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Inclusive quasielastic charged-current neutrino-nucleus reactions
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The quasielasti¢QE) contribution of the nuclear inclusive electron scattering model developed by Gil,
Nieves, and OsgiNucl. Phys. A627, 543(1997); A627, 599(1997] is extended to the study of electroweak
charged currentCC) induced nuclear reactions, at intermediate energies of interest for future neutrino oscil-
lation experiments. The model accounts for, among other nuclear effects, long range fracldam phase
approximation(RPA)] correlations, final state interacti@gfSl), and Coulomb corrections. Predictions for the
inclusive muon capture il?C and the reactio®’C (v, u")X near threshold are also given. RPA correlations
are shown to play a crucial role and their inclusion leads to one of the best existing simultaneous description
of both processes, with accuracies of the order of 10-15 % for the muon capture rate and even better for the
Liquid Scintillating Neutrino Detecto(LSND) measurement.
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[. INTRODUCTION absorption channels, etc. The nuclear effects are computed
starting from a local Fermi ga&FG) picture of the nucleus,
The neutrino-induced reactions in nuclei at intermediateand their main features, expansion parameter, and all sorts of
energies play an important role in the study of neutrino propCOﬂStantS are completely fixed from previous hadron-nucleus
erties and their interaction with mattgt]. A good example studies(pionic atoms, elastic and inelastic pion-nucleus re-
of this is the search for neutrino oscillations, and hence physactions, A hypernuclei, etg.[6]. The photon coupling con-
ics beyond the standard mod@]. Several experiments are stants are determined in the vacuum, a_nd the model has no
planned or under constructiga], aimed at determining the €€ parameters. The results presented in R8fg] are pre-
neutrino oscillation parameters with high precision. The datglictions deduped frqm the framework develpp_ed in Refs.
analysis will be sensitive to sources of systematic errors,>:8l: Oné might think that the LFG description of the

among the nuciear ffcts at ermeciate enegniear "W [ OO sl o propr e puae veatment e
excitation energies ranging from about 100 MeV to 500 or Y- P

- o . ergies of at least 100 MeV or higher, the findings of Refs.
600 MeV), being then of special interest to come up with a . : . .
unified many-body frameworkMBE) in which the elec- _[4,3,@ clearly contradict this conclusion. The reason is that

. ) . . i n these circumstances one should sum up over several
troweak interactions with nuclei could be systematicallypciear configurations, both in the discrete and in the con-

studied. Such a framework would necessarily include thregn,ym, and this inclusive sum is almost not sensitive to the
different contributionsi(i) quasielastiqQE) processes(ii)  details of the nuclear wave function, in sharp contrast to
pion production and two-body processes from the QE regioRyhat happens in the case of exclusive processes where the
to that beyond the\(1232 resonance peak, ariii) double  final nucleus is left in a determined nuclear level. On the
pion production and higher nucleon resonance degrees efther hand, the LFG description of the nucleus allows for an
freedom induced processes. Any model aiming at describingccurate treatment of the dynamics of the elementary pro-
the interaction of neutrinos with nuclei should be first testedcesseqinteraction of photons with nucleons, nucleon reso-
against the existing data of interaction of real and virtualnances, and mesons, interaction between nucleons or be-
photons with nuclei. The literature is rich on this subject, buttween mesons and nucleons, gtevhich occur inside the

the only model that has been successfully compared witiuclear medium. Within a finite nuclei scenario, such a treat-
data at intermediate energies and that systematically includesent becomes hard to implement, and often the dynamics is
the first and the second of the contributions, and partiallysimplified in order to deal with more elaborate nuclear wave
also the third one, mentioned above, is the model developefiinctions. This simplification of the dynamics cannot lead to
in Refs. [3] (real photong and [4] (virtual photong. This  a good description of nuclear inclusive electroweak pro-
model is able to describe inclusive electron-nucleus scattecesses at the intermediate energies of interest for future neu-
ing, total nuclear photoabsorption data, and also measurerino oscillation experiments.

ments of photo- and electronuclear production of pions, Our aim is to extend the nuclear inclusive electron scat-
nucleons, pairs of nucleons, pion-nucleon pairs, etc. Theering model of Ref[4], including the axial charged current
building blocks of this model arél) a gauge invariant model (CC) degrees of freedom, to describe neutrino- and
for the interaction of real and virtual photons with nucleons,antineutrino-induced nuclear reactions. This is a long range
mesons, and nucleon resonances with parameters determingaject; in this work we present our model for the QE region,
from the vacuum data, an@) a microscopic treatment of and hence it constitutes the first step towards this end. We
nuclear effects, including long and short range nuclear coralso present results for the inclusive muon capturé@and
relations[5], a final state interactioiFSI), explicit meson predictions for the Liquid Scintillating Neutrino Detector
andA(1232 degrees of freedom, two and even three nucleofLSND) measurement of the reactioiC (v, )X near
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threshold. Both processes are clearly dominated by the QE (k) +A;, — 17(k") + X, (2
contribution and are drastically affected by the inclusion of

nuclear correlations of the RPA type. We find though the generalization of the obtained expressions to an-

tineutrino induced reactions, neutral current processes, or in-
clusive muon capture in nuclei is straightforward. The
double differential cross section, with respect to the outgoing

) ) ) ) lepton kinematical variables, for the process of E2). is
in good agreement with dataliscrepancies of the order of given in the laboratory frame by

10-15 % for the muon capture ratelespite that those mea- .
surements involve extremely low nuclear excitation energies do, K'| G2
[smaller than 15-2@5-30 MeV in the first(secong casé, I _eml-u
where the LFG picture of the nucleus might break down. dQ(k)dE |k
However, it turns out that the present model provides one ofiih k and k' the laboratory lepton momentaE,’z(Iz’z

the best existing combined description of these two low- m|2)1/2 and m the energy and the mass of the outgoing

o . +
energy measurements, which increases our confidence on tne

e ; ef)ton (m,=105.65 MeV,m,=0.511 MeV, respectively,G
gios of inerest for future newring experments. Some.pre L1064 101 MeV %, the Fermi constart, and and W
ﬁ]minary results were presented in R{s’fq ' P"C%he leptonic and hadronic tensors, respectively. The leptonic

. . . . . i i i i — +
There is a rich literature both on the inclusive muon cap—tensor is given byin our convention, we takey;,s=+1 and

ture in nuclei[8-18, and on the CC neutrino-nucleus cross € Metricg’=(+, =, =, )

section in the QE regiofl4-31. Among all these works, we L, = L3, +iL5, =K K, + kK, = g,,K K +i€, .0k “k~.

would like to highlight those included in Refgl2] (u cap- )

ture) and[21] (CC QE scatteringby Oset and collaborators.

The framework presented in these works is quite similar torhe hadronic tensor includes all sort of nonleptonic vertices

that employed here. Nicely done and in a very simple manand corresponds to the charged electroweak transitions of the

ner, these works show the most important features of théarget nucleusi, to all possible final states. It is thus given

strong nuclear renormalization effects affecting the nucleaby’

weak responses in the QE region. The main differences with 1 —

the_ work presented here concern to th_e RPA res_ummgtmn, VWHE = —2 (277)354(pf’ - P —){f[jL(0)[i){f|jZ(0)]iy*

which, and as consequence of the acquired experience in the 2M; 7

inclusive electron scattering studigy, is here improved, by (5)

considering effects not only in the vector-isovector channel

of the nucleon-nucleon interaction, but also in the scalarwith P* the four-momentum of the initial nucleudj;=P?

isovector one. Besides, a more complete tensorial treatmeifie target nucleus masB; the total four-momentum of the

of the RPA response function is also carried out in this workhadronic statef, and q=k-k’ the four-momentum trans-

leading all of these improvements to a better agreement witferred to the nucleus. The bar over the sum denotes the av-

data. In addition, here we also evaluate the FSI effects foerage over initial spins, and finally for the CC we take

intermediate nuclear excitation energies, not taken into ac- L .

count in the works of Ref[21], on t%m neutrino-induced jeo=WYuy*(1 - y5)(cosOc Wy + sin Oc W) (6)

nuclear cross sections. with ¥, ¥4, and¥, quark fields, and. the Cabibbo angle
The paper is organized as follows. After this introduction, (cos §.=0.974. By construction, the hadronic tensor accom-

we deduce the existing relation among the CC neutrino inpjishes

clusive nuclear cross sections and the gauge bvgwself- )

energy inside the nuclear mediuiec. I). In Secs. Ill and WHT = WE? +iW5” )

IV we study in detail the QE contribution to the neutrino andith WES (WEY) real symmetriqantisymmetrig tensors. To
antineutrino nuclear cross section, paying special attention Bptain Eq.(3) we have neglected the four-momentum carried
the role played by the strong renormalization of the CC iyt 1y the intermediate/ boson with respect to its mass, and

the r.“ed‘“F“(SeC- i A) and to the F.SI effectéSec. M O. . have used the existing relation between the gauge weak cou-
The inclusive muon capture in nuclei and the relation of thi ling constantg=e/sin é,, and the Fermi constar®/ 2

process with inclusive neutrino-induced reactions are exam- 2/8M2. with e the electron chargef. the Weinber
ined in Sec. V. The results and main conclusions of this Workalggle avr\1/’d\/IW the W-boson mass gedw 9

are compilt_ad in Secs. Vi and VI Finally, in the Appendixes, e hadronic tensor is completely determined by six in-
some detailed formulae are given. dependent, Lorentz scalar and real, structure functions
Wi(e?),

r[}2c]=3.2x 10" s, o(,) =11.9x 104 cn?, (1)

