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Relativity

Why do we need it? Poincare Group
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There are two possible approaches to constructing
covariant models.

1. Quantum Field Theory:

a) Effective models based on field theory but with nucleon and
meson degrees of freedom, form factors and
nonrenormalizable couplings.

b) Current operators can be constructed from effective
interactions.

c) Quasipotential equations.

2. Dirac Constraint Dynamics:

a) Operators satisfy Poincare Group.

b) The number of particles is fixed.

c) Wave functions are eigenvectors of Mass Operators
containing instantaneous interactions.

d) Models are required for constructing interaction currents

- CONnsistent with interactions.



The Two-Nucleon Bethe-Salpeter

Equation

Based on a re-summation of all possible Feynman diagrams for the four-

point functions using the model the model.

Diagrams are separated by separating contributions that can be

separated by cutting only two nucleon lines (reducible) from those that

cannot be (irreducible). %
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The Deuteron Vertex Function

The bound state vertex function is related to the residue of the bound
state pole of the four-point functions.




The Current Operator

The current operator is determined from a similar analysis of the five-point
function with one boson line.




The Impulse Approximation

The impulse approximation to CCv scattering from the deuteron
is defined by the Feynman diagrams:
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We will show three approximations:

1. Plane Wave Impulse Approximation (PWIA): diagram (a) only.
2. Plane Wave Born Approximation (PWBA): diagrams (a)+(b).
3. Distorted Wave Born Approximation (DWBA): diagrams (a)+(b)+(c).




Kinematics
Fixed q frame variables

Lepton Frame
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The Number of Free Kinematical Variables

5 four-momenta +20
On-shell conditions -5
Four-momentum conservation -4
Choose z-axis -2
Choose scattering plane -1
Choose rest frame -3
K Independent degrees of freedom 5




Exclusive Deuteron Cross Section
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x =1 for neutrino scattering

x = —1 for anti-neutrino scattering
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Kinematic Variables in the “Lab” Frame

Since the objective is to determine the incident neutrino
energy to study neutrino oscillations and given that the
beam direction is known but not the incident momentum,
It Is best to consider the frame.
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The deuteron cross section in the Lab frame can be written
as
d*o G2 cos? O.mnek’*py2ug

= F26(|kal—k
dk'dQu dpn QY 2(27)5e’ En ||ka| E2 + €4 cos Oyq (PN ]| cos 0% — |qal)| ™ X (Ika|=k)

and the statistical average over the neutrino distribution
as

1 o0 4
AN g / L — T
dk’dﬂkfdeQN 0 dk’dﬂkrdeQN

G2 cos? O.myeok’* pa2v
- — AL FiP(|kal)
2(2m)°e' B ||kd|E2 + £4cos Okq(|pN|cos Oy — |qd|)‘




Semi-inclusive Scattering from Nuclel
with A>2

where;

k= (VkZ+m2, k)= (e k)
k=(Vk?+m? k) = (k)
Pa = (My,0)

PN = (\/P?\r +m%, PN)
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Spectral function model

.



The Semi-inclusive cross section for the spectral model
In the Lab frame is

2
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Note that since the invariant mass of the residual A-1 system is not
fixed, k is not fixed.

The statistical average over the neutrino flux is then given by
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The spectral function is normalized such that
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2 16
N
Kinematics
Ty, Optimize kinematics for the deuteron
sq = (My -l—w)2 —q°

(Mg +w)\/s(s —4m%)  |q
28 2
Y =y+|q|

y <p<Y

kA kg “L

Given |k’| and ¢;, choose |k 4| such thaty = 0.

Then|px|, 6% and ¢% can be determined as functions of [py — qa/ .

The cross section for semi-inclusive scattering from°Q can then be determined
as a function of |k 4| and |pny — q4|.




Spectral Function for 16O
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Neutron Momentum Distributions
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Integrated Cross Sections
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Trajectories in p and E
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Summary

For the deuteron the incident neutrino momentum can
be determined exactly by measuring the muon and
proton three-momenta.

For semi-inclusive scattering, the incident neutrino
momentum cannot be fixed in similar manner.

The exclusive deuteron cross section is much larger
than the semi-inclusive cross section for 10 for
scattering from heavy water.

Semi-inclusive scattering may be able decrease the
uncertainty in the neutrino momentum from nuclei.
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