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In collaboration with many people whose work I quote liberally:

E. Amaro, A. Antonov, M. Barbaro, J.A. Caballero, T.W. Donnelly, M. 
Gaidarov, M. Ivanov, P. Lava, C. Maieron, E. Moya, M. C. Martínez, Jan
Ryckebusch et al., Javier R. Vignote...

••Description of the model and hypothesisDescription of the model and hypothesis

••Consequences of the model: no Consequences of the model: no ((exactexact) ) 

factorization but factorization but stillstill (super)scaling(super)scaling

••ValidationValidation ofof thethe modelmodel againstagainst data: data: 

Inclusive QE Inclusive QE electronelectron scatteringscattering

••Applicability of the model to neutrinosApplicability of the model to neutrinos
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What do we mean by Relativistic Mean 
Field (RMF) Model?

• We mean the use of the Dirac equation with its relativistic 

treatment of dynamics and kinematics as opposed to the 

nonrelativistic Schrödinger equation (which can also include 

relativistic kinematics) to describe single nucleon motion in 

nuclei

•Relativity is important at low energies, and even at zero 

incident energy!!! 

•The Dirac equation provides a natural description of spin-1/2 

particles and, hence, provides a good framework for studying

spin observables



Ladek Feb. 2009 3J.M. Udías

NUCLEAR RESPONSE TO MULTINUCLEAR RESPONSE TO MULTINUCLEAR RESPONSE TO MULTINUCLEAR RESPONSE TO MULTI----GEV NEUTRINOSGEV NEUTRINOSGEV NEUTRINOSGEV NEUTRINOS
IN THE RELATIVISTIC MEAN FIELD MODELIN THE RELATIVISTIC MEAN FIELD MODELIN THE RELATIVISTIC MEAN FIELD MODELIN THE RELATIVISTIC MEAN FIELD MODEL

Scalar and Vector 
potentials

:
•Solve a Dirac-like equation

•Bound state: Phenomenological σ-ω lagrangeans (Serot and Walecka model

and extensions) at mean field level adjusted to reproduce binding energy and

radii of some doubly magic nuclei or nuclear saturation properties

•Final State: Optical Potentials (exclusive scattering) or the same mean field

S-V potentials as for bound states (inclusive scattering)

• DW DW approach, describing the final state by means of partial waves
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OVERVIEW OF THE MODEL (ingredients)

1) Weak interacting probe (e-,νe ...). It

allows for the simplest approach:

single boson (photon, W±,Z0) 

exchange

2) Thus, the dependence on the

kinematics of the exchanged boson

can be extracted. For unpolarized

and in plane electron scattering, this

means:
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One-boson exchange approximation
yields, for the most general case:

R (response) functions are proportional to the

Hadronic tensor Wµν
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The one-boson exchange approxi-
mation allows us to decouple the
direct dependence on the energy
and scattering angle of the probe
via the Mott cross-section for
electrons or the equivalent
expressions for neutrinos
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L, T and TT’ are 

the only

responses that

contribute if no 

nucleon is

observed

The hadronic part does not need

to be computed at every point
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OVERVIEW OF THE MODEL (more ingredients)
3) A further simplification: Impulse 

Approximation
A weak probe will interact with similar 

probability with both surface nucleons or

deep ones

For QE conditions and large q (a few

hundreds of MeV), all nucleons

contribute to the cross-section

incoherently. The nuclear current is

obtained as a sum over individual 

single-nucleon currents:
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SUMMARIZING SO FAR

•Under one boson exchange, direct dependence on energy and

scattering angle is factored out

•Under Impulse Approximation, nuclear response is built from

the sum of individual nucleon responses. Final phase space

includes one nucleon knock-out factors

•Responses depend only on q and ω transferred to the nucleus, 

even when FSI or spinor distortions are considered
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Reasonably good
agreement with 
data in parallel
kinematics