AN 3

II. CC NEUTRINO INCLUSIVE NUCLEAR REACTIONS

A. General formulae !Note that(i) Eq. (5) holds with states normalized so thgip’)
=(2m)32py%(p-p'), (i) the sum over final states includes an
We will focus on the inclusive nuclear reaction driven by integrationfd®p;/((2m)®2E;), for each particlg making up the sys-
the electroweak CC, tem f, as well as a sum over all spins involved.
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Taking g in the z direction, i.e.,g=|q|u,, and P#=(M;,0), it
is straightforward to find the six structure functions in terms
of the WO0, W*=WYY, W2, WX, and W components of the -
hadronic tensof.After contracting with the leptonic tensor Iy @
we obtain
. FIG. 1. Diagrammatic representation of the neutrino self-energy
d’o K'[E/M;G? 0 4 in nuclear matter.
- Sl 2W;sir? — + W,co8 —
dQ(k')dE/ 2 2 "
ar. o q— .9,
E+E .0 m2 -i%(k;p) —f —4ur(k){— |73/,_‘|Dw(q)
-Wy—%— i¥—++[wl cost’ (2m) 22
M; 2 E/(E +|K]) _— _ K +m
o , X[ I3 P)TID g (@i 55—
W, Wg(E|+|k’| E,+E| ) K2—mi+ie
- —=cosf +— - coso’
2 2 Mi Mi . 0 .
R x| = PIAL u, (k) (11)
W, [ m? = (= I v
+—| —5 cos@ + —————sinfo
E + |E,| with D,u,a(q):(_g,u,a+q;1,qa/M\2N)/(q2_M\z/\/+i€)v H\‘/’“\/”(Q.P) is
- 5|_ (10 the virtualW* self-energy in the mediumy‘=y*(1-vs), and
2M; the spinor normalization is given byu=2m. Since right-

handed neutrinos are sterile, only the left-handed neutrino
self-energy, 2, (k;p), is not zero and obvioushZ (k;p)
QJErEL(k;p). The sum over helicities leads to traces in
Dirac’s space and thus we get

with E, the incoming neutrino energy andl the outgoing
lepton scattering angle. The cross section does not depend
M;, as can be seen from the relations of B, and also note
that the structure functiokvy does not contribute.

i 4 /T
B. Hadronic tensor and the gauge boson self-energy S (kip) = §'G d Q4L77;2LHW 2(q,.P)_
in the nuclear medium vaMg, ) @mtKE-mi+ie

In our MBF, the hadronic tensor is determined by the

W'-boson self-energylI{y’(q), in the nuclear medium. We The neutrino disappears from the elastic flux, by induc-
follow here the formalism of Refl4], and we evaluate the jhg one-particle-one-hole(1p1h, 2p2h,.. excitations,

self-energy,%(k;p), of a neutrino, with four-momenturk  A(1232-hole (Ah) excitations, or creating pions, etc., at a
and helicityr, moving in infinite nuclear matter of density  rate given by

Diagrammatically this is depicted in Fig. 1, and we get

(12)

“These relations read I'(k;p)=- % Im 2 ,(k;p). (13
X 0y2 0
W, = % W, = ﬁ(V\P%W’(H %(V\FZ— W) — 2%| ReV\IOZ) ,
' I We get the imaginary part &f, by using Cutkosky’s rules.
WA In this case we cut with a straight vertical liteee Fig. 1the
Wy=—i ER intermediate lepton state and those implied by Wdoson

polarization(shaded region Those states are then placed on
the shell by taking the imaginary part of the propagator, self-

. O B
W, = %(sz_ WA, W = é(ReV\PZ— %'(WZZ—V\,“X)>, (9)  energy, etc. Thus, we obtain f&f>0
Im W 8G f d3k’ O(q®)
= Im % (k) = Im{IL{"(q; p)L
6 ‘Cﬂ 21/() \/’EM\ZN (277)3 2E|’ { W(q P) 77,u.}

(14)
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WINN — NN

W+ n —p W+ N— A N* WIN_— N=x,Np,..
wt
q
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FIG. 2. Diagrammatic repre-
sentation of some diagrams con-
q tributing to theW* self-energy.
wt
Il i
3 p
+
n<F W n
with O(---) the Heaviside function. SincEdtdSprovides a o 202\% [ d*r
probability times a differential of area, which is a contribu- W5 =-0(q")| — f Py Re 11§ - [177°1(@; p).
tion to the(y,l) cross section, we have
L (19
do=T'(k;p)dtdS= - 0 Im 3, (k; p)dtdS As we see, the basic object is the self-energy of the gauge

boson (W*) inside of the nuclear medium. Following the
lines of Ref.[4], we should perform a many-body expansion,
where the relevant gauge boson absorption modes would be
systematically incorporated: absorption by one nucleon, or a
and hence the nuclear cross section is given by pair of nucleons or even three nucleon mechanisms, real and
virtual meson (m,p,...) production, excitation ofA of
o= -%f Im3,(k; p(r)dr, (16)  higher resonance degrees of freedom, etc. In addition,
K| nuclear effects such as RPA or short range correlations

. . (SRO should also be taken into account. Some of e
where we have substitutedl, as a function of the nuclear absorption modes are depicted in Fig. 2.

density at each point of the nucleus and integrate over the Up to this point the formalism is rather general and its

whole nuclear volume. Hence, we assume the local density,|icapility has not been restricted to the QE region. In this
approximation,(LDA), which, as shown in Refi3], is an  \yqrk we will focus on the QE contribution to the total cross
excellent approximation for volume processes like the ongeciion, and it will be analyzed in detail in the next section.
studied here. Coming back to Ed.4) we find

d? Kl G2 [ 2y2\2 [ &3 lll. QE CONTRIBUTION TO II{/(q; p)
o ——U—(j) f o Ly 1M+ T y
v

=- ﬁ Im 3, (k; p)dr (15)
ki

dOR)dK® |k 47 The virtualW* can be absorbed by one nucleon leading to

a 0 the QE contribution of the nuclear response function. Such a
- L, Relll{y’ - I1§7)}0(q") (17 contribution corresponds to a 1p1h nuclear excitagfost of

and then by comparing to E3), the hadronic tensor reads the diagrams depicted in Fig).Zo evaluate this self-energy,

the free nucleon propagator in the medium is required:

., 2y2\? [ o S
W =—®(q°)(—) fz_ Im[ILY + 1157 1(a; p) .
9 m 3For that purpose we use an effective interaction of the Landau-

(18) Migdal type.
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. — . 2
SPip) =P CPip) - TG, 6) = - cod f’c(%) f 22 g

. 2v2) J (@2m?
L 1 2 0 R N
G(p;p) = p2-M2+ie " 2E(p) 8(p” - E(p)O (ke - |p) XG(p;pn)G(p+d;pp) (26)
(200 with the CC nucleon tensor given by
with the local Fermi momentunkg(r)=[3m2p(r)/2]*3, M v
=940 MeV the nucleon mass, aritp)=\M?+p%. We will A (p,q) = Tr {ZF\I’V‘— ZiMVicr‘““q -Gy
work on a nonsymmetric nuclear matter with different Fermi 2M “
sea levels for protonds?, than for neutronski (equation oM
above, but replacing/2 by p, or p,, with p=p,+p,). On the X('y“'ys - —zqﬂ%)](p +qd+M)
other hand, for th&\V/"pn vertex we take m’-q
R =R+ dlie A =Ti(R a_ p@ FV
(P:' =B+ G0N p) = UE)(V - AYu(p)  (21) X{ZFYW S S,
with vector and axial nucleon currents given by
EY(? ) 2M
Vo= 2(COSGC)<F\1/(q2)yC’+ i 11y ;(J )aqu>, ><(7 Ch— _qzq ys| [(B+M) . (27)

M The Dirac space traces above can be easily done and the

A= cosHCGA(q2)<y“y5 + —Zq”‘y5) (22 nucleon tensor can be found in Appendix A. Subtracting the
me—q divergent vacuum contribution in E@26), we finally get

with m,=139.57 MeV. Partially conserved axial current andfrom Eqgs.(18) and(19)

invariance undeG parity have been assumed to relate the

pseudoscalar form factor to the axial one and to discard g, o - _ _ €0S fc °°d 2

term of the form(p#+p’#) y5 in the axial sector, respectively. (9°.0) = 2m? ), a

Invariance under time reversal guarantees that all form fac-

; ITTe 3
o e e eses e o sy el [ S ok
FY () = %[Fg((f) ~FXP)], = [pDO(p +d| - kE()(= m)
(24 X 8(0° + E(P) —~ E( +G)) AV”(D1Q)|p0:E(ﬁ)}-
@) = S oP3) - e N) 8
and for the axial form factor we use The d®p integrations above can be analytically done and all
O of them are determined by the imaginary part of the relativ-

Ga(0f) = 5, 0a=1.257,M, = 1.049 GeV.

(1-?IM2) istic isospin asymmetric Lindhard functio)g(q, kg, kP).
Explicit expressions can be found in Appendix B.

