o Neutrino-nucleus interactions
- in the GeV domain

Complutense

Main goals:
Reviewing of neutrino-nucleus scattering in the QE region

Understanding the differences between several models employed in different domains
(and different ways) by several comunities

a) Electron scattering guys
b) Neutrino community
c) Monte Carlo and/or experimental community

ldentifying some assumptions which DIFFER among calculations

Identifying pieces that need improvement and the ones that can most easily been
Improved
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Survey of neutrino-nucleus
“gfn o .interactions

Some material:
http://nuclear.fis.ucm.es/PDEN/documentos
yasuo-yo-prc.pdf (appendix)

inclusiv.pdf (first part)

tesis.ps2.pdf (appendix B)

gordon2008.pdf

Folder CODES
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We are talking 10% nuclear effects

Complutense

NC integrated cross sections

“rmuclear model effects™
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About language

Complutense

Inclusive versus Exclusive reactions

Elastic versus Quasielastic (and inelastic)

Pionic versus non pionic processes

Coherent versus incoherent scattering

(Nucleon/Nuclear) Trasparency

Factorization in general and scaling in inclusive scattering
What is and how good is the RFG?

What means an off-shell effect J.M. Udias — ECT* Oct, 2009



Neutrino-nucleus interactions

L]
i il

deep

giant inelastic
resonances scattering
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Many things may happen to the nucleus, depending on the values of g and




Language and questions
(experiment)

Complutense

Cross-sections corresponding to events with/without o ne charged
lepton in the final state and contributions from eve nts with:

Everything but pions in the final state (“OE inclusiv e”)

And contributions to this case with:
1) At least one proton in the final state
i) One proton and just one proton in the final state
i) One proton and things that do not yield signal in the detector in the

final state
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) From neutrino-nucleon to neutrino-nucleus
OVERVIEW OF THE IA (ingredients)

Complutense

Even simpler: Impulse

Approximation, the interaction takes
place with one nucleon, the one that
IS “detected”/considered. We will
assume (for the moment) both
lepton and nucleon detection

Simple: One boson
exchange:

vy

ol

Ji(w. @) = [ dibp 5+ D, D0s(P)
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OVERVIEW OF THE IA (ingredients)

Complutense

1) Weak interacting probe (e",n, ...). It
allows for the simplest approach:
single boson (photon, W+/-,Z9)
exchange

2) Thus, the dependence on the =
kinematics of the exchanged boson  Pa
can be extracted. For unpolarized
and in plane electron scattering, this
means:

do
dQ), ds"dQ) -

- L T TL ! 1T .
=K {T_.nl,fgttﬁ-gc {'L-‘LR + 'IFTR - 'L‘TLR COS g");: + 'L‘TTR COs 212)1:

8
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Complutense

One-boson exchange approximation yields, for the most

general case:

do bppp
fk;dﬂfdﬂlr (2m)%

+ Uy, [(RH REL{;.H) CoS O + (RETLS;_ RTLS ) sin -f:lFl

+ vpr [(RTT + RITS,) cos 26 + (RIS + RITS, ) sin 26

+ h {'UTU [(Rff‘rg] + RfoSH,;) cos O + (RTLF + R,,T;Lfgﬂ) sin :_:-ﬁ;:]
+ v [RT S+ RT'S,|}},

ort free 5 {vn (R + RES,) +vr (BT + RES,)

R (response) functions are proportlonal to the
Hadronic tensor W™" W _ Z‘ T (w0, @) (0. ) .
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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



If final lepton mass is allowed for

Complutense
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OVERVIEW OF THE IA
gt o (more ingredients)

Complutense

3) Remember Impulse Approximation

A weak probe will interact with similar
probability with both surface nucleons
and deep ones

VY

For QE conditions and large g (a few Pa
hundreds of MeV), all nucleons

contribute to the cross-section

iIncoherently. The nuclear current is

obtained as a sum over individual
single-nucleon currents:

. T, d) = [ dpe(5+ @) Ty (w. Den(P)

ol



SUMMARIZING SO FAR

Complutense

Under one boson exchange, direct dependence on energy and
scattering angle is factored out

eUnder 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 g and w transferred to the nucleus,
even when FSI or other effects are considered

*Besides current operators and form factors, the |IA calculation
needs some wave functions to compute the matrix element, for

the initial and the final nucleons

13
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</ RFG results, for SLND experiment
- (low energy neutrinos, around 200 MeV)

Complutense
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</ RFG results, for SLND experiment
- (low energy neutrinos, around 200 MeV)

Complutense
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Complutense

16

-Can we do better than RFG?
-Which is the best NEXT model of increased complexity?

