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• Nuclear Physics (NP) in general

• NP and neutrinos, 
techniques/overview

• n NP topics

Neutrinos and 
Nuclear Physics



Why couple nuclear physics and neutrinos?

1)  Because we must.  The atmospheric oscillation 

Dm2~10-3 eV, necessitates Enu~1GeV and our 

impatience dictates nuclear targets A >1-2.
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n and nuclear physics



Why couple nuclear physics and neutrinos?

1)  Because we must.  The atmospheric oscillation 

Dm2~10-3 eV, necessitates Enu~1GeV and our 

impatience dictates nuclear targets A >1-2.

2) Because it is interesting.  Number #1 above 

has provided opportunity to 

study the structure of the 

nucleus with n
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n and nuclear physics



Definitions:

n:

“nuclear physics”:  physics of … the atomic nucleus,

the protons and neutrons and their interactions 

inside the nucleus.

Also includes physics of:

• Bare (unbound) protons and neutrons

• (0n) double-beta decay

• Ultimately, whatever the field (and funding agencies!) 

decide is an exciting and appropriate topic to pursue 

4R. Tayloe, FNAL summer lecture

n and nuclear physics: some definitions
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How do we see inside a nucleus?

.



With a microscope, dummy!

.... one with the appropriate wavelength.

What is right wavelength?  Somewhere around:

- O(size of C nucleus)~ (1.3 fm x A1/3) ~ 4 fm , 

- O(size of proton) ~ 1 fm

  1/E ~ R/ħc ~ 1-4 fm/(200 MeV fm)  E ~0.1-1 GeV *

[ *Actually, the size of object probed is dictated by momentum transfer, q]
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With a microscope, dummy!

.... one with the appropriate wavelength.

What is right wavelength?  Somewhere around:

- O(size of C nucleus)~ (1.3 fm x A1/3) ~ 4 fm , 

- O(size of proton) ~ 1 fm

  1/E ~ R/ħc ~ 1-4 fm/(200 MeV fm)  E ~0.1-1 GeV *

[ *Actually, the size of object probed is dictated by momentum transfer, q]

How about an ~1 GeV electron beam.  Like at JLAB?
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How do we see inside a nucleus?

Shoot electrons at nucleus, do the kinematics, plot mass of target…



and voila….the structure of the nucleus is revealed: 

8R. Tayloe, FNAL summer lecture

How do we see inside a nucleus?



Aside: some kinematics
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Much physics revealed with understanding of the kinematics!
(I highly recommend working through it for your particular interest)

electron scattering:
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Kinematics

excitation 
energy

then And for QE scattering (Mf = Mi ),   = Q2/2M
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How do we see inside a nucleus?



For n scattering , the lepton is typically detected over range of 
angles..

Recommend kinematic ellipse technique to get feel for 2-body kinematics. 

Example:  � �  ⟶ � �
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Kinematics (cont)



For n scattering , the lepton is typically detected over range of 
angles..

Recommend kinematic ellipse technique to get feel for 2-body kinematics. 

Example:  � �  ⟶ � �

Can graphically see

- p: qmax = 90

of 90deg

- pm,min ~ 300MeV/c

- etc, 
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Kinematics (cont)



More about kinematics of � �  ⟶ � �

If you don’t observe recoil nucleon, 

Only  observable is energy, angle of muon.  

What do data distributions look like?

(for MiniBooNE):
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Kinematics (cont)
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Kinematics (cont)
From (NUANCE) simulations
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Kinematics (cont)
From (NUANCE) simulations

The non-monoenergetic n beam makes the nuclear physics more challenging 
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How do we see inside a nucleus?



Scattering cross section, experimental definition :

Number of scattering events is prop. to flux of incoming particles x number of 
scattering nuclei.   

Constant of prop. has unit of A2,

thus name cross section

experimentally defined as:     

N =  s f Ns    

Then, s  = N /f Ns    
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cross section



Scattering cross section, calculation:

• matrix element with prob of initial->final transition

• includes energy conservation (eg: between states of different 
masses/binding energies)

• and overall coupling (eg: to electric or weak charge) and

• form factors (q-dependence of coupling)
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cross section

(Fermi’s Golden Rule)



Turns out, with ~1GeV neutrino beams on nucleus the quasi-elastic

peak and above are most relevant.
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How do we see inside a nucleus?



