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The paradigm∗ of electron-nucleus scattering

What did we learn ?
Neutrino-nucleus scattering
⊲ using the nucleus as a detector
⊲ extractingnucleon properties fromnuclear cross sections

Summary and conclusions: do we need a new paradigm ?

∗a philosophical or theoretical framework of any kind
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The paradigm of electron-nucleus scattering

Bottom line:want to extract the nuclear response to a probe delivering
momentumq and energyω

Lepton kinematics fully determined

Elementary interaction vertex largely determined by electron-proton and
electron-deuteron data

Nuclear effects described using a variety of dynamical models and the
formalism of many-body theory

The large body of available data is used to test the validity of the
dynamical models and the accuracy of the computational techniques
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⋆ The tensorLµν is fully determined by the measured lepton kinematics

Lµν = 2
[
kµe kνe′ + kνekµe′ − gµν(keke′)

]
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=
α2

Q4

Ee′

Ee
LµνW

µν

⋆ The tensorLµν is fully determined by the measured lepton kinematics

Lµν = 2
[
kµe kνe′ + kνekµe′ − gµν(keke′)

]

⋆ All the information on target structure is contained inWµν

Wµν =
∑

X

〈0|Jµ |X〉〈X|Jν|0〉δ(4)(p0 + q − pX)
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Kinematical regimes

The knowledge of lepton kinematics allows one to developdifferent
theoretical approachesto describeWµν in different regimes

Omar Benhar (INFN, Roma) Electroweak Interactions with nuclei ECT* 10/26/2009 5/ 29



Kinematical regimes

The knowledge of lepton kinematics allows one to developdifferent
theoretical approachesto describeWµν in different regimes

⋆ At low momentum transfer, typically|q| ∼< 500 MeV, the response can be
obtained from nonrelativistic nuclear many body theory expanding the
electromagnetic current in powers of|q|/m, m being the nucleon mass

Omar Benhar (INFN, Roma) Electroweak Interactions with nuclei ECT* 10/26/2009 5/ 29
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The knowledge of lepton kinematics allows one to developdifferent
theoretical approachesto describeWµν in different regimes

⋆ At low momentum transfer, typically|q| ∼< 500 MeV, the response can be
obtained from nonrelativistic nuclear many body theory expanding the
electromagnetic current in powers of|q|/m, m being the nucleon mass

⋆ At large momentum transfer, electron-nucleus scattering reduces to the
incoherent sum of elementary scattering processes involving individual
nucleons, whose momentum (k) and removal energy (E) distribution is
described by the hole spectral functionP(k,E)
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The impulse approximation (IA) regime

⋆ At |q|−1
∼< d

Σ
i

2 2
q,ω q,ω
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⊲ replace thenuclear current with the sum of individualnucleon currents
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jµi

⊲ write the final state in the factorized form (note:|x, px〉 can beany
hadronic final state)

|X〉 → |x, px〉 ⊗ |R, pR〉 .
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⊲ replace thenuclear current with the sum of individualnucleon currents

Jµ →
∑

i

jµi

⊲ write the final state in the factorized form (note:|x, px〉 can beany
hadronic final state)

|X〉 → |x, px〉 ⊗ |R, pR〉 .

⊲ neglect final state interactions (FSI) between the hadronX produced at the
em interaction vertex and the spectator nucleons
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The IA cross section

⋆ Within IA

〈0|Jµ |X〉 =
m

√
|pR|2 + m2

〈0|R, pR; N,−pR〉
∑

i

〈−pR,N|j
µ

i |x, px〉

where|N, k〉 is the state describing afree nucleon carrying momentumk

Wµν(q, ω) =
∫

d3k dE

(
m
Ek

) [
ZPp(k,E)wµνp (̃q) + NPn(k,E)wµνn (̃q)

]
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i |x, px〉

where|N, k〉 is the state describing afree nucleon carrying momentumk

Wµν(q, ω) =
∫

d3k dE

(
m
Ek

) [
ZPp(k,E)wµνp (̃q) + NPn(k,E)wµνn (̃q)

]

⋆ The IA x-section is determined by
⊲ The nucleon energy and momentum distribution, described bythe hole

spectral functions
⊲ The em tensor describing afree nucleon carrying momentumk

wµνN =
∑

x

〈k,N|jµN |x, k + q〉〈k + q, x|jνN |N, k〉δ(ω̃ + Ek − Ex)

ω̃ = Ex − Ek = E0 + ω − ER − Ek = ω − E + m − Ek
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The IA cross section (continued)