-In light nuclei, probably a diagrammatic approach +
variational wave functions

-For complex nuclei, we will take the simplest ingredients:
mean field solutions for the initial and final nucleon wave
functions

-If relativistic, we will talk about RMF or relativistic mean
field

J.M. Udias — ECT* Oct, 2009
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The Inter-nucleon Potential
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J

Ph. Chomaz

Nucleons in a self-consistent
mean-field

- fermion system at low energies

- suppression of collisions by Pauli exclusion
- independent particle motion

- shell structure

- mean field approximation
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Physics Motivation

Complutense

Deviations from independent particle motion for orbits near the
Fermi surface are attributed to effects beyond mean field
(correlations) which reveal their pressence in two ways:

() Changes in the occupation and spectroscopic factors with
respect to mean-field predictions

(i) Changes in the momentum distribution of particles,
particularly at high momentum and binding energies

V.R. Pandharipande, I. Sick and P.K.A. deWitt Hubert s, Independent
particle motion and correlations in fermions systems, Reviews of Modern
Physics 69 (981) 1997

19
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Physics Motivation

Complutense

20

*The (e,e’p) reaction at quasielastic kinematics and under
exclusive conditions, for the outermost shells, becomes one
of the most powerful and cleanest test of the mean field and
the correlations needed to supplement it

«208Pp is the most suitable candidate to employ the mean
field prediction, and thus it has been measured in the past in
order to determine spectroscopic factors, mainly in parallel
kinematics and for moderate values of Q% (Q?%<<1 (GeV/c)?)

J.M. Udias — ECT* Oct, 2009



Complutense

*Shell model (mean field) calculations: the shape of the experimental cross-
section is well described, but the measured spectroscopic factors are below the
mean field prediction. How large/small must be the spectroscopic factors?

; M. van Batenburg (thesis, 2001) & L. Lapikds from 208Pb (e.e p) VTl
- J.M. Udias — ECT* Oct, 2009



Still open issues: (i) possible
dependence on Q 2 of the

spectroscopic factors?
data [4], theory [5].
12C(e,e’p) data over wide range of Q <.
There appears to be a Q2 dependence to the
spectroscopic factors observed in this reaction]L.
Lapikas et al. PRC 61, 064325 (2000)]. This
interpretation has been disputed and the Q?
dependence attributed to the way of introducing
SRCI[H. Muther and I. Sick, PRC70 041301R]
208Pp(e,e'p) has been studied in the past at low /
momentum transfers and spectroscopic factors
for the valence shells in the range of 0.6 to 0.7
have been reliably extracted at parallel
kinematics at low Q2

A measurement at several high values of
Q2 will directly address the question of
momentum transfer dependence of the
spectroscopic factors

J.M. Udias — ECT* Oct, 2009



Open issues: (i) Long range
correlations and cross-sections
at high p ,, (> 300 MeV/c)

E. Quint, thesis,
1988, NIKHEF

|. Bobeldijk et al.,
PRL 73 (2684)1994

Rel. Theory: PRC 48
(2731) 1994, PRC 51
(3246) 1996

J.M. Udias et al.

If long range correlations are the reason for the small spe ctroscopic factors,

then they may produce some visible effect at high missing momentum. An

experiment was performed at NIKHEF-K to measure the large m  omentum

region, but the kinematics was far from X 5=1. Additional strength was indeed

fa%m, but this can be explained either via long-range correlations [l. Bobeldijk]

or by relativistic effects in the mean field model. J.M. Udias — ECT* Oct, 2009
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Reasonably good agreement
with data in parallel kinematics

Only R, and R
contribute In this
kinematics

Relativistic analyses provide
larger scale factors, due to

‘Darwin term’ (PRC 51 (1995)
3246)

[41] E. Quint et al. (1988).

[42] |. Bobeldijk et al. PRL 73 (1994)
2684.



Non relativistic mean field

Small potentials (a few tents of MeV), of the order of the
binding energy in nuclei

«Separate Central + Spin-Orbit potential

sImportance of Fock (exchange) terms and correlations
beyond the mean field

(In non-relativistic models the saturation arises from the interplay between a
long range attraction and a short range repulsion, so strong that it is
compulsory to take short range correlations iInto account)

25
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Relativistic mean field

*What is the role that relativity plays in nuclear systems?

 The ratio of the Fermi momentum over the nucleon mass is about k./M =
0.25. Nucleons move with at most about 1/4 of the velocity of light. Only
moderate corrections from relativistic kinematics are expected

«Strong potentials (a few hundreds of MeV’s). Small binding
energy is just the ‘tip’ of the iceberg

*Spin-Orbit potential implicit in the relativistic formalism
*However, there exists a fundamental difference between relativistic and non-
relativistic dynamics: a genuine feature of relativistic nuclear dynamics is the

appearance of large scalar and vector mean fields, each of a magnitude of several
hundreds MeV. The scalar field S is attractive and the vector field V is repulsive

* In relativistic mean field (RMF) theory, both sign and size of the fields are enforced
by the nuclear saturation mechanism

J.M. Udias — ECT* Oct, 2009



In relativistic mean field models, the parameters are
phenomenologically fitted to the saturation properties of nuclear
matter

*Short range correlations are not needed to get the right saturation
properties

* In this approach short range correlation effects may be
accounted for, to some extent, by the model already at mean field
level

*Formally, the scalar and vector potentials are usually
Implemented via (scalar and vector) meson exchanges

27
J.M. Udias — ECT* Oct, 2009



28

Formally, one can build a field theory. It
can seem very convincing...

