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Abstract. A relativistic model for quasielastic (QE) lepton-nuclesgattering is presented. The effects of final-state inter-
actions (FSI) between the ejected nucleon and the residuddus are described in the relativistic Green'’s functiBiGF)
model where FSI are consistently described with exclusbagtering using a complex optical potential. The resultshef
model are compared with experimental results of electrahregutrino scattering.
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FINAL-STATE INTERACTIONSIN LEPTON-NUCLEUS SCATTERING

In the QE region the nuclear response to an electroweak salmeninated by one-nucleon knockout processes, where
the scattering occurs with only one nucleon while the reimgimucleons of the target behave as simple spectators.
The reaction can adequately be described in the relativiistpulse approximation (IA) by the sum of incoherent
processes involving only one nucleon scattering and thepoments of the hadron tensor are obtained from the sum,
over all the single-particle (s.p.) shell-model statesthaf squared absolute value of the transition matrix element
of the single-nucleon current. A reliable description ofl ESan essential ingredient for the comparison with data.
The relevance of FSI has been clearly stated for the ex@ysi€ p) reaction, where the use of complex optical
potentials (OP) in the distorted-wave impulse approxiora(DWIA) is required [1, 2, 3, 4, 5, 6, 7, 8]. The imaginary
part of the OP produces an absorption that reduces the azoiersand accounts for the fact that, if other channels
are open besides the elastic one, part of the incident fliostsih the elastically scattered beam and goes to the other
(inelastic) channels which are open. In the inclusive scait only the emitted lepton is detected, the final nuclear
state is not determined and all elastic and inelastic cHaroentribute. This requires a different treatment of FSI
where all final-state channels should be retained and thefbox, although redistributed among all possible channels
must be conserved. Different approaches have been usedddleFSlI in relativistic calculations for the inclusive
QE electron- and neutrino-nucleus scattering. In theivésiic plane-wave impulse approximation (RPWIA), FSI are
simply neglected. In another approach, FSI are accounted felativistic DWIA (RDWIA) calculations by including
only the real part of the relativistic optical potential ®R).

In the RGF techniques [9, 10, 11, 12, 13, 14, 15, 16, 17, 18,AN]are described in the inclusive scattering by the
same complex OP as in the exclusive scattering, but the maagpart is used in the two cases in a different way and
in the inclusive reaction the flux, although is redistriltute all the channels, is conserved. In the RGF model with
suitable approximations, which are mainly related to thpufee approximation, the components of the hadron tensor
are written in terms of the s.p. optical model Green’s fumctiThe explicit calculation of the s.p. Green’s function ca
be avoided by its spectral representation, which is basedmarthogonal expansion in terms of the eigenfunctions of
the non-Hermitian optical potential and of its Hermitiampaate

[6-T-7'E)] xS E) =0, [6-T-7E)Z(E)=0. @)

The expanded form for the s.p. expression of the hadron te&soponents is [10, 11]

W (q,0) = 3 |Re TH(Er — &, Er — ) —%9/' de Im TV (&,Er — &) | | @)
JM

n

1
Ef—&n-_&



Fe(e,e’)

E + %0 data

-
i
a
S

H
I
IS
8
Ll

RGF

o

5 F 7 ="
x 10— — [z ]
> 7 x [l i
s s E S 30F -
£ ] v 56 J
< C | s F + Fe data N
g 6= = < 20— -
c C ] S = |
= b B 2 ¢ RGF ]
© a4 — = r 1
£ B © 10 —
2 — C ]
0 E I | L | 1 B = I | | | L | .

50 100 150 200 250 300 350 50 100 150 200 250 300 350 200
w[MeV] w[MeV]

FIGURE 1. Differential cross section of the reactioh¥0(e, €) for beam energy = 1080 MeV and scattering angfe = 32°
and®®Fe(e &) for beam energg = 2020 MeV and scattering angle= 20°. Experimental data from [25]0O) and [26] P°Fe).

whereZ” denotes the principal value of the integmals the eigenstate of the residual nucleus with energgnd
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and similar expressions for the terms wjth# v. The factor,/1— 7" (E), where?”(E) is the energy derivative of the
optical potential, accounts for interference effects eatavdifferent channels and allows the replacement of thexmea
field ¥ with the phenomenological OP.