⋆ The nucleon tensor can be written as (q̃ ≡ (ω̃, q))

wµνN = wN
1

(
−gµν +

q̃µq̃ν

q̃2

)
+

wN
2

m2

(
kµ −

(k̃q)

q̃2
q̃µ

) (
kν −

(k̃q)

q̃2
q̃ν

)

⋆ In principle, the structure functionswN
1 andwN

1 can be extracted from
electron-proton and electron-deuteron data

⋆ In the case of quasielastic (QE) scattering

wN
1 = −

q̃2

4m2
δ

(
ω̃ +

q̃2

2m

)
G2

MN

wN
2 =

1

1− q̃2/4m2
δ

(
ω̃ +

q̃2

2m

) (
G2

EN
−

q̃2

4m2
G2

MN

)

whereGEN andGMN are the nucleon electric and magnetic form factors

Omar Benhar (INFN, Roma) Electroweak Interactions with nuclei ECT* 10/26/2009 8/ 29



What did we learn ?

Form factors and charge distributions have been extracted from elastic
scattering data
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What did we learn ?

Form factors and charge distributions have been extracted from elastic
scattering data

The measuredinelasticcross sections have allowed for a systematic
study of the dynamic response over a broad range of momentum and
energy transfer

Single nucleon knock out(e, e′p) experiments have provided a wealth of
information on mean field dynamics
The emerging picture suggests that, in spite of its ability to account for a
number of nuclear properties, the shell model approach fails to explain
important features of the data, whose description requiresthat
nucleon-nucleon (NN)correlations be taken into account
⊲ Not a novel issue ! Back in1952Blatt & Weiskopf pointed out that “The

limitation of any independent particle model lies in its inability to
encompass the correlation between the positions and spins of the various
particles in the system”
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Evidence of correlation effects

The spectral lines corresponding
to shell model orbitals are
clearly seen in the missing
energy spectra of (e, e′p)
experiments
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Evidence of correlation effects

The spectral lines corresponding
to shell model orbitals are
clearly seen in the missing
energy spectra of (e, e′p)
experiments

The measured strengths of the
peaks corresponding to shell
model states are significantly
less than unity (∼< 0.6 for
valence states)
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Evidence of correlation effects (continued)

Energy dependence of the
spectroscopic strengths of the
shell model states of208Pb,
measured in high resolution
(e, e′p) at NIKHEF-K
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Evidence of correlation effects (continued)

Energy dependence of the
spectroscopic strengths of the
shell model states of208Pb,
measured in high resolution
(e, e′p) at NIKHEF-K

The missing strength is pushed
to large momentumandremoval
energy. Carbon momentum
distribution measured by the
JLab E97-006 collaboration.
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Oxygen spectral function and momentum distribution
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Oxygen spectral function and momentum distribution

Fermi Gas (FG) model:Ph(k,E) ∝ θ(kF − |k|) δ(E −
√
|k|2 + m2 + ǫ)

shell model states account for∼ 80% of the strenght

the remaining∼ 20%, arising from NN correlations, is located at high
momentumand large removal energy (k ≫ kF,E ≫ ǫ)
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Comparison to oxygen data @ 0.2 ∼< Q20.6 GeV2
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Neutrino nucleus scattering

Searches of neutrino oscillation are based on analyses of
neutrino-nucleus interactions
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Neutrino nucleus scattering

Searches of neutrino oscillation are based on analyses of
neutrino-nucleus interactions

Neutrino-nucleus cross sections have also been used to extract
information on nucleon properties, e.g. the nucleon axial mass, driving
theQ2-dependence of the dipole parametrization of the axial formfactor

In both instances, the description of nuclear effects is regarded as one of
the main sources of systematic uncertainty

Most experimental analyses are based on the Fermi Gas model

Implementation of more realistic models in simulation codes is strongly
needed (and under way)
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Gauging nuclear effects in quasielastic scattering

⋆ Total x-section of the processνe +16 O→ e− + X
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Model dependence

⋆ Total x-section of the processνe +12 C → e− + X

Neutrino Energy (GeV)
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Q2-distributions and the nucleon axial mass

⋆ K2K and MiniBooNE have reported a large value of thenucleon axial
mass, MA ∼ 1.2 GeV, extracted from the analysis of neutrino interactions
with oxygenandcarbon, to be compared toMA ∼ 1.0 GeV obtained
using adeuteriumtarget
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⋆ K2K and MiniBooNE have reported a large value of thenucleon axial
mass, MA ∼ 1.2 GeV, extracted from the analysis of neutrino interactions
with oxygenandcarbon, to be compared toMA ∼ 1.0 GeV obtained
using adeuteriumtarget

⋆ The authors of the MiniBooNE paper argue that the largeMA extracted
from the data should be regarded as an“effective axial mass”, embodying
nuclear effects not included in the FG model employed in their analysis

⋆ They also suggest that replacing the FG with a more advanced nuclear
model may result in a value ofMA closer to the one measured using
deuterium.