J.M. Udias — ECT* Oct, 2009



Field theories are difficult to solve. But nuclear systems are

dense ones, one can neglect fluctuations and use a
semiclassical approximation: Substitute source-current terms

by their expectation values:

Also substitute meson fields by their expectation values:

29
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In the mean field style, one expands the multi-particle state into a
product of single-particle statesy .. In the simplest approach
(Hartree), the product is not antisymmetrized

30
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And the result is a Dirac equation for each single-nucleon
state y ,

31
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And many different versions of the lagrangians have been cooked

32
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arXiv:nucl-th/0602059 v1 21 Feb 2006

P.K. Panda, Joao da Providencia and Constanca Providencia
2 J.M. Udias — ECT* Oct, 2009



Relativistic Impulse Approximation (RIA)
to N-A scattering

It assumes that the interaction between the projectile and target nucleons has
the same form as the interaction between two nucleons in free space. The RIA
allows us to combine the empirical free-space scattering amplitude with a
relativistic (or not) calculation of the nuclear ground state density

*The experimental NN scattering amplitude is represented by a set of Lorentz
covariant functions that multiply the “Fermi invariant” Dirac matrices. An
effective NN interaction is thus built. A few independent invariants are enough
for the on-shell version of RIA (1Al)

*The Lorentz covariant functions are then folded with the (for instance) Dirac—
Hartree target densities to produce a first-order optical potential for use in the
Dirac equation for the projectile

«Some medium modification of the NN amplitudes (Pauli blocking) can be
Incorporated

34
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*Results are good, for
nucleon kinetic energies
above, say, 200 MeV, if
the ground state density
IS reasonably realistic.
Isospin dependence of
the potential is also
predicted

«Conversely, proton
scattering data can be
employed to fit or at
least constrain the

ground state density
35
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Results from the
standard RIA+Pauli
blocking (dotted),
without Pauli blocking
(dashed) from RMF
densities and with an
empirical density
(solid)

36
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RIA do a decent job for light nuclei (*“He)
Blue: RIA+standard RMF “He density
Red: RIA+just one parameter of the
RMF Lagrangian adjusted to the data

J.M. Udias — ECT* Oct, 2009



References

(just to mention a few):
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RIA approximation to
A(p,2p)A-1 reactions

*Use Iinitial ground state given by RMF or some other suitable
model

*Use final state described by RIA optical potential or by any of
the phenomenological relativistic S-V optical potentials

Employ the RIA effective NN interaction plus one further use
of the Impulse Approximation to describe the interaction of the
hadron projectile with the knocked out proton

*No adjustable parameters in the model

J.M. Udias — ECT* Oct, 2009



Out of the box excellent predictions
for 2°8Pb(p,2p)2°'TI

Solid: RDWIA

Dashed: NRDWIA .
#$ 3% &
(%
)

* *

40 )
J.M. Udias — ECT* Oct, 2009



41

J.M. Udias — ECT* Oct, 2009



Out of the box excellent predictions
for 2°2Pb(p,2p)%°'TI

*The relativistic distorted wave model provides a quantitative
description of the (p,2p) analyzing power for 3s,,, knockout
from 298Pb at both incident energies of 202 and 392 MeV

* The nonrelativistic model consistently over-predicts the
analyzing power

*The above result suggests that the relativistic Dirac equation
IS adequate to effectively describe the (p,2p) analyzing power

42
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For inclusive scattering at QE kinematics and about-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, g and w transfer, irrespectively of the nature of
the probe

43 )
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Current operators and
Form Factors (vector)

21 VKHOO QXFOHRQV VHYHUDOQRQURW KHT X L
YHFWRU FXUUHQW 8VH &9& DQGFWDRB YHI
VEDWWHULQJ H[SV

JRU && RQH VKRXOG FDUH BERXWHWODPSRVV

VKRXOG YDQRIVDK UREY LQVWDQFH IRU QHXW

FXUUHQWY DQG PD\ KD YWH DIKUHIQVQvD\WH#H | R B

3DVFDOXWVD 6 6FKHUHU 358 [SHFW HIIHFW RI RU
s Py 4 I1RULQWHUPHGLDWH 4
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Current conservation / Continuity
Equation / Gauge Invariance

If same effective or
whatsoever mean field
potential is employed
for the initial and final
state, then the matrix
element is
independent on the
Gauge choice at the
mean field level.

Further, in RMF we
get similar results in
the L response, for on-
shell and off-shell
spinors whether using
cc2 or cc3 current
operators.

