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Outline

• Motivation

• Many-body theory of the electroweak nuclear
response in the impulse approximation (IA)
regime

• Results for (e, e′) and comparison to data

• Results for (ν`, `)

• Conclusions & prospects
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Motivation

• Quantitative understanding of the weak nuclear response at

Eν ∼ 0.5 − 3 GeV required for the analyses of high

precision neutrino oscillation

• Need to develop a theoretical framework

. applicable to a wide range of kinematical conditions and

targets

. easily implementable in Monte Carlo simulations

• Much information can be extracted from the results of

experimental and theoretical studies of electron-nucleus

scattering
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The ` + A → `′ + X x-section in the IA regime

In the Impulse Approximation scheme (IA) the scattering

process off a nucleus reduces to the incoherent sum of

elementary processes involving individual nucleons:

The x-section reduces to

dσA

dΩ`′dE`′

=

∫
d4p P (p)

(
dσN

dΩ`′dE`′

)
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• Target spectral function

P (p, E) =
∑

n

|〈Ψ(A−1)
n |ap|Ψ

A
0 〉|

2δ(E + E0 − En)

probability of removing a nucleon of momentum p from the

target, leaving the residual spectator system with excitation

energy E

• Elementary cross-section (e + N → e′ + X as an example)

dσeN

dΩe′dEe′

=
α2

Q4

E ′

e

Ee

m

Ep

LµνW
µν
N

W
µν
N = WN

1

(
−gµν +

qµqν

q2

)
+

WN
2

m2

(
pµ −

(pq)

q2
qµ

)(
pν −

(pq)

q2
qν

)
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Nuclear Many-Body Theory (NMBT)

• Bottom line: want to decouple the uncertainty associated

with dynamical models from the approximations implied in

many many-body calculations

• Dynamics (entering the calculation of the spectral function)

determined from the properties of two- and three-nucleon

systems (exactly solvable)

• The nucleon structure functions can be directly measured (or

extracted from measurements)

• Calculation of nuclear observables does not involve any

adjustable parameters
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Corrections to IA

• Final State Interactions (FSI): needed to explain exclusive

data

q,ν q,ν

+

. mean field of the spectators → energy shift

. coupling of 1p1h final state to np − nh → redistributions of the

strenght

• High energy approximation (eikonal trajectory + frozen

spectators): calculations carried out using (many-particle)

density distributions from NMBT and measured scattering

amplitude (again, no adjustable parameters !).
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Nuclear transparency (recall: no FSI → TA ≡ 1)

. Calculated nuclear transparency

compared to MIT-Bates, SLAC

and JLab data

. Good overall agreement between

theory and experiment

. Complicated pattern of correlation

effects, leading to a sizable

enhancement of the transparency
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Corrections to IA (continued)

Effects of Pauli blocking → statistical FSI

A rather crude prescription: modify the spectral function

according to

P (p, E) → P (p, E) θ(|p + q| − pF )

pF =

∫
d3r ρA(r)pF (r) , pF (r) =

[
3

2
π2ρA(r)

]1/3

For beam energies in the few GeV region the effect of Pauli block-

ing is hardly visible in the energy spectrum of the outgoing lepton

at fixed angle. However, it becomes dominant in the Q2 distribu-

tion for Q2 < 0.2 GeV2.
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Comparison to LNF 16O (e, e′) data (Anghinolfi et al, 1996)
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• Theoretical results ∼ OK in the region of quasi elastic peak

• data significantly underestimated above π production

threshold

• deficiencies of the SF unlikely, as calculation of quasi elastic

and ∆-production x-sections involve integration regions

almost exactly overlapping one another
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• Comparison to data at larger Q2

. A → ∞ extrapolation of SLAC data @ Q2 ∼ 2 GeV2

• problems likely to be ascribable to the description of W N
1

and WN
2 in the ∆ production region at low Q2

Workshop on Intersections of Nuclear Physics with Neutrinos and Electrons. JLab, May 4-5, 2006 – p.12/21



How well do we know ∆ production at low Q2 ?

• Oxygen results obtained using Bodek-Ritchie (BR) model of

the nucleon structure functions, resulting from a global fit to

SLAC data

• Main features of the BR model

. provides W N
1,2 for both proton and neutron

. neutron structure function are obtained combining proton

and deuteron data and unfolding nuclear effetcs

. extends over a broad kinematical region, including both

resonance production and deep inelastic scattering

. only includes data with Q2
∼> 1 GeV2. Use at lower Q2

involves an extrapolation
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JLab e − p and e − d data at low Q2

• Fits and dynamical models pro-

vide a good account of proton

data

• The BR model fails to

reproduce the deuteron data at

Q2 ∼ .5 GeV2

• Problems with the neutron

structure functions !
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• Systematic uncertainty in the BR treatment of nuclear effect

(deuteron wf, relativistic normalization of n(p), FSI) small

• Estimate W n
1,2 à la BR from JLab data @ Q2 ∼ 5 GeV2

. write the deuteron cross section as

σd = σ̃p + σ̃n

where σ̃p,n are the smeared p and n x-sections.

. define the smearing ratio

Sp =
σp

σ̃p

. Assuming Sp ≈ Sn

σn = Snσ̃n ≈ Spσd − σp
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W n
2

from data @ Ee = 2.445 GeV and θe = 20◦
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Nuclear cross sections

• SLAC data

(Sealock et al (1989))

• LNF data

(Anghinolfi et al (1996))
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Results for 16O (νe, e) scattering
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Total cross section for β-beams of νe and ν̄e (QE only)

0 500 1000 1500 2000
Eν (MeV)

0

20

40

60

80

100
Fl

ux
 (

A
rb

ita
ra

ry
 U

ni
t)

γ=250 for ν
e

γ=150 for anti ν
e

Workshop on Intersections of Nuclear Physics with Neutrinos and Electrons. JLab, May 4-5, 2006 – p.19/21



Monte Carlo simulation of e +16 O → e′ + X
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Conclusions and prospects

• Quantitative parameter free calculations of the electroweak

nuclear response for beam energies up to few GeV appear to

be feasible

. QE scattering under control

. A better understanding of the ∆ production region

requires more data at low Q2, needed to further constrain

fits and models of the nucleon structure functions

. The role of meson exchange currents in the dip region

needs to be carefully investigated
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