Disregarding the square root correction, the second matément in Eq. (3) is the transition amplitude for the
single-nucleon knockout from a nucleus in the stp##y) leaving the residual nucleus in the stdte) and it is similar
to the usual DWIA expression for the transition amplitudéhaf exclusive single-nucleon knockout, i.e., the imaginar
part of ¥ gives an attenuation of the strength that is inconsistetit thie inclusive process, where all the inelastic
channels must be considered and the total flux must be catsertiis compensation is performed by the first matrix

element in the right hand side of Eq. (3), which involves tmafunction)?i;)(E) of the Hermitian conjugate optical
potential, where the imaginary part has an opposite sigrhasdhe effect of increasing the strength. Therefore, in the
RGF approach the imaginary part of the optical potentiaistedutes the flux lost in a channel in the other channels,
and in the sum oven the total flux is conserved. The RGF model requires the caticuls of matrix elements of the
same type as in usual RDWIA models, but involves eigenfonstiof both ¥ and ¥ ': FSI are described by the
same complex optical potential as in RDWIA thus providingasistent treatment of FSI in the exclusive and in the
inclusive scattering.

RESULTS FOR ELECTRON AND NEUTRINO SCATTERING

The first measurement of the charged-current quasielaS@QE) flux-averaged double-differential muon neutrino
cross section oA%C in an energy range up ts 3 GeV that have been reported by the MiniBooNE Collaboration
[20] have raised extensive discussions. In particularettgerimental cross section is usually underestimated &y th
relativistic Fermi gas model and by other more sophistitat@dels based on the IA [21, 22, 23], unless the nucleon
axial massM, is significantly enlarged with respect to the world averagkie of 1.03 Ge\W?. Despite the fact the
larger axial mass obtained from the MiniBooNE data on carbam be interpreted as an effective way to include
medium effects which are not taken into account, it is clbat,tbefore drawing conclusions, a precise knowledge of
lepton-nucleus cross sections, where uncertainties oleaueffects are reduced as much as possible, is necessary.
Moreover, any reliable calculation for neutrino scattgrghould first be tested against electron scattering in thesa
kinematical conditions.

In this section several results obtained with the RGF modelelectron and neutrino-nucleus scattering are
discussed. Some results of the RGF for inclusive electr@hraautrino scattering are presented in [16, 18], where
they are compared with the results obtained with the rasdtivmean field model [24], which uses the same strong
real potential already considered in describing the botaigs to evaluate the scattering wave functions.

As an example, in Fig. 1 the RGF results are compared with xperenental(e,€) cross section oA®0O and
56Fe. In all the calculations presented here the bound nusletes are self-consistent Dirac-Hartree solutions ddriv
within a relativistic mean-field approach [27], and in the R@ifferent parameterizations have been used for the
relativistic optical potential: the energy-dependent &adependent (where A is the mass number) EDAD1 and the
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FIGURE 2. Flux-averaged double-differential cross section perdargicleon for the CCQEZC(VH,;F) reaction calculated
with the RGF-EDAI (dashed lines) and the RGF-EDAD1 (solite#) displayed versug, for three bins of co#,. The data are
from MiniBooNE [20].
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FIGURE 3. Total CCQE cross section per target nucleon as a functidty gfeft panel) ancg;; (right panel) calculated with the
RGF-EDAD1 (solid line), the RGF-EDAI (dashed line), the iRQotted line), and the RPWIA (dot-dashed line). The daga ar
from MiniBooNE [20, 29].
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energy-dependent but A-independent EDAI complex phenoiogital potentials of [28]. The shape followed by
the RGF cross sections fits well the slope shown by the dafaaiticular approaching the peak region, where the
RGF produces cross sections in reasonable agreement witthathh. Although satisfactory on general grounds, the
comparison with data in Fig. 1 cannot be conclusive untiltgbutions beyond the QE peak, like meson exchange
currents and\ effects, which may play a significant role in the analysis atadeven at the maximum of the QE peak,
are carefully evaluated.

In Fig. 2 the CCQE double-differentié?C(vu,u*) cross sections averaged over the neutrino flux is displaged a
a function of the muon kinetic enerdy, for three bins of co#,, whered,, is the muon scattering angle. In all the
calculations of neutrino-nucleus scattering the stangtahde of the nucleon axial mass, i.Ma = 1.03 GeVt? has
been used. A good agreement with the MiniBooNE data of [2@fiserally shown by the RGF cross sections [18].
The differences between the RGF results with the two oppoééntials are enhanced in the peak region but they
always are of the order of the experimental errors. The EDADA EDAI potentials yield close predictions for the
bin 0.4 < cosd, < 0.5; small differences are seen in the biB & cosd,, < 0.9, while larger differences can be found
for the bin 07 < cosd, < 0.8. Nevertheless, the RGF-EDAI cross section is always talgs the RGF-EDAD1 one.
The differences between the RGF-EDAI and the RGF-EDAD1lteswe due to the different imaginary parts.