(25) Up to this point the treatment is fully relativistic and the
With all of these ingredients it is straightforward to evaluatefour-momentum transferred to the nucleus can be compa-
the contribution to th&\* self-energy of the first diagram of rable or higher than the nucleon masst low and interme-
Fig. 2, diate energies, RPA effects become extremely large, as
shown, for instance, in Ref12]. To account for RPA effects,
we will use a nucleon-nucleon effective for¢d3] deter-
mined from calculations of nuclear electric and magnetic

N+ GN moments, transition probabilities, and giant electric and mag-

“We use the parameterization of Galster and collabord8sis

Fi'= El ; . netic multipole resonances using a nonrelativistic nuclear dy-
T namics scheme. This force, supplemented by nucleon-
o N A(1232 and A(1232-A(1232 interactions[5,6], was suc-
unFy = —M—F (23)  cessfully used in the work of Ref4] on inclusive nuclear
1+7 electron scattering. In this latter reference a nonrelativistic
LFG is also employed. Thus, it is of interest to discuss also
GP = G _ Gy —— (14 T)G_E :( 1 )2 the hadronic tensor of E@28) in the context of a nonrela-
c Mp  Hn " MnT 1 _qz/MzD
with  7=-q%/4M?, ~ Mp=0.843 GeV, u,=2.792847, u,= *The only limitation on its size is given by possible quark effects,
-1.913 043, and,=5.6. not included in the nucleon form factors of E¢&3)«25).
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tivistic Fermi gas. This is easily done by replacing the factors w
M/E(p) andM/E(p+q) in Eg. (28) by one. Explicit expres-
sions can be now found in Appendix C.

Pauli blocking, through the imaginary part of the
Lindhard function, is the main nuclear effect included in the
hadronic tensor of Eq(28). In the next sections, we will
study different nuclear corrections W*".

To finish this section, we devote a few words to the low
density theoren{LDT). At low nuclear densities the imagi-
nary part of the relativistic isospin asymmetric Lindhard
function can be approximated by

Im Un(a, kLKD) = = 7py E“(”@ S +M-E@) (29

and thus one readily finfs
T y+A,—17+X =~ NO—V|+n—>|7+pY N=A-Z, (31)

which is accomplished with the LDT. For future purposes we
give in Appendix D they +n—I|"+p differential cross sec-
tion.

A. RPA nuclear correlations

When the electroweak interactions take place in nuclei,
the strengths of electroweak couplings may change from FIG. 3. Setof irreducible diagrams responsible for the polariza-
their free nucleon values due to the presence of strongl§jon (RPA) effects in the 1plh contribution to th¥ self-energy.

interacting nucleon$12]. Indeed, since the nuclear experi-

ments ongB decay in the early 197084], the quenching of iV =0.07, £,®=0.45,
axial current is a well-established phenomenon. We follow
here the MBF of Ref[4], and take into account the medium f&0 = _ 215 (=033, (34)

polarization effects in the 1plh contribution to tieé self-
energy by substituting it by an RPA response as shown dia- (n) _ (X — o — 1) — r(@X) —
grammatically in Fig. 3. For that purpose we use an effective 9 =% =9=0.575,05"" =go "~ =0 =0.725,
ph-ph interaction of the Landau-Migdal type, andc,=380 MeV fn®. In the S=1=T channel(¢¢77 opera-
V = colfolp) + Fo(p) o7 + Go(p) G152 + Gy(p) 51627172} tor) we use an interaction with explicit (longitudina) andp
(transversg exchanges, which has been used for the renor-
(32) malization of the pionic and pion related channels in differ-
whereg and 7 are Pauli matrices acting on the nucleon spin€nt nuclear reactions at intermediate enerfess]. Thus we
and isospin spaces, respectively. Note that the above interat&place

tion is of contact type, and therefore in coordinate space one 3

has V(ry,f,) « 8(F,—F,). As mentioned before, the coeffi- CoOy(p) G152 Tr — Fi7n D (,ilgizvitj",

cients were determined in Ref33] from calculations of ij=1

nuclear electric and magnetic moments, transition probabili-

ties, and giant electric and magnetic multipole resonances. V7= (@G;Vi(9) + (8 = &) Vi(a)) (35)

They are parametrized as o
with §=q/|qg|, and the strengths of the ph-ph interaction in

fi(p(r) = &ffin) + [1 _&}f(ex) (33) the longitudinal and transverse channel are given by
p(0) I p(0) I 2 2\2 =
Vi@ = (A’*_m") ——
where Iq'q_mf, A2-qt) f-ni g,
5The energy of the outgoing lepton is completely fixed once the 2
Fermi distribution of the nucleons is neglected. Thus all structure . 0.08,A,=1200 MeV,

functionsW, get the energy conservation Diracinto their defini-

tion. Indeed, we have P A2 N2
- q
N co€ 4, V(q°,®=—{c< 5 ") +g’(q)}, (36)
Y = WT@Cﬁ(qo +M = E(@)A™]p=m,)- (30 t me 7 Ai -0/ o~ mﬁ '

C,=2, A,=2500 MeV,m, =770 MeV.
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The SRC functiongy and g, have a smootty depen-  contribution comes from the leading operatog“o' 7,/ 2,
dence[5,35], which we will not consider heréand thus we  and involves the trace @20'a) (1p1h excitation depicted in
will take g/ (g)=9; (q)=g'=0.63 as was done in the study of the first diagram of Fig. B Let us consider first this simple
inclusive nuclear electron scattering carried out in Ré&f, operator and only forward propagatiridirect term of the
and also in some of the works of R¢6]. Note thatc,gy and  Lindhard function ph excitations. Taking into account the
g’f2/mfT differ from each other in less than 10%. spin structure of this operator the scalar tefijof the effec-

We also includeA(1232 degrees of freedom in the tive interaction does not contribute either, and thus we are
nuclear medium, which, given the spin-isospin quantureft with the spin-isospin channel of the effective interaction,
numbers of theA resonance, only modify the vector- Z;;Vi’o 057, 7,. Let us now look at the irreducible diagrams
isovector (S=1=T) channel of the RPA response function. consisting of the excitation of one and two ph stafest and
The phAh and Ah-Ah effective interactions are obtained second diagrams of Fig.)3The contribution of those dia-
from Egs.(35) and (36) by replacingé—S, 7—T, where ~9rams to thew self-energy is
S, T are the spin, isospifNA transition operator$5] and f B - r U o -
— f*=2.13f, for any A that replaces a nucleon. ITY, o (p|=|n)(n| = |p) = Tr(d’ o) + {p|=|n)(n| 7 p){p| 7in)

Thus, theV lines in Fig. 3 stand for the effective 2 272 2
ph(Ah)-ph(Ah) interaction described so far. Given the iso- - U 23 ' .
spin structure of th&\*NN coupling, the isoscalar ternt$, x(n=p\ = | > Tr(dd)Tr(d*od)VE"
andgg) of the effective interaction cannot contribute to the 2 2/ k=
RPA response function. We should stress that this effective T n i AT i i
interaction is nonrelativistic, and then for consistency we =U(ake kp)[&" + 2U(a, ke kp)Vy ). (39)
will neglect terms of orde©(p?/M?) when summing up the The excitation of three ph states gives a contribution
RPA series. . . of U(2U)2Z, Vi Vi =U(2U)? [6,Vi +(8;-G) V7] to T,

To start with, let us examine how the axial vector termy, s +he full sum of multiple ph excitation states, implicit in
(Gay*ys7./2, wherer, = rti7, are the ladder isospin opera- g '3 jeads to two independent geometric series, in the lon-
tors responsible for tha to p and p to n transitions,7*|n)

= fth il ‘ lized . dgitudinal and transverse channels, which are taken into ac-
=2|p)) of the CC axial current is renormalized. As mentioned, ¢ by the following substitution in the hadronic tensor
above, we will only compute the higher density correct|ons,(WMV)
implicit in the RPA series, to the leading and next-to-leading ’
orders_in thep/ M expa_nsion. The nonrelativistic reduction of ngMZGi Im U(q,k”,kE)
the axial vector term in the nucleon current reads o
o . 4q
o Th _ T o o-(p+p) HSMZGiIm U(q,k",kg)( —
Gal, /(P )Ev“vsur(p) =2M GAer<_ go’ + Q”OT 1-2U(q, kLK) (g)

S X 1=1.2, 1 - 2U(q,kE, kR)Vi(q)

with p’=p+¢, and x, a nonrelativistic nucleon spin-isospin g

wave function. In Eq(37) there is a sum on the repeated o 1/ LN LD 2
index i and the dots stand for correctién®f order o |1 - (@ ke ke Vi)
O(p?/M?,p'2/M?,q°/M). In the impélse approximation, this . & -qq )

current leads to a CC nucleon tensor, 11 - 20(q, KL KV,

The factor 2 in the denominator above and that in &9)
comes from the isospin dependenég,7,, of the effective

= 8M2G2 Im U(q,k“,kE)(

(40)

ARY (pvq)mﬁal vector— M 2(“4?[“} + Aéw)'