J.M. Udias — ECT* Oct, 2009



Current operators and
Form Factors (axial)

JRU WKH D[LDO FXUUHQW WDRB @4 WRFGHOH |
OHXWULQR QXFOHRQ VFDWWHUL QR BHIKD W\E

FRQVWUDLQHG E\ UDGLDWLYH PXRQ FDSWXU
SVHXGRVFDODU IDFWRU

/KH YHFWRU FXUUHQW LV «SURWNFQRME - ZK

JRU 1& RQH VKRXOG FDUH DERXW39WUDQ
HOHFWURQ VFDWWHULQJ DQG QNXWULQR
VRPH OLPLWV RQ WKLV VWUDQUW BRIDNVUE

FRUUHODWLRQ DPRQJ VWUDQJHIQHWVV FRQ
s PDJQHWLF DQG D[LDO ))

J.M. Udias — ECT* Oct, 2009



Measuring strangeness
content

D 2EWDLQ PRUH 39 PHDVXUHPHQWYFBBODKD
WDUJHW

E OHDVXUH UDWLRY DQG RU GLVIHRHWQFHV R
LQVWDQFH IRU FDUERQ D ® €0E HUH ORGIM XOW LR F

‘'H H[SHFWHG GDWD RQ S Q 1&
NORFN RXW LQ FDUERQ IURP 6/1'
'LG WKH\ FRPH RXW"
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Measuring strangeness

content
F OHDVXUH UDWLRV RI 1& && GLIIHUHQFH)
3DVFKRV :ROIHVWH 5Q AHUQOBR\HMR RO = 1%U 3k
& 1XFO 3K\V $

W LV D VRPHZKDW GLIILFXOW REVHUYDEO

UHFHQWO\ UHYLYHG E\&WuoHw KiHQAMRIUR X3\
35& 1 -DFKRZLF]HW DO 35&

48 )
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Let's take a moment to describe
the nucleon in the final state

U,Q D YHU\ VLPSOH VFKHPH ZH FRRX ¢RGINUQ\
IHHOV WKH UHVLGXDO QXFOHXWUDN KB&RW V UC
GHVFULEHG E\ D SODQH ZDYH 7KHAHYBUH !
UHVXOWYV LQ JHQHUDO

WXUWKHU RQH FDQ WKLON RI DHQ HR[ISDQVL
LOWHUDFWLRQV Rl WKH QXFOHR®: 3 QR NKG
EH WKH JHURWK RUGHU 7KLV VYWHMW\ XVHI

U2QH WZR VKRZQ LQ WKH ILJIXUBQQARPRDHI
LOWHUDFWLRQV FDQ EH FRPSXWH®R UX BDR®
DQ HLNRQDO H[SDQVLRQ
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Describing the final state in *He(e,e’'p)d

Data: M.M. Ravchev,
PRL 94 (2005) 192302

Full theoretical
calculation of the
overlap from Faddev
calculations+eikonal/
Glauber treatment of
the detected nucleon
with single and
double (“full
calculation”)
rescattering terms
included. No free
parameters in this
result 3K\V 5HY /HWW

50
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Describing the final state

*Rescattered and direct terms interfere, destructively for small
missing momentum and constructively at large missing
momentum. It is not just the result of summing up cross-sections
yielding a free nucleon in the final state plus cross section with
one rescattering in the final state, this would miss

iInterferences (warning for MC codes)

*The plane wave calculation may not be equal to the contribution
to the total number of events coming from the cases where the
nucleon does not interact in the final state

Comparison of theory to experiment was simple in this exercise
because the experiment separated the channels very cleanly

(only two body breakup was included in these data)

51
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Describing the final state

*For not so light systems,
truncation of the rescattering
series may not be such a
good approximation.
Summation of the whole
rescattering series is
possible under certain
approximations. For
Instance, one can build
optical potentials, that
eventually are fit to proton
elastic data. This does a
similarly good job, as shown
iff the picture J.M. Udias — ECT* Oct, 2009
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Breakdown of factorization will
be seen at demanding kinematics
(g-w constant, high momentum)

Data: M.M.
Ravchev, PRL
94 (2005)
192302

Full theoretical
calculation of
the overlap from
Faddev
calculations. No
free parameters
In these results
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Data: M.M.
Ravchev, PRL
94 (2005)
192302

Breakdown of
factorization will be
moderately seen at
moderately
demanding_
kinematics
(moderately high p,,)

J.M. Udias — ECT* Oct, 2009
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Data: M.M.
Ravchev, PRL
94 (2005)
192302

Breakdown of
factorization will be
moderately seen at
moderately
demanding_
kinematics
(moderately high p,,)
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Thus, which is the problem with
the final state?