In Fig. 3 the total CCQE cross sections per target nucleoméaitrino and antineutrino scattering are displayed
as functions of the neutrino or antineutrino enerdigsandE;; and compared with the “unfolded” MiniBooNE data
[20, 29]. The RPWIA and rROP results usually underpredietthdata. Larger cross sections, in particular for larger
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FIGURE 4. NCE flux-averaged cross section per target nucleon as aidumnat Q? calculated with the RGF-EDAD1 (solid line)
and the RGF-EDAI (dashed line). The data are from MiniBooR [

values ofE,, are obtained in the RGF with both optical potentials [18je™ifferences between the RGF-EDAI and
the RGF-EDADL1 results, being RGF-EDAI in good agreemenhiie shape and magnitude of the data, are due

to the different imaginary parts. The enhancement of the R®BEs sections is due to the translation to the inclusive
strength of the overall effect of inelastic channels whighreot incorporated in other models based on the IA.

The total CCQE cross section fef; scattering is displayed in the right panel of Fig. 3. Alsotifstcase the RGF
results are usually larger than the RPWIA and rROP ones. Tffegehces between the RGF-EDAD1 and RGF-EDAI
results are significant but somewhat smaller than for neoiscattering. A reasonable agreement with the experirhenta
data is obtained, but the RGF-EDAI calculations are larigentthe data up tBy ~ 1.5 GeV, while a better agreement
is obtained with the RGF-EDAD1 ones. The different behaeibthe cross sections for neutrino and antineutrino
scattering is related to the relative strength of the veatdal response, which is constructive inscattering and
destructive inv scattering, with respect to the longitudinal and transverses [19].

The MiniBooNE Collaboration has reported [30] also a measwant of the flux-averaged differential cross section
as a function of the four-momentum transferred squa@¥d= —gtqy, for neutral-current elastic (NCE) neutrino
scattering on Chlin aQ? range up tox 1.65(GeV/c)?. The analysis of-nucleus NCE reactions introduces additional
complications, as the final neutrino cannot be measured dindlehadron has to be detected: the cross sections are
therefore semi-inclusive in the hadronic sector and inetug the leptonic one [31, 32, 33]. Different relativistic
descriptions of FSI are compared with the NCE MiniBooNE datf84], while in Fig. 4 we show our RGF results
calculated with both EDAI and EDAD1 potentials. Also in tlesse, the RGF produces large cross sections that are
in nice agreement with the data. However, we stress the R@ppsopriate for the inclusive scattering where only
the final lepton is detected, and thus can take into accosatcantributions that are not included in the experimental
cross sections.

SUMMARY AND CONCLUSIONS

A deep understanding of the neutrino-nucleus cross seci®mvery important for the determination of neutrino
oscillation parameters. Reliable theoretical models aguired where all nuclear effects are well under control.
Within the QE kinematics domain, the treatment of FSI is asersal ingredient for the comparison with data. In
this contribution the RGF model for the inclusive QE eleotamd neutrino-nucleus scattering has been discussed.
This model was originally developed for QE electron scaitgrsuccessfully tested in comparison with electron-
scattering data, and then extended to neutrino-nuclettesog. In the RGF model FSI are described in the inclusive
scattering by the same complex optical potential as in tlvbusive scattering, but the imaginary part is used in the
two cases in a different way and in the inclusive processiieésponsible for the redistribution of the flux in all the
channels and the conservation of the flux. The RGF model gesdts that are usually larger than results of other
models based on the impulse approximation and that arerindaéement with the CCQE MiniBooNE cross sections
without the need to increase the standard value of the nn@d&@l mass. However, the use of phenomenological
optical potentials, does not allow us to disentangle the ofldifferent reaction processes and explain in detail the



origin of the enhancement with respect of other models. Tgortant role of contributions other than direct one-
nucleon emission has been confirmed by different modelsastiieen observed that the neutrino-nucleus reaction
at MiniBooNE can have significant contributions from effebeyond the IA in some kinematic regions where the
experimental neutrino flux has significant strength. In REf$, 35, 36, 37, 38, 39] the contribution of multinucleon
excitations to CCQE scattering has been found sizable ded@bring the theory in agreement with the MiniBooNE
cross sections without increasing the valuevigf. A critical review of nuclear effects in NCE and CCQE scattgr

is presented in [40]. Moreover, processes involving twohbourrents, whose role is discussed in [41], should also be
taken into account explicitly and consistently in a modedlarify the role of multinucleon emission. Fully relatitiis
microscopic calculations of two-particle-two-hole (2p}2Zontributions are extremely difficult and may be bound
to model-dependent assumptions. The RGF results are discieaf by uncertainties in the determination of the
phenomenological optical potential. At present, lackinghanomenological OP which exactly fulfills the dispersion
relations in the whole energy region of interest, the RGRjot@n is not univocally determined from the elastic
phenomenology. A better determination of a phenomenoédgidativistic optical potential, which closely fulfillhié
dispersion relations, would be anyhow desirable and desdurther investigation.
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