Vv 2~ iy dj
AL =G, (38 ph-ph interaction. Taking account aih and backward
. (crossed term of the Lindhard functippropagating ph ex-
AR = — G2 (grigH + gyOgui)M citations(see Fig. 3, not accounted for by, is readily done
2M o]

by substituting 2 in the denominator byU(q,kg)=Uy
with i,j=1,2,3 andthere is again a sum for repeated indi- +U,, the Lindhard function of Ref.35], which for simplic-
ces. The tensoh*” (p,q)|gl)fi<al vectorC@N be also obtained from ity we evaluaté in an isospin symmetric nuclear medium of
the nonrelativistic reduction o%“*(p,q) in Eq.(Al). The.4,  densityp. The different couplings foN and A are incorpo-

"This is justified because taking into account thelependence ' The functionsUy andU, are defined in Eqs2.9) and(3.4) of
leads to minor changes for low and intermediate energies and md3€f. [35], respectively. Besides, note that in a symmetric nuclear

menta, where this effective ph-ph interaction should be used. mediumUy=2U+ backward propagating ph excitation. For positive
8Note thatg®/M is of the ordend|?/M2. values ofq® the backward propagating ph excitation has no imagi-
9Keeping up to next-to-leading terms in théM expansion. nary part, and for QE kinematids, is also real.
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rated inUy andU, and then the same interaction strengths is being renormalized. Thus, as it is obvious, the RPA cor-
andV, are used for ph andh excitations[5,6]. Takinggin  rections, in general, are different for each of the tef(f¥)?,
the z direction, Eq.(40) implies that the axial vector contri- (FY)2, FYFY, Gi, G3, GaGp, FYG, and FyG,, with Gp

bution to the transversex,yy) and longitudinal(zz com-  =2MG,/(m’.~g?)] appearing in the CC nucleon tensor. Be-
ponents of the hadronic tensor get renormalized by differengides, for a fixed term, the polarization effects also depend on
factors 1/1-U(q, k) V,(g)|? versus 1/1-U(q,ke)Vi(q)[* the tensor component. Indeed, we have already mentioned

Let us pay now attention to the terdy, in Eq.(38), which  this fact in the discussion of E¢40), where we saw that the
comes from the interference between thg“'s'7,./2 and  axial vector contribution to the transveréex,yy) and the
7.9"%c-(p+p')]/4M operators in Eq(37). The consider- |ongitudinal (z2 components of the hadronic tensor get
ation of the full RPA series leads now to the substitutton  renormalized by different factors.

_ In the works of Refs[12,21] the 1plh hadronic tensor,
2L o e ,0° 5 ImU(q,kg kP) without polarization effects included, is first contracted with
8M ﬁGA Im U(q,kE, kR) — 8M ﬁGAH “U(qk)Vi(@  the leptonic one. This contraction is denoted as, up to global
(41) kinematical factorsE = |T|? in those references. In a second
step, the authors of Refgl2,27 study the medium polariza-

in the &z andz0 components of the hadronic tendaft”. tion corrections t& = |T|?. They find different medium cor-
Keeping track of the responsible operators, we have exrections for each of the terms of the CC nucleon tensor
amined and renormalized all different contributions to the[(F\l’)Z,..., F‘z’GA], as we do. However, for a fixed term, they
CC nucleon tensoA*”, by summing up the RPA series de- cannot independently study the effect of the RPA resumma-
picted in Fig. 3. The 00, %) zz xx, andxy components of the tion in each of the different tensor components, since they
RPA renormalized CC nucleon ten$ocan be found in Ap-  are not dealing with the hadronic tensor itself, but with the
pendix A. As mentioned above, since thefh)-ph(Ah) ef-  contraction of it with the leptonic one. As a matter of ex-
fective interaction is nonrelativistic, we have computed po-ample, to account for the RPA corrections to the axial vector-
larization effects only for the leading and next-to-leadingaxial vector term, the following substitution is given in Refs.
terms in  the p/M  expansion. Thus, order [12,21:
O(kep?/M? kep'?/M? k=q°/M) has been neglected in the (

formulae of Appendix A. We have made an exception to the Gi—> Gi 2 + 1 )
above rule, and sincgy, could be relatively large, we have 31-U(g.ke)Vi(@)*  3]1-U(g,ke)Vi(a)f?
takenuyF5|G|/M to be of orderO(0) in the p/M expansion. (42)
Finally, we should stress that the scalar-isovector term of the o
effective interaction(f’) cannot producé\h excitations, and The above substitution can be recovered from &@) by
therefore, when this term is involved in the RPA renormal-contracting this latter equation with;, and replacing @
ization, only the nucleon Lindhard functiofU,) appears —U. Thus, Eq.(42) is strictly correct, neglecting terrtisof
[see coefficienCy in Eg. (A9)]. order p/M, only for the contribution to>>|T|?> obtained
To finish this section we will discuss the differences be-from the contraction of the hadronic tensor with toe,
tween the medium polarization scheme presented here andrm™ of the leptonic one. The prescription of E42) is not
that undertaken in Ref§12,21). There is an obvious differ-  cqrrect for those contributions t8S|TJ? arising from the
ence, since in these latter references the scalar-isovector teifBniraction of thek' k +k'k. terms of the leptonic tensor
(') of the ph-ph effective interaction was not taken into it the axial vector—axial vector contribution @#“”. Note,
account. In addition, there are some differences concerningowever, that neglecting the bound muon three-mometftum
the tensorial treatment of the RPA response function. In thgq up to terms of ordep/M, Eq. (42) is correct for the
framework presented in this work we first evaluate the 1plhsydy of inclusive muon capture in nuclei, where it was first
hadronic tensor and all sorts of polarizatid@RPA) correc- | ;sed by the authors of Refd2,21], and it is also reasonable

tions to the different components of this tensor. In a secongyr neutrino-nucleus reactions at low energies, where the
step we contract it with_the leptonic tensor and obtain thegpa effects are more important.

differential cross sectiol’ The RPA corrections do not de-
pend only on the different terms of the nucleon currents, but
also on the particular component of the hadronic tensor that

B. Correct energy balance and Coulomb distortion effects

To ensure the correct energy balance in the reagyn
for finite nuclei, the energy-conservir@function in Eq.(28)

11- . . . . -
To evaluate the longitudinal contribution we usp,2q,=(2p has to be modifiefL2,21. The energie€() andE(p+4) in
+0)-G/|dl=a° [2E(p) +a°)/|d]=2Mq"/ |+ O(p*/ M?,q°/M).  Be-
sides, the transverse part of the effective interaction does not con-

tribute since(,,— 0,0, (2p+¢)=0. YMedium renormalization effects are taken into account in these
12These are the needed components to compute the hadronic teterms by means of the substitution of E41).
sor W, wheng is taken in thez direction. Note that the axial vector-axial vector contribution \t#° is

Note that the differential cross section is determined by the 00prder O(p%/M?).
0z, zz xx, andxy components of/*” through their relation to the %This is an accurate approximation and we will also make use of
Wiz; . sstructure functions. See Eq®) and(10). it in Sec. V.

055503-8



INCLUSIVE QUASIELASTIC CHARGED-CURRENT.. PHYSICAL REVIEW C 70, 055503(2004)

the argument of thé function refer to the LFG of the nucle- The use of a plane-wave approximation in the interaction
ons in the initial and final nucleus. In the Fermi sea there igegion is equivalent to the assumption that the Coulomb po-
no energy gap for the transition from the occupied to thetential does not change the direction of the particles when
unoccupied states and hence ph excitations can be producttky leave the nucleus. It should therefore not strongly alter
with a small energyQ-F®(r)=ER(r)-ER(r). However, in ac- an outgoing negatively charged lepton wave packet, which
tual nuclei there is a minimum excitation energfd)  asymptotically is spherical, after it leaves the nucleus except
=M(Az.1)—M(A;), needed for the transition to the ground by slowing it down and thereby changing the average radial
state of the final nucleus. For instance, ti@svalue is Wwavelength and amplitude as the wave moves to largas
16.827 MeV for the transitioﬁZCgS—> 12NgS and the consid- is shown in Ref[36], for total cross sections this procedure
eration of this energy gap is essential to obtain reasonabMorks very accurately for muons down to low energies. For
cross sections for low-energy neutrinos. We have taken ftow-energy electrons and positrons it is less accurate, and the

into account by replacing use of the Fermi functiof(Z,E/) [37] is widely accepted in
0 o LFG the literature. Anyway, Coulomb effects are small and they
9 —d-[Q-Q7(r)] (43) become relatively sizable only for neutrino-induced reactions
in the & function of the right hand side of E28). near threshold and/or for heavy nuclei.