*The problem is that we do not always know which is the final
state

*From the theory side, there are simple cases that can be
computed more easily, such as the elastic channel or the fully
Inclusive case. Otherwise, all the relevant diagrams or processes
have to be considered

*Alternatively, one may look at data from reactions and try to
extract information for a different (but similar) reaction

56
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$OXVH M RIRW KMOWHU S BRHWDW
H[SHULPW®W®WRFW R U ID]®SNVLARIDF |

It implies that the same effective operator as for free
nucleons is employed in computing the matrix element. It
Implies on-shell spinors (but is not enough) to guarantee
factorization. Even in the nonrelativistic case, one has to
ensure that the sum on nucleon angular momentum is the
same as for free spinors. This is not true in general when FSI
are present

In short, factorization is recovered in the cross-sections if there
IS no LS coupling in the initial or final nucleon and one uses
on-shell nucleons

57
J.M. Udias — ECT* Oct, 2009



Factorization? Recall:

oIt implies that the same effective_ 2 £ 2 operator as for free nucleons is
employed. This hypothesis is strongly broken by the enhancement of the lower
components in RMF. This is a factorization-breaking effect not present in
nonrelativistic models. Using on-shell spinors is required (but is not enough) to
guarantee factorization

oIt requires additional approximations to the Relativistic Impulse Approximation
ones. Even in the nonrelativistic case, one has to ensure that the sum on
nucleon angular momentum is the same as for free spinors. This is not true in
general when FSI are present

In summary, for cross-sections, factorization is recovered if there is no LS
coupling in the initial or final nucleon and no off-shell nucleons

58
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Factorized approach

Within this approach,
one does not compute
the matrix element of
the current operator,
but instead one takes
the elementary lepton-
nucleon cross-section
Into play

J.M. Udias — ECT* Oct, 2009



eUnder factorization, the cross-section splits completely into an
elementary lepton-nucleon part, depending on the interaction, and
a nuclear part (spectral function) that depends on E, and p,, and
that is completely independent on the nature of the probe

*The single-nucleon responses are in principle different for each
kind of lepton, due to different structure of the elementary current
operator, but the nuclear response is the same Iif factorization is
(nearly) recovered

eLet’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 effects
in the cross-sections for moderate p,,
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Results for different current operators
(exercise). Show that for free positive
energy spinors they are equivalent
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On shell nucleons

*\We can put artificially ‘on the mass shell’ the initial and final nucleon by
forcing their wave functions to fullfill ‘half’ the free Dirac equation’

*Gordon transformation will be valid for these EMA spinors, and matrix
element should factorize into the ones for free nucleons

oIt can be shown that the current operators in previous slide are equivalent
for EMA (on-shell) positive energy spinors. It can be shown that they verify
free Dirac equation

63
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On shell nucleons

*Thus, life would be easier If we allowed only
for on-shell nucleons, as if we lived In a
nonrelativistic world, but...

64
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Breakdown of factorization
will clearly be seen in A at
Q? larger than, say, 0.5

((.;EVlC)2 Data: M.M. Ravchev,
PRL 94 (2005) 192302

Theory: relativized
wave function
from Fadeev with
AV8’ interaction.
Optical potential
from RIA-1A1 with
effective NN
lagrangian fitted
to “He(p,p) data
and using
experimental

density
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A1, in 3He, 4He and °0O

If there are relativistic dynamical effects, a strong impact on A, would be seen,
particularly at moderate p,,.There is a noticeable difference in A;, between 3He
and “He due to the density difference and in %0

160: A
P12
P32
M. Rvachev et al. PRL J. Gao et al
4:12320.2 ' '
94:12320,2005 E04-107,2004 PRL84:3265, 2000
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Current operators and
Form Factors (vector)

21 VKHOO QXFOHRQV VHYHUDOQRQURW KHT X L
YHFWRU FXUUHQW 8VH &9& DQGFWDRB YHI
VEDWWHULQJ H[SV

JRU && RQH VKRXOG FDUH BERXWHWODPSRVV

VKRXOG YDQRIVDK UREY LQVWDQFH IRU QHXW

FXUUHQWY DQG PD\ KD YWH DIKUHIQVQvD\WH#H | R B

3DVFDOXWVD 6 6FKHUHU 358 [SHFW HIIHFW RI RU
~ Py 4 1RULQWHUPHGLDWH 4
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Effect of FSI

Distorted p3/2 momentum
distribution taken from a
RMF calculation

Blue line has no FSI
effects green one has FSI
effects as given by a
nonrelativistic approach

Red one includes FSI
given by the RMF.

