleons with different spin projections
— All available energy states are filled by 
the pairs of nucleons !!!! no free states , no 
transitions between the states
— The energy of the highest occupied state 
is the Fermi energy EF

— The difference B‘ between the top of the well and the Fermi level is constant for 
most nuclei and is just the average binding energy per nucleon B‘/A = 7–8 MeV.

• Simple picture of the nucleus: only 
statistical correlations are retained 
(Pauli exclusion principle)

• Protons and neutrons are considered 
as moving freely within the nuclear 
volume

• The nuclear potential wells are rectangular: constant inside the nucleus and goes sharply to 
zero at its edge 

• The energy of the highest occupied state is the Fermi energy:  EF

• The difference B’ between the top of the well and the Fermi level is constant for most nuclei 
and is just the average binding energy per nucleon B’/A ~ 7-8 MeV

C. Bertulani, Nuclear Physics in a Nutshell

Simplest model 
- No interactions between nucleons 
- Moving freely inside the nucleus 

volume (potential well).  
- Using Pauli exclusion principle 

(only two 1/2 spin fermions in 
each energy state) 
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Momentum 

Fermi Gas

PF

Fermi energy (EF)  

The highest occupied state energy 

Binding energy (B/EB) 

Energy required to separate a nucleon from nucleus
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Initial State - Local Fermi Gas Model
Taking into account the nucleons spherically 
symmetric density ρ(r) 

Most likely to find a nucleon at around 2.5 fm 
from the center 

Fermi momentum is also dependent on r

Fermi Gas

Local Fermi Gas

Pr
ob

ab
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ty

Momentum 

51 Gabriel Perdue // Neutrino University // Neutrino Interactions July 19, 2017

Fermi gas

Plan
MC in experiment

Neutrino interactions

Nuclear effects
Fermi gas
Spectral function
Final state interactions
Intranuclear cascade
FSI in GENIE

Generating splines

Generating events

Analyzing an output

Tomasz Golan MINERvA101 GENIE 12 / 45

Nucleons move freely
within the nuclear vo-
lume in constant bin-
ding potential.
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For more: Theory of Quasi-Elastic Neutrino Scattering on Nuclei, Cheryl E. Patrick 
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Initial State - Shell Model

Nucleons are moving freely but subject to a radial potential V(r). 

Harmonic Oscillator: 

Wood Saxon:  

V (r) =
1

2
m!r2

V (r) =
V0

1 + e
r�R

a

Enables prediction of stable nuclei 

Also smearing the momentum distribution 

Physical Review C 87(1):014334  

J.E Amaro, et al. Eur.Phys.J.A26:307-309,2005 



23

Initial State - Short Range Correlations SRC 
Electron scattering experiments detected along with a knocked 
out nucleon also a recoil one 

SRC pairs are two close nucleons with high relative 
momentum, low center of mass momentum 

Experiments have confirmed 20% of nucleons in various nuclei 
occupy a high momentum tail consists mainly of 2N SRC

SRC	Isospin	Structure

~90%	np-SRC

~5%	pp-SRC
0.3 0.4 0.5 0.6
Missing	Momentum	[GeV/c]

12C

[%]

O.	Hen	et	al.,	Science	
364	(2014)	614

I.	Korover et	al.,	PRL	113	(2014)	022501R.	Subedi et	al.,	Science	320	(2008)	1476

A.	Tang	et	al.,	PRL	(2003);											E.	Piasetzky et	al.,	PRL	(2006);											R.	Shneor et	al.,	PRL	(2007)

O. Hen et al. Science 364 (2014) 614, E. Piasetzky et al. PRL (2006)
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Initial State - Short Range Correlations SRC 
Electron scattering experiments detected along with a knocked 
out nucleon also a recoil one 

SRC pairs are two close nucleons with high relative 
momentum, low center of mass momentum 

Experiments have confirmed 20% of nucleons in various nuclei 
occupy a high momentum tail consists mainly of 2N SRC
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Fermi Gas + SRC