The second effect that we want to address here is due to T0 summarize the results of Secs. Ill A and IlI B, our final
the fact that the charged lepton produced in the reaction dfXpression for the hadronic tensor is given by
Eq. (2) is moving in the Coulomb field of the nucleus de-

scribed by a charge distributiop,(r). In our scheme, we ) cos b [~ IK'(DE(r)
implement the corrections due to this effect following the " (@”d) =~ YE fo drr? e O(E/(r)-m)
semiclassical approximation used in Rgf1]. Thus, we in- K'IE

clude a self-energyCoulomb potentiglin the intermediate o d’p M M

lepton propagator of the neutrino self-energy depicted in Fig. X420(q )f 2mEP) EP+G')

1. We approximate this selfenergy inside the LFG by

S0 = 2V, XOUQ() = [B)O(5 + G|~ KN (- m) A"

L - +E(p) ~E(B+ ) AdeaP. D lpo-en | (47)
VC(r):—4wa<FJ dr’r’zpch(r’)+J dr’r’pch(r’))
’ “ with '°=¢0~[Q-QFE(r)], §' (1) =K-K"(r), andAlp, given
(44) in Appendix A 2.
with «=1/137.036 and the charge distributign,, normal-
ized to Z. The evaluation of the imaginary part of the C. FSI effects

self-energy in the medium requires to put the intermediate o )
lepton propagator on the mass shell. Following Cutkosky's ©Once @ ph excitation is produced by the virtifdlboson,

rules, and neglecting quadratic corrections/i we find the out_goi_ng nucleon can collide many tim(_as, thus indl_Jcing
the emission of other nucleons. The result is a quenching of
1 - KO-E))

i the QE peak with respect to the simple ph excitation calcu-
k'2—m? - 2k'OVc(r) +ie KO

O () ~M),  |ation and a spreading of the strength, or widening of the

peak. The integrated strength over energies is not much af-
(45) fected though. A distorted wave approximation with an opti-

whereE/ is the asymptotical outgoing lepton energy in re-cal (compley nucleon nucleus potential would remove all
gions where the Coulomb potential can be neglected, and tH8ese events. However, if we want to evaluate the inclusive

local outgoing lepton energﬁ,’(r), is defined by energy con- (»,I7) cross section the§e events should be kept and one
servation must sum over all open final state channels.

In our MBF we will account for the FSI by using nucleon

E/(F) + Va(r) = VM2 + £'2(r) + Va(r) = E/ | 46 propagators properly dressed with a realistic self-energy in

(1) +Velr) ! (D + Vo) =Ej (46 the medium, which depends explicitly on the energy and the
Because of the Coulomb potential, the outgoing lepton threemomentum([39]. This self-energy leads to nucleon spectral

momentum,K’, is not longer conserved, and it becomes afunctions irj good agreement with accurate microscopic ap-
function of r, taking its asymptotical valuéz’, at large dis- proaches like the ones of Refgl0,41. The self-energy of

tances. Therefore] should also be replaced by a local func- Ref. [39]. has a proper energy-momentum dependence plus
an imaginary part from the coupling to the 2p2h components,

tion: G'(r)=k=K'(r). Furthermore, from the®k’ integration  \yhich is equivalent to the use of correlated wave functions,
in Eq. (14), and considering now the locality of the three- evaluated from realistitIN forces and incorporating the ef-
momentum, we get from phase space a correction factdects of the nucleon force in the nucleon pairs. Thus, we
|KC"(r)|E/ (r)/|k’|E/. This way of taking into account the Cou- consider the many-body diagram depicted in Figthére the
lomb effects has clear resemblances with what is calledlashed lines stand for &N interaction inside of the nuclear
“modified effective momentum approximation” in R¢86].  medium[5,39)).
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1
p°— E(B) - S(p%F;p)

Grsi(pip) = (48)

with E(p) M+ p?/2M. As mentioned above, we use here the
nucleon self-energy model developed in R8B], which led

to excellent results in the study of inclusive electron scatter-
ing from nuclei[9]. Since the model of Ref[39] is not

Lorentz relativistic and it also considers an isospin symmet-
ric nuclear medium, we will only discuss the FSI effects for
nuclei with approximately equal number of protons and neu-
trons, and using nonrelativistic kinematics for the nucleons

FIG. 4. \N*_self-energy diagram obtained from the first diagram (see Appendix & Thus, we have obtained E@8) from the
depicted in Fig. 2 by dressing up the nucleon propagator of thgyonrelativistic reduction o&(p; p), in Eq.(20), by including

particle state in the ph excitation.

However, a word of caution is in order since the imagi-

nary part of this diagram presents a divergency. The reason

the nucleon self-energy.
Alternatively to the nucleon self-energy language, one can

use the spectral function representation
is

that when placing the 2p2h excitation on the mass shell

through Cutkosky rules, we still have the square of the

nucleon propagator with momentup+q in the figure. This
propagator can be placed on shell for virtWdlbosons and
we get a divergence.

The divergence is not spurious, in the sense that its mean-

ing is the probability per unit time of absorbing a virtiar
by one nucleon times the probability of collision of the final

%wpm (@,P:p)
Grsi(p;p) = f — _Sp_—
Ie wtle
(49
whereS,, S, are the hole and particle spectral functions re-

lated to nucleon self-energy by means of

nucleon with other nucleons in the infinite Fermi sea in the

lifetime of this nucleon. Since this nucleon is real, its life-
time is infinite and thus the probability is infinite, as well.
The problem is physically solvef2] by recalling that the

nucleon in the Fermi sea has a self-energy with an imaginary

part that gives it a finite lifetiméfor collisions. This is taken

into account by iterating, in the Dyson equation sense, the
nucleon self-energy insertion of Fig. 5 in the nucleon line,

hence substituting the particle nucleon propaga®ip;p),

in Eg. (200 by a renormalized nucleon propagator,
Gesi(p; p)/2M, including the nucleon self-energy in the me-
dium, 2(p°,B; p),

Sp,h(waﬁ;P)
_ 1 Im (w,p;p)
T[w-E(p) - Re3(w,5;p) ]2+ [IM 3(w,5; p) I

(50)

with o= u andw < u for S, ands,, respectively. The chemi-
cal potentialu is determined by

2

k
w=M+ ﬁ +ReX(u,ke). (52)

By means of Eq(49) we can write the ph propagator or new
Lindhard function incorporating the effects of the nucleon
self-energy in the medium, and we have for its imaginary
part (for positive values ofy%)

Im UFS|(q;kF) =- 4772 d® f dwS,(w,p;p)
=P

XS0+ w,p+G;p). (52

Comparing the above expression with that of the ordinary
imaginary part of the nonrelativistic Lindhard function, Eq.
(C3), one realizes that to account for FSI effects in an isospin

FIG. 5. Insertion of the nucleon self-energy on the nucleon lineSymmetric nuclear medium of densjpiywe should make the

of the particle state.

following substitution
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d3p V. INCLUSIVE MUON CAPTURE IN NUCLEI

(2m)®

X 8P + E(B) - E(p + 4)A™ (p,d)|o-gip)

20(c”) J O(r) - BB+ Gl - K1) (- )

In this section we study thg-atom inclusive decay, that
is to say, the reaction

@(qO) n (AZ - M_)g)gund*) V,u(k) +X. (57)
- d°p dwSy(w,p;p) It is obvious that the dynamics that governs this process is
412 0 . . .
#d related to that of antineutringEq. (56)] and neutrino{Eq.
XSy(Q°+ w,p+ G; p)A™ (P, 0| po=g(p) (53) (2] induced nuclear processes, but a distinctive feature is

that the nuclear excitation energies involved in fxatom
in the expression of the hadronic tengB. (28)]. Thed®p  decay are extremely lowsmaller than~20 MeV). In this
integrations have to be done numerically. Indeed, the integraenergy regime one might expect important inaccuracies in
tions are not trivial from the computational point of view, the LFG description of the nucleus. However and due to the
since in some regions the spectral functions behave dike inclusive character of the process, we will see that our MBF
functions. We use the spectral functions calculated in Refleads to reasonable results, with discrepancies of the order of
[39], but since the imaginary part of the nucleon self-energyl0-15 % at most, with RPA effects as large as a factor of 2.
for the hole states is much smaller than that of the particlaVe should emphasize that similar conclusions were achieved
states at intermediate nuclear excitation energies, we make the works of Ref[12], which also use a LFG picture of
the approximation of setting to zero IBhfor the hole states. the nucleus.

This was found to be a good approximatior[43]. Thus, we The evaluation of the decay width for finite nuclei pro-
take ceeds in two steps. In the first one we evaluate the spin-
R R averaged decay width for a muon at fésh a Fermi sea of
Si(w,p;p) = 8w = E(P)O(u - E(p)), (54)  protons and neutrons wit # Z. In this first step, the strong

renormalization effectéRPA) will be also taken into account

where E(p) is the energy associated with a momentpm and thus we will end up with a decay widkh which will be
obtained self-consistently by means of the equation a function of the proton and neutron densities. In the second
step, we use the LDA to go to finite nuclei and evaluate

E(p) = E(p) + ReS(E(f),Bip). (55)

It must be stressed that it is important to keep the real part of r :J d®r 1 F)|?T (pp(r), pn(r)), (59)
3 in the hole states when renormalizing the particle states
because there are terms in the nucleon self-energy largelyhere:(r) is the muon wave function in thesktate from
independent of the momentum and that cancel in the plhere the capture takes place. It has been obtained by solv-
propagator, where the two self-energies subtract. ing the Schrodinger equation with a Coulomb interaction,
On top of the FSI corrections examined here, one shouldiaking account of the finite size of the nucleus and vacuum
also take into account the nuclear corrections studied previpolarization[38]. Equation(58) amounts to saying that every
ously in Secs. Ill A and lIl B. bit of the muon, given by the probability, (F)|?d®r, is sur-
rounded by a Fermi sea of densitigs(r), py(r). The LDA
IV. CC ANTINEUTRINO-INDUCED NUCLEAR assumes a zero rangeﬁof the interaction, or _equivalgntly no
REACTIONS dependence om. The g dependence of the interaction is
extremely weak for theu-atom decay process, and thus the
The cross section for the antineutrino-induced nuclear reLDA prescription becomes highly accurdte?].