For neutrino quasi-elastic (QE) scattering, the Fermi Gas model does a pretty good job 
of explaining the data.

• Nucleons confined in a nucleus obey 
Fermi statistics

• Confinement implies a non-zero “Fermi
momentum/energy”  / pF, EF

• Also need a binding energy, EB

• and a model for scattering from individual 
nucleons (form-factors) 

This model explains the electron scattering 
QE data fairly well over a range of A 
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A simple model:  The Fermi Gas



Apply the FG model for the nucleus (as e-scatting)

with changes to handle the nN vertex

- nN scattering, Llewellyn-Smith formalism:
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Fermi Gas for n QE scattering

- lepton vertex well-known
- nucleon vertex parameterized with 2 vector formfactors (F1,F2),  and 1 axial-vector (FA )

- F1, F2, FA   (inside of  A,B,C)  are functions of Q2 = 4-momentum transfer 

To apply (for a nucleus, such as carbon)
- assume bound but independent nucleons  (Impulse Aproximation) 
- use Rel. Fermi Gas (RFG) model (typically Smith-Moniz), with (mostly known) params
- F1,F2  also from e-scattering measurements
- FA is largest contribution, not well known from e scattering, but
- FA (Q2=0) = gA known from beta-decay and 
- assume dipole form, same MA should cover all experiments.

- No unknown parameters (1 parameter if you want to fit for MA) 
- can be used for prediction of  CCQE rates and final state particle distributions (eg: Q2)
- Until fairly recently, this approach has appeared adequate and all common (current) neutrino

event generators use a model like this..
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Fermi Gas for n QE scattering
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Fermi Gas for n QE scattering
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Fermi Gas for n QE scattering
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Fermi Gas for n QE scattering



RFG applied to MiniBooNE data
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Fermi Gas Model

- MA  from shape fit

MA= 1.35 ± 0.17 GeV 

- data is compared (absolutely) with 
CCQE (RFG) model with various parameter 
values

- Compared to the world- averaged CCQE model 
(red), MB CCQE data is 30% high

- RFG was sufficient for describing the data, but 
likely missing some important physics especially
for new experiments with different nuclei, finer-
grained tracking etc.
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Fermi Gas for n QE scattering
Shortcomings to this approach:

- uses “impulse approximation”

- and initial-, final-state effects 
are added in later

- ignores correlations between 
nucleons….

Phys.Rev. D72 (2005) 053005



Evidence for nucleon correlations:
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New models

Fairly recent results from e-scattering 
suggest 20% of nucleons in carbon are in a 
correlated state
(R. Subedi etal, Science, 320, 1476 (2008))

JLab Hall A
experiment 
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New Models

Argoneut “hammer events”,
evidence for 2N correlations
or FSI effects?

Phys.Rev. D90 (2014) 1, 012008 



2-N correlations in n scattering?
- Perhaps extra “strength” in CCQE from  multi-nucleon 

correlations within carbon  

(Martini et al  PRC80, 065501, '09)

- Related to neglected “transverse” response in noted 

in electron scattering? (Carlson etal, PRC65, 024002, '02)

- Expected with nucleon short range correlations (SRC)

and 2-body exchange currents
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New Models



- NC photon production

- MiniBooNE low-energy excess has spurred work on

a possible background: NCg production

important background for ne appearance searches 

eg: R. Hill, Phys. Rev. D 81, 013008 (2010) and 

e-Print: arXiv:1002.4215 [hep-ph] 

”Weak Pion and Photon Production off Nucleons in 

a Chiral Effective Field Theory”,

B. Serot, X. Zhang,  arXiv:1011.5913 [nucl-th]
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Other n- nuclear physics topics



- Strange-quark contribution to spin of nucleon Ds
(microBooNE, perhaps)

- Coherent nN elastic scattering (CEvENS)

- And others from MINERvA, ANNIE,  etal… 
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Other n- nuclear physics topics



- Nuclear physics is important part of neutrino physics 

- Understanding kinematics and simple nuclear models can yield 
much insight to data 

- More work to do on many nuclear physics topics related to 
neutrinos

Additional references:
• Segre, “Nuclei and Particles”, (available online)

• Hagedorn, “Relativistic Kinematics”.

• Larry Weinstein, ODU, Talk at HUGS 2012, Jefferson Lab, 
https://www.jlab.org/hugs/archive/Schedule2012/program.html
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Summary


