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Outline:

Lecture 1
Basics (this may overlap with other speakers’ talks)
The Relativistic Fermi Gas (RFG)
Superscaling

Lecture 2
More sophisticated model of inclusive scattering
2p-2h Meson –Exchange Currents (MEC)
Comparisons with data

Inclusive electron scattering
Inclusive charge-changing neutrino reactions

Lecture 3
Semi-inclusive semi-leptonic electroweak processes
Reduction to t- and u-channel inclusive processes
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Begin by assuming that QE scattering is dominated by (e,e΄N):
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The daughter nucleus has 4-momentum

1 1 1( , )A A A A NP E Q P Pμ μ μ μ
− − −= = + −p

In the lab. system we define the missing momentum

1N Ap −= ≡ − =p p q p

and an “excitation energy” (essentially missing energy – separation energy)

2 2 0 2 2
1 1( ) ( ) ( )A Ap M p M pε − −≡ + − +

where
0 0

1A A N sM M m E− = − +

with Es the separation energy and M0
A-1 the daughter rest mass
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Energy conservation gives
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which can be turned around to yield an expression for the
excitation energy:

0 0 2 2 2 2 2
1( ) 2 cosA A NM M p m q p pqω θε −= + − + − + + +
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One can let the angle between p and q vary over all values and
impose the constraints
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to find the allowed region in the missing-energy, missing-momentum
plane.  When 2 2/QE NQ mω ω< = one finds
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… and when
2 2/QE NQ mω ω> = one has
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The semi-inclusive cross section is 

typically largest at small p and ε
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The semi-inclusive cross section is 

typically largest at small p and ε
… and is very small at large p

and small ε

For given y<0
the region at
small p, but
high ε is
inaccessible

Note that the fact that one
has an upper bound means
that, at some level, the
closure approximation is
in error
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The semi-inclusive cross section is 

typically largest at small p and ε
… and is very small at large p

and small ε

For given y<0
the region at
small p, but
high ε is
inaccessible

RFG: δ-function
along this line and
zero elsewhere
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Given q and ω, and given the missing energy and momentum,
one has fixed the 3-momentum pN and angle θ of the outgoing 
nucleon.
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Given q and ω, and given the missing energy and momentum,
one has fixed the 3-momentum pN and angle θ of the outgoing 
nucleon.

And so, just because a specific model does well for inclusive 
scattering (which involves integrals over the regions shown
above, summed over appropriate flavors of nucleons, and
corrected for double-counting), that model may fail badly for
semi-inclusive scattering: the strength in the missing 
energy/momentum plane, and hence the final-state nucleon
kinematics, may be wrong. For example, the RFG is infinitely
bad almost everywhere.
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Given q and ω, and given the missing energy and momentum,
one has fixed the 3-momentum pN and angle θ of the outgoing 
nucleon.

And so, just because a specific model does well for inclusive 
scattering (which involves integrals over the regions shown
above, summed over appropriate flavors of nucleons, and
corrected for double-counting), that model may fail badly for
semi-inclusive scattering: the strength in the missing 
energy/momentum plane, and hence the final-state nucleon
kinematics, may be wrong. For example, the RFG is infinitely
bad almost everywhere.

This means that adding on final-state interactions to a model that
is only suited to inclusive scattering can incur significant errors; a
realistic one-particle spectral function should be used for modeling
semi-inclusive reactions. For reactions requiring the specification
of two or more particles one must go beyond the existing spectral
functions.



TWD ‐ 3



TWD ‐ 3



TWD ‐ 3



TWD ‐ 3



TWD ‐ 3



TWD ‐ 3



TWD ‐ 3



TWD ‐ 3

11 symmetric responses 7 antisymmetric responses



TWD ‐ 3

11 symmetric responses 7 antisymmetric responses

… and these are all functions of 4 dynamical variables,
rather than only 2 as in the inclusive case.
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Additional comments:

When integrating over the ejected nucleons to obtain the inclusive cross
section one is obtaining the t-channel inclusive cross section
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Additional comments:  When integrating over the ejected nucleons to obtain 
the inclusive cross section one is obtaining the t-channel inclusive cross section …
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… but, when integrating over the final scattered lepton, keeping the
ejected nucleon, one obtains the u-channel inclusive cross section:

u-channel
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In the latter case the interference responses do not integrate
to give no contribution, but have non-zero contributions.

Thus, u-channel processes such as neutrino-in, proton out
with no muon detected (CC) or no neutrino detected (NC)
are not simply related to t-channel inclusive process in general.

See J. E. Amaro, M. B. Barbaro, J. A. Caballero and T. W. Donnelly,
Phys. Rev. C73 (2006) 035503 for more discussion of the NC case,
including scaling in the u-channel.
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Summary: 

1.   Any model that does not succeed for electron scattering
is very unlikely to be valid for neutrino reactions.

2.Relativistic effects from kinematics and boost factors are essential.
3.  Interaction contributions in both initial and final states are significant

and naïve models such as the RFG fail at the 25% level or so
to reproduce the data, while for inclusive scattering RMF theory
is much better. 

4.MEC effects are significant (and should be modeled relativistically).
5.Inclusive “QE” model CC neutrino cross sections fall short of the

MiniBooNE data, even when MEC effects are included,
whereas for NOMAD kinematics they are much better.

6.While the models discussed here are not too bad for inclusive
scattering, they are not suited to semi-inclusive scattering
for all choices of missing energy/momentum.

7.For semi-inclusive reactions (detection of one final-state hadron)
relativistic one-particle spectral functions are better, although 
they also involve approximations.

8.For reactions requiring detection of two or more particles one
needs relativistic two-particle spectral functions!
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… thank you