action The spin-averaged muon decay width, in an infinite
B nuclear matter of densitiep,(r) and p,(r), is related to
n(K) + Az —17(k) + X (56)  the imaginary part of the self-energysee Fig. 6,

: . . . . _ ' r),pn(r)), of a muon at rest and spimnin the medium
is easily obtained from the expressions given in Secs. Il an%{l‘(pp( )op(T) P

[l with the following modifications:
(a) Changing the sign of the parity-violating terms, pro- . 1 1
portional toWs, in the differential cross section, EELO). I'(pp(r),pn(r)) = = m Im 2, (pp(r), pn(1), %, = 52 2
(b) Replacing theN" self-energy in the mediunil{y/’, by ” '
that of theW™ boson(I1{y). This is achieved by exchanging (59)
the role of protons and neutrons in all formulas To evaluate the imaginary part of the self-energy associated

Iy (pp(r) , pr(r) =11y (pn(r) , pp(r)).- with the diagram of Fig. 6, the intermediate states are placed
(c) Changing the sign 0¥/, which turns out to be repul- 0n shell in the integration over the internal variables. These

sive for positive charged outgoing leptons. states are those crossed by the dash-dotted line in Fig. 6. The
(d) Correcting the LFG energy balance with the difference

Q-Q'FE(r), with Q=M(Az_1)~M(Az) and Q“F(r)=ER(r) Yn what follows, we will neglect the three-momentum of the

-ER(n). bound muon.
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FIG. 6. Diagrammatic representation of the myanresj self-
energy in nuclear matter.

evaluation of theu self-energy is almost identical to that of
a neutrino in Fig. 1, and thus we obtirirom Eq. (14),

1 4G f d*k O(q°)

m,\2m3, ) 2m® ok

T(pp(r),pn(r) = =

XIM{IIE(Q; po(1). ()Lt (60)

with qO:m#—|IZ| and|d|=|k|. For kinematical reasons, only
the QE part of th&V~ self-energy will contribute to the muon
decay width and thus we find

G?cog 6. [ % 1

L(pp(r), pn(r)) = L, T*(Q: ppu pr)
p n m'u (277)32||(| 12/ prFn
G?cog O [*” - ( t, - m

= K2\ =ty + = + [Kltg + =t

2.2 . 1ty IKlts o 4

where the tensof™” is defined as

7""(d; pps Pr)
dp M M
== az] 2 Of O(K
{ D) errepEpeg
- 1PDO(p +q| - ki(r))

X (=) 5(q +E(p) - E(p+ ) Akpa (p=Q)|p°:E(ﬁ)}
= 1g" + M7 + itge A g + i "g” + ts(149”

+17g%) with 1#=(1,0). (62)

The similitude of the above equation with E@8) is clear.
As in this latter case, thd®p integrations in Eq(62) can be
done analyticallysee Appendix Band all of them are de-
termined by the imaginary part of the relativistic isospin

asymmetric Lindhard functiorJg(q,kg,kP). For a nonrela-

PHYSICAL REVIEW C 70, 055503(2004)

tivistic Fermi gas, the decay width is easily obtained from
Eqg. (62) by replacing the factorm/E(p) andM/E(p+d) by
one. Analytical expressions can be now found in Appendix
C. FSI effects can be also taken into account by performing
the substitution of Eq(53).

Thus, both the muon decay process in the medium and the
electroweak inclusive nuclear reactiongk)+A;—17(k’)
+Xin the QE regime are sensitive to the same physical fea-
tures, W*pn vertex, and RPA and FSI effects. However, in
the muon-atom decay only very small nuclear excitation en-
ergies are explored, 0—25 MeV, while in the latter processes
higher nuclear excitation energies can be tested by varying
the incoming neutrino momentum

The 1s muon binding energyB S>0, can be taken into
account, by replacingn, —m,=m, B}f This replacement
leads to extremely smaI{S|gn|f|can) changes for light
(heavy nuclei, where Bllf is of the order of 0.1 MeV
(10 MeV) (see Table)l

Finally, the correct energy balance in the decay can be
enforced in the LFG by replacing

o® = ¢°~[Q~ Qe =, - |k - [Q~ Q)]
(63)
in Egs.(61) and(62).

VI. RESULTS

Firstly, we compile in Table | the input used for the dif-
ferent nuclei studied in this work. Nuclear masses and charge
densities are taken from Ref€l4,45, respectively. For each
nucleus, we take the neutron matter density approximately
equal(but normalized td\) to the charge density, though we
consider small changes, inspired by Hartree-Fock calcula-
tions with the density-matrix expansidd6] and corrobo-
rated by pionic atom datpd7]. However, chargéneutron
matter densities do not correspond to protoautron point-
like densities because of the finite size of the nucleon. This is
taken into account by following the procedure outlined in
Sec. Il of Ref.[47] [see Eqs(12-19 of this referenck

A. Inclusive neutrino reactions at low energies

In this section we present results obtained by using non-
relativistic kinematics for the nucleons. We do not include
FSI effects, since in Sec. lll C we made the approximation of
setting to zero In® for the hole states. For low nuclear ex-
citation energieg<60), this approximation is not justified,
because the imaginary part of the self-energy of particle and
hole states are comparahj&9]. The inclusion of FSI effects
would lead to a quenching of the QE peak of the bare ph
calculation, and a spreading of the strenftt28,29,48,4P
However, FSI effects on integrated quantities are small.
From the results of the next section we estimate-b+10 %

8There is a factor 1/2 of difference coming from the averagedthe theoretical error of the integrated cross sections and total

over initial spins of the muon, besides th¢ self-energy arises

muon capture rates presented in this section.

since the negative muon decay process is related to the antineutrino- The processes studied in this section explore quite low
induced process, and the contribution of parity-violating terms flipshuclear excitation energigs<25-30 Me\j, and hence one

sign.

might expect that a proper finite nuclei treatment could be in
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TABLE |. Charge(R;,a), neutron matte(R,,a) density parameter€Q,Q values and negative muon
binding energies for different nuclei. For carbon and oxygen we use a modified harmonic os@VietiO)
density,p(r) = po[1+a(r/R)?]lexd —(r/R)?], while for the rest of the nuclei, a two-parameter Fermi distribu-
tion, p(r)=pg/{1+exd(r-R)/al}, was used.

Nucleus R, (fm) R, (fm) a (fm* Q [MeV] qQ [Mev] B, [MeV]

2c 1.692 1.692 1.082 16.827 13.880 0.100
%0 1.833 1.833 1.544 14.906 10.931 0.178
180 1.881 1.975 1.544 1.144 14.413 0.178
Na 2.773 2.81 0.54 3.546 4.887 0.336
“Oca 3.51 3.43 0.563 13.809 1.822 1.064
“4ca 3.573 3.714 0.563 3.142 6.170 1.063
®As 4.492 4.64 0.58 0.353 1.688 2.624
1zcd 5.38 5.58 0.58 2.075 4.462 4.861
208ppy 6.624 6.890 0.549 2.368 5.512 10.510

*The parametea is dimensionless for the MHO density form.

order. Indeed, these processes are sensitive to the excitatidecay widths predicted by both approaches, were, at most, of
of giant resonancg46,18,25,27. As mentioned in the Intro- the order of 4%(see Table 5 of first entry in Ref49)).

duction, our purpose is to describe the interaction of neutri-

nos and antineutrinos with nuclei at higher energresclear 1. The inclusive reaction%ZC(vﬂ,;L‘)X and 1%C(ve, €)X
excitation energies of the order of 100—600 Me&Y interest near threshold

for future neutrino oscillation experiments. However, our ] )

model provides a good description of the low-energy inclu- In order to compare with the expen_mental measurements
sive measurements analyzed in this subsection. RPA correl4€ calculate flux-averaged cross sections

tions play an essential role and lead to reductions as large as

a factor of 2. We should remind the reader that the effective —_ 1 By e
; . o . . . =— dE,o(E,)W(E,), = W(E,)dE,,
interaction appearing in the RPA series was fitted in R3] Y f gmin o(EJWE,), N gmin (E,)dE,

to giant resonances, and thus our approach incorporates the
mechanism that produces those resonances in finite nuclei.