A (slightly) different
(distorted) momentum
distribution would be seen
for each energy of the
knocked-out nucleon

Qualitatively, it is simiar to

the effect of correlations
J.M. Udias — ECT* Oct, 2009



A phenomenological (super-)scaling function arises

69
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The theoretical analysis indicates that the RMF superscaling
function is, to a very large extent, independent on the probe. This
comes from actual calculations for electron, charged and neutral
currents. It is also independent of the Gauge choice and yields the
same results for on-shell and off-shell spinors for the cc2 current

70
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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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The asymmetry is
generated by the additional
strength in between 300
and 500 MeV/c. This is, In
the RMF, due to FSI
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Effective momentum P
inside the nucleus

E_=E-V, M_=M-S (S,V>0,V>S, V'S)
.Peﬁ:Z:Eeﬁ:Z'Meﬂ:Z:EZ"'VZ'Z EV'M2'82+2MS
Thus (with T=E-M):

Pnff 2=P2+(\/2-S2)+2 M (S-V) -2 TV

*As long as V does not go to zero faster than 1/T, P, is smaller than P, and
gets smaller with larger kinetic energies of the nucleon

*Bound nucleons have moderate kinetic energy, so that P P

*For the ejected nucleons, larger T implies larger w. The effective momenta
gets smaller than the asymptotic one, that means that the ‘effective’ wis also
smaller. The shape of the cross-section is shifted towards larger w values!!

|t can be also shown that smaller values of the effective momentum of the
final nucleon imply more cross-section at larger p,, values
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asymp

eff

Wasymp

The asymmetry can be generated by means of effective

kinematic that takes into account the strong potentials
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Comparison to experiment
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Zoom into the nucleonic peak
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Effect of RFG parameters

PB is negligible except
for very small g or
unrealistical values of
PB. PB just avoids
receiving energy from
the nuclei

BE puts the peak in the
right position and
breaks Gauge
Invariance and puts
the nucleons off-shell

RFG parameters give
some handles to tune
the nuclear model, but

not very good ones!
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Effect of RFG parameters

Kappa is a hew
version of PB that
has little to do with
actual Pauli blocking
concept. It is justified
on Lorentz
Invariance bounds

Increased BE shifts
the peak additionally,
which is not worse or
better

kappa parameter
gives an additional
handle to tune the

nuclear medekr ot 2000
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Effect of RFG parameters

Increasing the axial
mass changes the
Cross-section
significantly

kappa parameter
returns it to a place
near ordinary RFG

There Is still the
effect of FSI

Other handles to
tune:Hp
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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(n,m)X data

Sruer=(15 to 16) x 104° cm? that is 40% above data. MEC shall reduce this by
no more than 10%

83 Y. Umino et al. PRC 52 (1995) 3399
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RMF predictions for nucleonic
contributions to CC and NC
neutrino scattering can be
done

Total CC predictions for non-pionic ‘guasielastic’ charged current reactions

(n,m) obtained: a) without FSI interactions (red curve). With FSI interactions
within RMF for *2C and °°Fe (dotted orange and long dashed blue lines,
respectively). ‘Pure’ elastic contribution is shown by dot-dashed (green, 1?C)
and long dotted (cyan, °°Fe) curves. Data from several experiments and targets
are also plotted. 10% effect of FSI can be observed, even at 5 GeV

84 M.C. Martinez et al., PRC73 (2006) 024607
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Total CC predictions for ‘quasielastic’ charged current reactions (n,m)
obtained: a) without FSI interactions (red curve). Within RMF modeling for 1°C
and °°Fe (dotted orange and long dashed blue lines, respectively). ‘Pure’ elastic
contribution is shown by dot-dashed (green, °C) and long dotted (cyan, >°Fe)
curves. Data from several experiments and targets are also plotted. 10%
nuclear effects in the RMF can be observed, even at 5 GeV

85 M.C. Martinez et al., PRC73 (2006) 024607
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Summary

(1) Electron scattering data show good scaling propertie s, allowing for
the definition of a model independent universal nucl ear response that
can be employed to predict neutrino cross-sections

(2) The RMF is successful in describing inclusive (e ,e’) data and the
universal scaling function. Under RMF, the same scal  ing function
applies to electron, neutral and charged current scatt ering

(3) Neutrino CC fully inclusive QE data show saturation at large energies
and a cross-section per nucleon that is A-independen t, indicating a
closure effect

(4) The A-dependence of transparencies appears becaus e they are not

fully inclusive experiments. Optical potential predict lons are just a
lower bound for transparencies, saturated only if the y corresponded
to fully exclusive measurements (with full occupanc ies). RMF

g6 predictions would constitute and upper bound
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Summary

(5) Neutrino reactions from say 100’s MeV to several GeV, whe re the
RMF shows good agreement with (e,e’) data, can be predict ed. FSI
effects in the cross-sections are not negligible

(6) In the comparison of models/theories to experiment, care must be
taken to the exclusive/inclusive actual experimental combination

(7) For inclusive observables, for which the kinematics an d phase
space are smoothed it seems that the impulse approximation a nd

the relativistic mean field, in spite of its simplicity, do a very decent
job

(8) Alternatively, the scaling approach allow for model inde pendent
description of the nuclear response in neutrino scattering , as an

alternative to RFG

87
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What about the enhancement
of the lower components?.