Only RL and RT
contribute in this

kinematics
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An useful tool in the
interpretation of experiments: 

factorization approach
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Factorization
approach
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•Under factorization, the cross-section splits completely into an

elementary boson-nucleon part, depending on the interaction, and

a nuclear part (spectral function) that depends on Em and pm and

that is completely independent on the nature of the probe

•The single-nucleon responses are in principle different for each

kind of boson, due to different structure of the elementary current

operator, but the nuclear response is the same if factorization is

(nearly) recovered

•Let’s put it in another way: The properties of the nuclear 

response are (to a large extent) independent on the probe that

excites such response, if factorization is recovered

•The applicability of nuclear responses from one reaction to

another depends on the extent that factorization is fulfilled
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RMF: Small 
non-
factorization 
(non-EMA, LS) 
effects in the 
cross-sections 
for moderate 
pm
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Data:  M.M. 

Ravchev, PRL 

94 (2005) 

192302

Breakdown
of 

factorization 
will be 

moderately
seen at 

moderately
demandingdemandingdemandingdemanding

kinematics
(moderately
high pm)
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Breakdown
of 

factorization 
will be 

moderately
seen at 

moderately
demandingdemandingdemandingdemanding

kinematics
(moderately
high pm)

Data:  M.M. 

Ravchev, PRL 

94 (2005) 

192302
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Data:  M.M. 

Ravchev, PRL 

94 (2005) 

192302

Breakdown
of 

factorization 
will be 

moderately
seen at 

moderately
demandingdemandingdemandingdemanding

kinematics
(moderately
high pm)
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For inclusive scattering at QE kinematics
and multi-GeV energies

•Small breakdown of factorization in the cross-section

•The inclusive cross-section can be understood from the product

of the nuclear response (spectral function) and the elementary

probe-nucleon response

•To the extent that factorization is (aproximately) fulfilled,  the 

elementary probe-nucleon response and kinematical factors are 

factored out and the remaining nuclear response is the same for 

same nucleus, q and ω transfer, irrespectively of the nature of 

the probe 
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Can we
organize
inclusive

nuclear cross-
section data?
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We will use ψ=y/k
F
as scaling variable
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Scaling: An important simplification (I)

•If we were dealing with scattering off free nucleons, the 

nuclear response would not depend on q and ω in an 

independent fashion, rather it would depend only on Q2

(or any function of Q2)

•As the nucleons in the nucleus are bound and strongly

interacting (i.e., they are off mass-shell), a certain

dependence on both q and ω and not only Q2,may be 

expected. This extended dependence can be also due

to FSI 
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Scaling: an important simplification (II)

•Most models that deal with nucleons are barely off-shell (if at all) 

and either they have no FSI, like the Fermi Gas (relativistic or 

not) or they have relatively weak FSI, as most nonrelativistic

models. They do not display significant dependences on the 

scaled response other than Q2. It is not surprising that these 

models exhibit scaling of first kind 

•The variability in the nuclear species, once factored out the 

single-proton and single-neutron response, can be described by  

only one parameter, the Fermi momentum. As this density

dependence can be factored out very effectively in most models,

all nuclei display the same kF-scaled ‘nuclear’ response. This is 

scaling of second kind
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For inclusive scattering at QE kinematics
and multi-GeV energies

•Factorization is a pre-requisite for scaling that is not strictly 

fulfilled if strong potentials are present, due to the enhancement 

of the lower components, dispersive effects  and LS terms but, 

in fact, the factorization approach works quite well for cross-

sections under QE conditions, OBE and IA, even for a model like 

RMF
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Both scaling of first and second kind are 

clearly observed in the predictions of

theoretical models based upon OBE+IA. 
Even when these models are 
(un)factorized or when they include
important FSI interactions among
nucleons. This has to do with the
properties of the (distorted) nuclear 
response in general and not with the
properties of the probe (provided OBE).  
Thus, the scaling features observed in 
electron scattering are also expected in 
neutrino (charged and current) scattering
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Per nucleon response is
almost constant
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A phenomenological (super-)scaling function arises
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RMF results compare well with (e,e’) data also at moderate
momentum transfer: 12C(e,e’) |q|≃ 400 MeV/c
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Both scaling of first (mild) and second (good) kind are clearly
observed in the inclusive electron scattering data. This supports the
theoretical predictions indicating that off-shellness of the nucleons in 

nuclei and even strong FSI do not destroy scaling

This allows to extract a 

(exceedingly convenient!)