PF

SRC	Isospin	Structure

~90%	np-SRC

~5%	pp-SRC
0.3 0.4 0.5 0.6
Missing	Momentum	[GeV/c]

12C

[%]

O.	Hen	et	al.,	Science	
364	(2014)	614

I.	Korover et	al.,	PRL	113	(2014)	022501R.	Subedi et	al.,	Science	320	(2008)	1476

A.	Tang	et	al.,	PRL	(2003);											E.	Piasetzky et	al.,	PRL	(2006);											R.	Shneor et	al.,	PRL	(2007)

O. Hen et al. Science 364 (2014) 614, E. Piasetzky et al. PRL (2006)
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Initial State - Spectral Function
The nuclear spectral function for specific nuclei 

Based on (e, e’p) data + theoretical nuclear matter calculations in the 
Local Density Approximation (LDA) 

Accounting for SRC leading to high momentum tail 

Available for He, C, O

H =
X

i

pi

2m
+
X

i<j

Vi,j +
X

i<j<k

Vi,j,k + · · ·
Pr

ob
ab

ili
ty

Momentum 

Example SF

PF

The spectral function formalism used to get 
the probability of removing a nucleon of 
momentum k leaving the residual system 
with excitation energy E. 

Can be calculated by the matrix element 
accounting for 

O. Benhar, A. Fabrocini, and S. Fantoni, Nucl. Phys. A505, 267 (1989). 
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Initial State - Summary

Fermi Gas

Local Fermi Gas

Pr
ob

ab
ili

ty

Momentum 

Fermi Gas + SRC

Example SF

PF

Each Model gives a different 
prediction to the nucleons’ 
momentum distribution  



Probing the target structure 
The interaction depends on the mediator energy (the energy transfer - ω)

At λ >> r  

Scattering from a point like spin-less  particle.  

At low energies λ ~r 

Scattering from a charged object - various 
possible interactions   

At high energies λ < r 

Scattering from target constituents - various 
possible interactions  

Halzen & Martin
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lepton - nuclei interaction processes 

Energy Transfer = El - El’
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Energy Transfer = El - El’

Elastic

lepton - nuclei interaction processes 
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Meson Exchange
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Energy Transfer = El - El’

Elastic

lepton - nuclei interaction processes 
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Meson Exchange
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Energy Transfer = El - El’

Elastic

lepton - nuclei interaction processes 
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Deep Inelastic Scattering

Meson Exchange

Q
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 E
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Energy Transfer = El - El’

Elastic

lepton - nuclei interaction processes 



33

Final State Interactions (FSI)
Interaction happened inside the nucleus 

The final state particles still need to get out of it, but undergo FSI 

Complex elastic/inelastic scattering with other nucleons.  

Hadrons can also be absorbed or produced 
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Final State Interactions (FSI) - Models
Intra-nuclear cascade Model or the “billiard balls” model 

- Each particle is moving classically along a straight line.  

- It has a probability to pass a mean free path λ without interacting: exp(-λ/λ’);        λ’ = 1/σρ  

  σπprod                 σelastic               σinelastic                  σabs

hN intranuke: 

Many possible interactions 

Calculated cross sections for each process 

Adding particles and interactions until leaving 
nuclei (full cascade)  

hA intranuke:   

One “effective” interaction  

tuned do hadron-nucleus data   

Parameters (λ,σ) are reweightable  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Quick Summary
Nuclear Initial State

Fermi Gas

Local Fermi GasPr
ob

ab
i

Momentum 

Fermi Gas + 

Example SF

Interaction processes

Final state interactions



Incoming neutrino Energy Reconstruction
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Cherenkov detectors:
Assuming QE interaction
Using solely the final state lepton 

Tracking detectors:
Need good hadronic reconstruction

EQE =
2M✏+ 2MEl �m2

l

2(M � El + |kl|cos✓)

✏ is the nucleon separation energy

Ecal = El + Ekin
p + ✏

Modelling can significantly effect our interpretation of the measurement  
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Event Generators to the Rescue 
Monte Carlo event generators are used to predict backgrounds and efficiency 

Using a factorisation scheme 



38

Event Generators to the Rescue 
Monte Carlo event generators are used to predict backgrounds and efficiency 

- Each Generator has many free parameters (many dozens)

- Many can be reweighed tuned to data

- Note, tuning to neutrino data (with specific target and energy) is not 
necessarily applicable to your experiment.