*\We can put artificially ‘on shell’ the initial and final nucleon by
forcing their wave functions to fullfill ‘half’ free Dirac equation

*Gordon transformation will be valid for these EMA spinors,
and matrix element should factorize into the ones for free
nucleons

*Show that the previous current operator are equivalent for
EMA (on-shell) spinors

88
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Effect of RFG parameters

Increasing the axial
mass changes the
Cross-section
significantly

kappa parameter
returns it to a place
near ordinary RFG

There Is still the
effect of FSI

Other handles to
tune:Hp
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Relativistic Mean Field
Approach to lepton-nucleus
scattering (RMF)

*Overview of the model

*Mean Field and Impulse Approximation
Asymmetry in the (e,e’) cross -sections
*Predictions for neutrino CC

Conclusions

90
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Inclusive (e,e’) reactions:
RDWIA-RMF

oIf FSI fitted to elastic channel only (optical potential approach to elastic
scattering), we need to recover the lost flux into inelastic channels. At
times this is done setting to zero the imaginary part of the potentials, for
Instance. This provides an E-dependent real potential and thus violates
the dispersion relationship (Mahaux and Sartor, Adv. Nucl. Phys. 20
(1991) 1, Horikawa et al, PRC22 (1980) 1680)

*Another choice is the use of the same (E-independent)
mean field potential for the final proton as for the bound
proton so that no lose of flux introduced. This simple choice

1) preserves orthogonalization
Il) verifies continuity equation and Siegert’'s theorem

i) fullfils the dispersion relationship
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Use RMF to describe propagation of the ejected proton
Good approximation for inclusive results. Extensive
comparison to inclusive (e,e’) data from moderate
momentum transfers to about 2 GeV/c

12C(e,e’) ¢|' near 400 MeV/c
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Inclusive (e,e’) reactions: comparison with data _
Constant potentials (RMF) produce an

asymetric cross-section with increased

strength (tail) at large w (K.S. Kim and
L.E. Wright PRC 68 (2003) 027601)

Comparison with data is not
conclusive due to the delta peak
contributing into the quasielastic
region

93
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|g|=1 GeV/c

*\We isolate the pure
nucleonic response

More symmetrical
responses are ruled
out. RMF compares
better with data
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The theoretical analysis indicates that the RMF superscaling
function is, to a very large extent, independent on the probe. This
comes from actual calculations for electron, charged and neutral
currents. It is also independent of the Gauge choice and yields the
same results for on-shell and off-shell spinors for the cc2 current
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The asymmetry is
generated by the additional
strength in between 300
and 500 MeV/c. This is, In
the RMF, attributed to FSI
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A few predictions of the model for
neutrino scattering
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Total CC predictions for ‘quasielastic’ charged current reactions (n,m)
obtained: a) without FSI interactions (red curve). Within RMF modeling for 1°C
and °°Fe (dotted orange and long dashed blue lines, respectively). ‘Pure’ elastic
contribution is shown by dot-dashed (green, °C) and long dotted (cyan, >°Fe)
curves. Data from several experiments and targets are also plotted. 10%
nuclear effects in the RMF can be observed, even at 5 GeV

98 M.C. Martinez et al., PRC73 (2006) 024607
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RMF calculations: Nuclear effects have a
noticeable impact for 1 GeV neutrino energy
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Comparison to LSND 2C(n,m)X data, muon neutrino of moderate
energy

Srur=(15 to 16) x 104° cm? that is 40% above data. MEC shalll
reduce this by no more than 10%

100 )
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Both RMF and OP predictions for nucleonic
contributions to CC and NC neutrino scattering
can be compared to experiment. Pions (almost
completely) rejected

Total CC predictions (per nucleon) for non-pionic ‘quasielastic’ charged current reactions (n,m)
obtained: a) without FSI interactions (red curve). With FSI interactions within RMF for 12C and °6Fe
(dotted orange and long dashed black lines, respectively). ‘Pure’ elastic contribution is shown by
dot-dashed (green, 12C) and long dotted (cyan, °6Fe) curves. Data from several experiments and
targets are also plotted. 10% effect of FSI can be observed, even at 5 GeV. No A dependence is
seen in the data, consistent with a fully inclusive experiment and in agreement with RMF

predictions. M.C. Martinez et al., PRC73 (2006) 024607 )
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Summary

(1) Electron scattering data show good scaling propertie s, allowing for
the definition of a model independent universal nucl ear response that
can be employed to predict neutrino cross-sections

(2) The RMF is successful in describing inclusive (e ,e’) data and the
universal scaling function. Under RMF, the same scal  ing function
applies to electron, neutral and charged current scatt ering

(3) Neutrino CC fully inclusive QE data show saturation at large energies
and a cross-section per nucleon that is A-independen t, indicating a
closure effect

(4) The A-dependence of transparencies appears becaus e they are not

fully inclusive experiments. Optical potential predict lons are just a
lower bound for transparencies, saturated only if the y corresponded
to fully exclusive measurements (with full occupanc ies). RMF