⋆ To what extent is the determination ofMA from nuclear data biased by
the treatment of nuclear effects in the analysis ?
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Experimental determination of the axial mass

⋆ Both K2K and MiniBooNE search for signatures of neutrino oscillations
using Charged Current Quasi Elastic (CCQE) interactions

νµ + A→ µ + p + (A − 1) ,

which are known to yield the dominant contribution to the cross section
at neutrino energyEν ∼< 1.5 GeV
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Experimental determination of the axial mass

⋆ Both K2K and MiniBooNE search for signatures of neutrino oscillations
using Charged Current Quasi Elastic (CCQE) interactions

νµ + A→ µ + p + (A − 1) ,

which are known to yield the dominant contribution to the cross section
at neutrino energyEν ∼< 1.5 GeV

⋆ the events selected as CCQE are specified by the energy and scattering
angle of the ougoing charded lepton,Eµ andθµ

⋆ the neutrino energy is reconstructed from

Eν =
2(mn − EB)Eµ − (E2

B − 2mnEB + m2
µ + ∆m2)

2(mn − EB − Eµ + |pµ| cosθµ)
,

with |pµ| =
√

E2
µ − m2

µ andEB ∼ 25÷ 35 MeV
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Q2-distributions at fixed neutrino energy

⋆ Comparison between the FG model and the approach based on a more
realistic spectral function (SF), including correlation effects,at fixed
neutrino energyEν
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⋆ Comparison between the FG model and the approach based on a more
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⋆ Using a realistic spectral function and increasingMA lead to changes of
opposite sign
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Q2-distributions at fixed neutrino energy (continued)

⋆ Comparison between FG withMA = 1.0 GeV and SF with
MA = 1.2 GeV. Neutrino energyEν = 1.2 GeV
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⋆ The vertical line shows the boundary of the kinematical region
Q2 < 0.2 GeV2, excluded from the data set analyzed by the K2K
collaboration.

Omar Benhar (INFN, Roma) Electroweak Interactions with nuclei ECT* 10/26/2009 20/ 29



Shape analysis

⋆ Neither K2K nor MiniBooNE use absolute cross sections in their
analysis. The axial mass is obtained from the shape of the
Q2-distribution.
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Shape analysis
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Q2-distribution.

⋆ To make the differences in shape more visible, theQ2-distributions must
be renormalized
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Shape analysis

⋆ Neither K2K nor MiniBooNE use absolute cross sections in their
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⋆ The explanation of the largeMA suggested in the MiniBooNE paper does
not appear to be viable
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Q2-distributions atEν = 700 MeV
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Uncertainty in the reconstructedEν

⋆ Distribution of the reconstructedEν obtained from the FG and SF
approaches
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Uncertainty in the reconstructedEν

⋆ Distribution of the reconstructedEν obtained from the FG and SF
approaches

⋆ Note: a largerEν leads to predict an even largerMA
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Comparing physical and reconstructedQ2

⋆ The reconstructed neutrino energy is used in the determination of Q2

Q2
rec = −m2

µ + 2Erec
ν (Eµ − |p|µ cosθµ),
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Comparing physical and reconstructedQ2 (continued)
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Twisting the FG model at lowQ2

⋆ The MiniBooNE analysis introduces in the FG model the additional
parameterκ, leading to an increase of the lower energy integration limit

Elow =

√
p2

F + m2 − ω + EB → κ

(√
p2

F + m2 − ω + EB

)
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Where does the IA picture break down ?

⋆ Interplay between short- and long range correlation effects on the weak
response of nuclear matter: (A), (B) and (C) correspond to|q| =60, 300
and 475 MeV
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Summary & Conclusions

The availability of a large body of high precision data has triggered the
development of highly refined models of electron-nucleus nucleus
scattering
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Summary & Conclusions

The availability of a large body of high precision data has triggered the
development of highly refined models of electron-nucleus nucleus
scattering

A great deal of work is being made to transfer the knowledge acquired
from electron-nucleus scattering to the analysis of neutrino oscillation
experiments
The analysis of neutrino-nucleus scattering observables involve
additional difficulties
⊲ lepton kinematics not fully determined
⊲ elementary interaction vertex not extracted from neutrino-nucleon data

More work is likely be required, to make the models of nucleareffects
more flexible, and applicable to a broad kinematical range
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