At low energies, finite nuclei effects are expected to be . . .
g P n the LSND experiment at Los Alamos, the inclusive
2

sizable for outgoing lepton energy distributions. There exis{1 c S . d usi ion d
discrete and resonance state peaks, and the continuum distric Vx4 )X Cross section was measured using a pion decay

bution significantly differs from the LFG one. However, the IN-flight v, beam, with energies ranging from zero to
integrated strength over energies, including the discrete stagP? MeV, and a large liquid scillantor detec{&0-52. The

and resonance contributions, remains practically unchangefUon neutrino spectrunW(E,), in taken from Ref[5(i)1 and
which explains the success of our model to describdliS plotted inthe left bottom panel of Fig. 7. We fiX"" and
integrated-inclusive magnitudes. A clear example of this caf, 0 123.1 and 300 MeV, respectively. The electron neu-
be found in Ref.[48] where the inclusive decay width of rino beams used in experimertsAMPF, KARMEN, etc)
muonic atoms by using a shell model with final neutronhave relatively low energies. Such neutrinos do not consti-
states lying both in the continuum and in the discrete speclute @ monochromatic beam, and their specfflisi plotted

trum are calculated. The results are compared with thos# the right bottom panel of Fig 7. The bare ph strength
obtained from a LFG model. Both mod&lare in quite good ~ SPreading due to the FSI might affect the inclusive, flux-
agreement within a few percent when the shell model densitfiveraged cross section because of the energy variations in
is used in the LFG calculation. Being an integrated, inclusivehe neutrino flux. As an illustration, if some of the strength is
observable, the total capture width is quite independent ofhifted to higher energies then some of the low-energy neu-
the fine details of the nuclear wave functions. Similar con-rinos will not be able to excite it, compared with the case
clusions were reached in the study of the radiative pion cap/hen the strength is not spread out. Of course these effects
ture in nuclei,(A,— 7 )pouna— v+ X, performed in Ref[49]. are not very large, because some strength is also moved to

There, the predictions of a continuum shell model were als¢®Wer energies and compensates this. These uncertainties
extensively compared to those deduced from a LFG picture
of the nucleus. The differences found, among the integrated2o;; jg approximately described by the Michel distribution

(64)

2

¥For simplicity in the calculations of Ref48], RPA effects are W(E,) « EX(E]™~E,), E)™= —;m_e EM=0. (65
not considered and the static form of the nucleon CC current is #
employed.
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contribute to the~5-109% theoretical error mentioned mated. Only once RPA and Coulomb corrections are in-

above. cluded a good description of data is achieved. RPA correla-
Our results for the"C(v,,u")X and ’C(v,, €)X reac-  tions reduce the flux-averaged cross sections by about a

tions near threshold are presented in Fig. 7 and Table Il. Agactor of 2, while Coulomb distortion significantly enhances

can be seen in the table, the agreement with data is remarkaem, in particular for the electron neutrino reaction where

able. Nuclear effects turn out to be essential, and thus ththis enhancement is of about 30%.

simple prescription of multiplying by a factor of (@&e num- In Table I, a few selected theoretical calculatidierge

ber of neutrons of°C) the free space,n— pl~ cross section basis shell modelSM) results of Refs[15,27 and the con-

overestimates the flux-averaged cross sections by a factor ihuum RPA(CRPA) ones from Ref[18] ] are also quoted.

5 and of 40 for the muon and electron neutrino-induced reQur approach might look simplified with respect to the ones

actions, respectively. The inclusion of Pauli blocking and thgust mentioned, but in fact it is also an RPA approach built up

use of the correct energy balance in the reaction lead to mudhom single-particle states of an uncorrelated Fermi sea. This

better results, but the cross sections are still badly overestinethod in practice is a very accurate tool when the excitation

TABLE II. Experimental and theoretical flux averag&€(v,, u”)X and *?C(v,,€7)X cross sections in I cn? units. We label our
predictions as in Fig. 7. We also quote results from other calculatzses text for details

LDT Pauli+Q RPA SM[15 SM[27] CRPA[18] Exp.
LSND’95 [50] LSND'97 [51]  LSND'02 [52]
(v, w) 661 20.7 11.9 13.2 15.2 19.2 8.3+0.7+1.6 11.2+0.3+1.8  10.6+0.3+1.8
KARMEN [53] LSND [54] LAMPF [55]
o(ve,€) 597 0.19 014  0.12 0.16 0.15 0.15+0.01+0.01  0.15+0.01+0.01  0.141+0.023
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TABLE Ill. Experimental and theoretical total muon capture widths for different nuclei. Data are taken
from Ref.[56], and when more than one measurement is quoted in[B&}f. we use a weighted average:
F/02:2iI‘i/oi2, with 1/02:Ei(1/ai2). Theoretical results have been obtained by using nonrelativistic kine-
matics for the nucleonéAppendix Q. To illustrate the role played by the RPA correlations, we quote two
different theoretical resultgi) Pauli+Q obtained from Eq(62) without including FSI effects and RPA
correlations]i.e., replacingAkp, by A*” in Eq. (62)], but taking into account the value @F; (ii) the full
calculation, including all nuclear effects with the exception of FSI, presented in Sec. V, and denoted as RPA.
Finally, in the last column we show the relative discrepancies existing between the theoretical predictions
given in the third column and data.

Pauli+Q (10* s RPA (10" s Exp. (10 s (PexP=Tth)/Texp
2c 5.42 3.21 3.78+0.03 0.15
%0 17.56 10.41 10.24+0.06 -0.02
80 11.94 7.77 8.80+0.15 0.12
ZNa 58.38 35.03 37.73+0.14 0.07
40%ca 465.5 257.9 252.5+0.6 -0.02
#ca 318 189 179+4 -0.06
Sps 1148 679 609+4 -0.11
2cd 1825 1078 106149 -0.02
208pp 1939 1310 1311+8 0.00

energy is sufficiently large such that relatively many stateshe range of energies transferrig],—E/ —Q) to the daughter
contribute to the process. Obviously, because of its natureyucleus: 25—30 MeV for the muon neutrino reaction and less
the method only applies to inclusive processes and it is nothan 10 MeV for the electron neutrino process. Finite nuclei
meant to evaluate transitions to discrete states. The adaptdistributions will present some discrete state and narrow
tion of the method to finite nuclei via the LDA has proved to resonance peaks, but the integrated strength over energies
be a rather precise technique to deal with inclusive photowould not be much affected though, as we have already dis-
nuclear reactiong3] and response functions in electron scat-cussed.
tering [4]. The effective ptAh)-ph(Ah) interaction used in
the RPA series has been successfully employed in different
processe$3,4,6. There are two distinctive features of this  After the success in describing the LSND measurement of
interaction in theS=T=1 channel, which are not incorpo- the reaction”C(v,,«")X near threshold, it seems natural to
rated in most of the finite nuclei approachég:it incorpo-  further test our model by studying the closely related process
rates explicit pion ang exchanges and thus the force in this of inclusive muon capture if°C. Furthermore, and since
channel is split into longitudinal and transverse parts,@nd there are abundant and accurate measurements of nuclear
it includes resonanca degrees of freedom. The inclusion of inclusive muon capture rates through the whole periodic
Ah components in the RPA series reduces the LSND fluxtable, we have also calculated muon capture widths for a few
averaged’C (v, )X cross section by about a 15%, while selected nuclei, which will be also studied below in Sec.
the reduction factor is about 4 times smaller for the electror/! B. Our results are compiled in Table Ill. Data are quite
neutrino reaction, because in this latter case, the larger co@ccurate, with precisions smaller than 1%, quite far from the
tributions to the flux-averaged®C(v,, €)X cross section theoretical uncertainties of any existing model. Medium po-
comes from very |OV\($20 Me\/) nuclear excitation ener- |arizati0n effeCtS(RPA C0rre|ati0n)3 once mOI’e,_ are essential
gies(see Fig. 7. In addition, a correct tensorial treatment of {0 describe the data, as was already shown in R&j. De-
the RPA hadronic tensor is also important, and it explains th&Pite the huge range of variation of the capture widfttse
bulk of the existing differences between our results and thosgdreement to data is quite good for all studied nuclei, with
obtained in Ref[21] (see Sec. Il A for details As a matter discrepancies of about 15% at most. It is precisely*f@,
of example, in Ref[21] a value 0f(16.7+1.4x 104 cn?is ~ Where we find the greatest discrepancy with experiment.
predicted for the LSND flux—average’(fC(vM,,u‘)x Cross Never_theless, ogr_model pro_vldes_one of the best existing
section. This value is about 40% higher than our result, deS°mMbined description of the inclusive muon capture?ﬁ
spite of using quite similar fAh)-ph(Ah) effective interac- and the LSND measurement of the reactte(v,,, u)X
tions. Differences are significantly smaller for the electronn€@r threshold18]. , o
neutrino flux-averaged cross section, since this reaction is inally, in Fig. 8 we show the outgoing, energy distri-
sensitive to quite lower energies. bution from muon capture int?C, which ranges from

In the middle panels of Fig. 7, we plot the outgoing lepton
energy distribution for an incoming neutrino energy near the ?!Note, I'™" varies from about %10*s?! in *?C to 1300
maximum ofo(E,)W(E,) (top panels We see in these plots x10* s in 2%pb.

2. Total nuclear capture rates for negative muons
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(250-500 MeV for electron (muon) species. The use of
relativistic kinematics for the nucleons leads to moderate re-
ductions of both neutrino and antineutrino cross sections,
ranging these reductions in the interval 4—9 %, at the inter-
mediate energies considered in this work. Such corrections
do not depend significantly on the considered nucleus.