universal superscaling

function from the

inclusive electron

scattering data 

It is clear that the

longitudinal data exhibit a 

large asymmetric tail



Ladek Feb. 2009 38J.M. Udías

NUCLEAR RESPONSE TO MULTINUCLEAR RESPONSE TO MULTINUCLEAR RESPONSE TO MULTINUCLEAR RESPONSE TO MULTI----GEV NEUTRINOSGEV NEUTRINOSGEV NEUTRINOSGEV NEUTRINOS
IN THE RELATIVISTIC MEAN FIELD MODELIN THE RELATIVISTIC MEAN FIELD MODELIN THE RELATIVISTIC MEAN FIELD MODELIN THE RELATIVISTIC MEAN FIELD MODEL

•|q|=1 GeV/c

•We isolate the pure

nucleonic response 

by comparing to the

L-scaling function

•More symmetrical

responses are ruled

out. RMF compares 

better with data

•Use RMF to predict

neutrino-nucleus

cross-sections
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RMF Predictions for neutrino 

reactions

Charged currents: There are 

sizeable effects of FSI even at 1 

GeV

12C(ν,µ-)X

C. Maieron et al., PRC68 (2003)048501
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RMF 

calculations

show that

FSI have

an effect

even for 1 

GeV

neutrino 

energy
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Comparison to LSND 12C(ν,µ-)X data

σRMF=(15 to 16) x 10
-40 cm2 that is 40% above data. MEC shall reduce this by 

no more than 10% 

Y. Umino et al. PRC 52 (1995) 3399
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Total CC predictions for non-pionic ‘quasielastic’ charged current reactions

(ν,µ-) obtained: a) without FSI interactions (red curve). With FSI interactions

within RMF for 12C and 56Fe (dotted orange and long dashed blue lines, 

respectively). ‘Pure’ elastic contribution is shown by dot-dashed (green, 12C) 

and long dotted (cyan, 56Fe) curves. Data from several experiments and targets

are also plotted. 10% effect of FSI can be observed, even at 5 GeV

M.C. Martínez et al., PRC73 (2006) 024607

RMF predictions for nucleonic

contributions to CC and NC 

neutrino scattering can be 

done
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The theoretical analysis indicates that the universal superscaling

function is, to a very large extent, independent on the probe. This

comes from actual calculations for electron, charged and neutral 

currents within RMF model. Scaling of THIRD kind?  

Use scaling to 

predict neutrino-

nucleus cross-

section. It’s easy 

for charged 

currents

For neutral 

ones?
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•RMF agrees very well with the L-scaling function, what indicates that it is

suitable to predict the nucleonic contribution to the nuclear response to electron

scattering in the QE regime

•RMF exhibits scaling (and slight departure from it) of first and second kind (and

also zero kind) at a level similar to the one allowed by the data. Further

extensive comparisons of RMF to available electron scattering data show good

agreement for the pure nucleonic responde in the 0.3-2.5 GeV/c q range. RMF 

can be used to test the validity of other approaches, such as factorization and

scaling

•RMF, ins spite of off-shell nucleons and strong FSI, shows good scaling of

third kind, that is, universality of nucleonic response to weak interaction probes

•For the neutral current case with u-channel kinematics, scaling is a good

approximation for not too small (>60º) nucleon scattering angles

•If or when scaling (response depends on one variable) fails, factorization can 

be employed to predict neutrino cross-sections from electron scattering data by 

means of extraction of a distorted spectral function (depends on two variables)

CONCLUSIONS