- External constraints are needed 

NEUT
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Neutrino Cross Section 

J.A. Formaggio and G.P. Zeller, Rev. Mod. Phys. 84 (2012)  
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GENIE MC reproduced ν inclusive data

Phys. Rev. Lett. 123, 131801 (2019)  

v3.0.6 tune G18_10a_02_11a  
For more details see backup slides 



 μ

CC0π1P or CCQE-like events 

41 p

Vertex of 2 semi-contained tracks 

(start within the fiducial volume)

one muon (Pμ > 100 MeV/c)

one proton (Pp > 300 MeV/c)

no π0 , no charged π (≥ 70 MeV/c)

Additional cuts on: 

- Τo reduce cosmic contamination 

- |Δθµp - 90o| < 55o                                   

- Το enhance QE contribution  

- |Δφµp - 180o| < 35o 

- pT  = |pT,µ + pT,p|< 350 MeV/c 

~84% CC1p0π (~81% CCQE) purity, 20% efficiency 



 μ

CC0π1P - CCQE-like events 

42 p

Overall agreement except for forward muon scattering angle   

Phys Rev Lett. 125, 201803 (2020)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
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 μ

p

-0.65 < cos(θµ) < 0.95

-0.65 < cos(θµ) < 0.8 

χ2 Νom 
GENIE 

6.18 
(63.2/28)

χ2 Νom 
GENIE 

4.04 
(30.1/27)

Significantly better agreement when excluding events with forward going muon  

CC0π1P - CCQE-like events 

Phys Rev Lett. 125, 201803 (2020)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
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Using electrons to constrain models 

Electron beams have known energy

- Electrons and Neutrinos have:

- Similar interactions 

- Vector vs. Vector + Axial Vector

- Many identical nuclear effects 

- Ground state (spectral function)

- Final state interactions
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GENIE reproduced e inclusive data

v3.0.6 tune G18_10a_02_11a  
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Fig. Extended Data Fig. 2: 0.961 GeV inclusive electron scattering cross section at 37.5� plotted versus ! for
data (points), e-GENIE (black line), and di↵erent reaction mechanism components of e-GENIE (quasi-elastic (QE),
meson exchange currents (MEC), resonance production (RES), and deep inelastic scattering (DIS)) for (left) C(e, e0)

and (middle) Fe(e, e0). (right) The same for 2.22 GeV Ar(e, e0) data at 15.54� [40].
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Fig. Extended Data Fig. 4: Comparison of generated (e, e0p)1p0⇡ event distributions for e-GENIE (black) and
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A. Papadopoulou et al. Phys. Rev. D 103, 113003
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Disagreements between Data and MC

Peak width narrower in simulation due to model deficiencies

E = 1.159 GeV

v3.0.6 
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Disagreements between Data and MC
1.159 GeV 2.257 GeV 4.453 GeV

12C

56Fe
v3.0.6 



MC vs. (e,e’p) Data: 
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PT = P e0

T + P p
T

v3.0.6 



MC vs. (e,e’p) Data: 
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PT = P e0

T + P p
T

PT

PT

PT

v3.0.6 
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Summary
Neutrino cross section are very challenging to measure and to predict! 

Initial state, interaction processes and final state interaction, all could improve. 

We rely on event generators, some still with semi-classical, or empirical models. 

All models have many free parameters.

External data could be greatly used to constrain models and their uncertainties. 

There’s a lot of work - join us! 



Thank you for your attention
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