102 predictions would constitute and upper bound
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Summary

(5) Neutrino reactions from say 100’s MeV to several GeV, whe re the
RMF shows good agreement with (e,e’) data, can be predict ed. FSI
effects in the cross-sections are not negligible

(6) In the comparison of models/theories to experiment, care must be
taken to the exclusive/inclusive actual experimental combination

(7) For inclusive observables, for which the kinematics an d phase
space are smoothed it seems that the impulse approximation a nd

the relativistic mean field, in spite of its simplicity, do a very decent
job

(8) Alternatively, the scaling approach allow for model inde pendent
description of the nuclear response in neutrino scattering , as an

alternative to RFG
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Summary: what have we
learnt from exclusive
measurements??

*Relativistic impulse approximation (RIA) + RMF is
simple and capable of explaining many different
experimental results, including polarization
measurements
sImproved experimental information with:

e Improved statistics

o larger A coverage ( %%8Pb, 160 (e00102),*He, 12C)

e Xx=1

o different Q 2 values
IS arriving in the next few months, what would allo W
to disentangle relativistic effects and/or long ran ge
correlations
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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

105

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 tall
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asymp

eff

Wasymp

The asymmetry can be generated by means of effective

kinematic that takes into account the strong potentials

106 .
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Modeling inclusive lepton-nucleus reactions
within the relativistic mean field
approximation

In collaboration with many people:

E. Moya, Javier R. Vignote, J.A. Caballero, T.W. Donnelly, E, Amaro, M.
Barbaro, C. Maieron, C. Martinez-Pérez, P. Lava, J. Ryckebusch, J. Lopez
Herraiz, Y. Umino and others
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Motivation (?)

*Over the last years, the ‘simple’ relativistic impulse
approximation has been employed with success to
describe inclusive (e,e’) scattering at the quasielastic
peak, provided QZ? is large enough, say greater than

0.2 (Gev/c)? (K.s. Kim and L.E. Wright PRC 68 (2003) 027601, PRC 67,

054604 (2003) , Y. Jin, D.S. Onley and L.E. Wright, PRC 45 (1992) 1333, C.
Maieron et al, PRC68 (2003) 048501)

*Try to understand the reasons for this success and
use the same modeling to describe neutrino reactions

108 ,
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Inclusive (e,e’) reactions: comparison
with the data

Constant potentials
(RMF) produce an
asymetric cross-section
with increased strength

(tail) at large w (K.S. Kim
and L.E. Wright PRC 68
(2003) 027601)

Comparison with data is
not conclusive due to the
delta peak contributing
Into the quasielastic
region

109 )
J.M. Udias — ECT* Oct, 2009



Comparison to inclusive data: Scaling
analyses (J.A. Caballero et al., PRL 95 (2005) 252502)

°E ..n=1 GeV/c
° qe:450

*\We get rid of the
delta complications
by comparing to the
pure nucleonic
scaling function

eSymmetrical
responses are ruled
out by experiment.
RMF compares

110 favourably with data
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How to shift the cross-section to higher w transfer?
Put correlations: standard, correct view

» Correlations introduce fragmentation of the
strength in the initial state. Compared to mean field,
the strength is distributed over a larger range and
more uniformly. This doesn’t seem to be the cause
of large asymmetries in the cross-section

«Correlations also allow for multinucleon emission
(not included in the mean field), thus giving
contributions to the (e,e’) cross-sections shifted by
several ‘separation energies’ with regards to the

single nucleon knockout: asymmetry

111 )
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Effective momentum P4 inside the nucleus

()

*The effect is difficult to estimate a priori from simple
approaches, because potentials are larger in the nuclear interior
but they go to zero as the nucleon approaches the surface

*The full RMF calculation provides quantitative estimates and
seems to be in agreement with the data

*Within RMF, the asymmetry is due to high momentum
contributions to the cross-section introduced by FSI

112 )
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12C(e,e") |q| arond 400 MeV/c. RMF results compare
well with (e,e’) data at moderate momentum transfer

113 )
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We can compare many calculations!

114 )
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Inclusive (e,e’) reactions: comparison with data _
Constant potentials (RMF) produce an

asymetric cross-section with increased

strength (tail) at large w (K.S. Kim and
L.E. Wright PRC 68 (2003) 027601)

Comparison with data is not
conclusive due to the delta peak
contributing into the quasielastic
region

118 ]
J.M. Udias — ECT* Oct, 2009



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

119

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 tall
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RMF Predictions for neutrino
reactions

Charged currents: There are
sizeable effects of FSl even at 1
GeV

12C(n,m)X

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

121
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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 (>60°) nucleon scattering angles

oIf or when scaling (response depends on one variable) fails, factorization can
be employed to predict neutrino cross-sections from electron scattering data by
fféans of extraction of a distorted spectral function (dependsian tws vatiadaes poos