In Fig. 9, the effects of RPA and Coulomb corrections are
studied as a function of the incoming neutrino/antineutrino
, ~ I energy. These corrections are importé2@—60 %, both for
neutrino and antineutrino reactions, in the whole range of
A ] considered energies. RPA correlations reduce the cross sec-
tions, and we see large effects, specially at lower energies.
The RPA reductions become smaller as the energy increases.
Nevertheless for the higher energies considef&@0 and
400 MeV for muon and electron neutrino reactions, respec-
tively) we still find suppressions of about 20—30 %. Coulomb
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FIG. 8. Inclusive muon capture differential width frolfC, as a

function of the outgoing neutrino energ@top axig and of the en- . . -
ergy transfer(bottom axig. Nonrelativistic kinematics has been distortion of the outgoing charged lepton enhangeducey

used for the nucleons. The two calculations are labeled as in Tablté1e cross sections for neuFrlrQantlneutrlnc) procgssesi. Cou-
m lomb effects decrease with energy. For antineutrino reac-

tions, the combined effect of RPA and Coulomb corrections
have a moderated dependencefoandZ. Coulomb correc-
70 to 90 MeV. The energy transferred to the daughte

12 "®hions reduce the outgoing positive charged lepton effective
nucleus(™B) ranges from 0 to 20 MeV. We also show in 1,omentum inside of the nuclear medium. Thus, the phase

the figure the medium polarization effect on the differential . LN >y
decay rate. As already mentioned, the shape of the curves ppace correction factd!’C (NIE (/K [, IS smaller thqn
Fig. 8 will significantly change if a proper finite nuclei treat- one and the cross section gets smaller. This effect, obviously

ment is carried out, with the appearance of narrow peaks, b @ OWS withZ. On the other hand, the RPA suppression de-.
providing similar values for the integrated widt[#g]. creases _vvhen the Iepton_ effective momentum increases and it
grows with A. The combined effect explains the nuclear de-
pendence found in the antineutrino plots. At the higher-
energy end théA dependence becomes milder, since Cou-
lomb distortion becomes less important. In the case of
In this section we will present results on muon and elecneutrinos, the increase of the cross section due to Coulomb
tron neutrino- and antineutrino-induced reactions in severatancels out partially with the RPA reduction. Finally, the
nuclei for intermediate energies, where the predictions of thexisting differences between electron and muon neutrino/
model developed in this work are reliable, not only for inte- antineutrino plots are due to the different momenta of an
grated cross sections, as in the preceding section, but also fetectron and a muon with the same energy.
differential cross sections. We will present results for incom- In Fig. 10, we show electron and muon neutrino and an-

B. Inclusive QE neutrino and antineutrino reactions
at intermediate energies

ing neutrino energies within the interval 150-400 tineutrino inclusive QE cross sections and ratios for different
-0.15 ~0.15 v T r . T T
-0.25 -0.25
=] Jus]
(&) (&)
p A FIG. 9. RPA and Coulomb
Q% —0.35 i n:% —0.35 (CB) corrections to electron and
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—_ga5| WPy x| 045 QE cross sections for different nu-
\ ) ) . ) . ) . , . clei, as a function of the neutrino
250 300 350 400 450 500 250 300 350 400 450 500 energy. A relativistic treatment of
_02 —02 the nucleons is undertaken and
v Ay — e X 7. Az — et X FSI effe(.:ts arg not considered.
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@ 2% @ PR AT —0g)/ 0, Where o does not in-
KX
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nuclei, as a function of the incoming lepton energy. Resultsnore the important role played by the medium polarization
have been obtained with the full model presented in Sec. Illeffects. Similar resulténot shown in the figureare obtained
including all nuclear effects with the exception of FSI, andfrom electron species.
using relativistic kinematics for the nucleons. Neutrino cross The double differential cross sectiator/dE/ d|q| for the
sections scale witlN (number of neutronsreasonably well, muon neutrino reaction in calcium is shown in Fig. 12. In the
while there exist important departures fronZanumber of  top panel, we compare the lepton scattering angle distribu-
protong scaling rule for antineutrino cross sections. Thesdion for three different values of the energy transfer. As usual
departures can be easily understood from the discussion &1 QE processes, the peaks of the distributions are placed in
Fig. 9. To better disentangle medium effects, the free spacthe vicinity of |G/=v2Mq°. In the bottom panel, we show FSI
neutrino/antineutrino nucleon cross section multiplied by theeffects on the differential cross section for one of the ener-
number of neutrons or protons is also depicted in the plotsgies (E/ =228.6 MeV} studied in the upper panel. We also
In Fig. 11 we show muon neutrino and antineutrino inclu-show the effects of using relativistic kinematics for the
sive QE differential cross sections as a function of the energyucleons. As anticipated, FSI provides a broadening and a
transfer, for different isoscalar nuclei and different incomingsignificant reduction of the strength of the QE peak. Never-
lepton energies. We see an approximatecaling and once theless theq| integrated cross section is only slightly modi-
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FIG. 11. Muon neutrino and antineutrino rela-
tivistic QE differential cross sections from differ-
ent nuclei and severabM,VM energies. Results,
denoted as “Pauli®” or “Pauli+Q” have been
obtained in*2C and do not include RPA, FSI, and
Coulomb effects, while the rest of the results
have been obtained with the full model without

FSI.
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FIG. 12. Muon neutrino differential cross sections in calcium as  FIG. 13. v, and, differential cross sections #fO as a function
a function of the lepton scattering angtep) and of the momentum  of the excitation energy, for fixed values of the momentum transfer
transfer(bottom. The neutrino energy is 371.8 MeV. Top: Cross andE,;=400 MeV. Top: Results obtained from the full relativistic
sections, without FSI and using relativistic kinematics for the nucle-model without FSI, with(RPA) and without RPA and Coulomb
ons, at different muon energies. Crosses have been obtained withogrrections(Pauli+Q(Q)). Bottom: Results obtained by using rela-
RPA and Coulomb effects, while the curves have been obtainegyistic (long dashed line, RELand nonrelativistic nucleon kine-
with the full model(up to FSI effects Bottom: Cross sections, for  matics. In this latter case, we present results w@iblid line, FS)
a muon energy of 228.6 MeV, obtained by using relativishing  and without(short dashed line, NORBLFSI effects. For the three
dashed line RE)_ and nonrelativistic nucleon kinematics. In this cases, we also show the effect of tak|ng into account RPA and
latter case, we present results wiolid line, FS) and without  Coulomb correctiondower lines at the peakThe areasin units of
(short dashed line, NORBLFSI effects. For the three cases, we 10740 cn2/MeV) below the curves are 1.QREL), 1.13(NOREL),
also show the effect of tak|ng into account RPA and Coulomb Cor'and 101([:5[) when RPA and Coulomb corrections are not consid-

rections (lower lines at the pegk The areas(in units of  ered, and 0.79REL), 0.90 (NOREL), and 0.85(FSI) when these

and 3.77(FSI) when RPA and Coulomb corrections are not consid-

ered, and 3.13REL), 3.49 (NOREL), and 3.53(FSI) when these . . .
nuclear effects are taken into account. plays a minor role when one considers total cross sections.

When medium polarization effects are not considered, FSI
fied (a reduction of about 2.5% when RPA corrections are noProvides significant reductiond3-29 % of the cross sec-

considered and only about 1% enhancement when they afi9ns[28]. However, when RPA corrections are included the
included. reductions becomes_ more moderate, always smaller than 7%,
In Fig. 13 we plot double differential cross sections for 21d €ven there exist some cases where FSI enhances the
fixed momentum transfer, as a function of the excitation en€ross sections. This can be easily understood by looking at
ergy. We show neutrino and antineutrino cross sections frorf!9- 14, where we show the differential cross section as a
160. FS| effects are not considered in the top panel, and on/nction of the energy transfer fd, =375 MeV. There, we
finds the usual QE shape, with peaks placed, up to relativistiee® that FSl increases th_e cross section for_ high energy trans-
corrections, in the neighborhood @/2M. Once more, me- (€T But for nuclear excitation energies higher thar_l those
dium polarization effects are clearly visible. FSI corrections@ound the QE peak, the RPA corrections are certainly less
are studied in the bottom panel, and we find the expectelinPortant than in the peak region. Hence, the RPA suppres-
broadening of the QE peak, but the integrated cross sectiorio" of the .FSI dIStI’Ibl:ItIO.n is S|gn|f|canFIy smaller than the
remain almost unaltered. RPA reduction of the distribution determined by the ordinary
Finally, in Table IV we compile muon and electron neu- Lindhard function.
trino and antineutrino inclusive QE integrated cross sections
from oxygen. We present results for relativistic and nonrela-
tivistic nucleon kinematics and in this latter case, we present
results with and without FSI effects. Though FSI changes The model presented in this paper, which is a natural ex-
importantly the shape of the differential cross sections, itension of previous work$3—6] on electron, photon, and

VII. CONCLUSIONS
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TABLE IV. Muon (top) and electror{bottom) neutrino(left) and antineutringright) inclusive QE integrated cross sections from oxygen.
We present results for relativist{®EL) and nonrelativistic nucleon kinematics. In this latter case, we present resulté8ijrand without

(NOREL) FSI effects. Results, denoted as RPA and IQ{(ED have been obtained with and without including RPA correlations and

Coulomb corrections, respectively.

a(**0(v,, u™X)) (10740 cnr) o(*°0(v,, u*X)) (10740 cn?)
E, (MeV) REL NOREL FSI REL NOREL FSI
500 Pauli+Q(Q) 460.0 497.0 431.6 155.8 168.4 149.9
RPA 3755 413.0 389.8 113.4 126.8 129.7
375 Pauli+Q(Q) 334.6 354.8 292.2 115.1 122.6 105.0
auli+Q(Q)
RPA 243.1 263.9 243.9 79.8 87.9 87.5
250 Pauli+Q(Q) 155.7 162.2 122.5 63.4 66.4 52.8
RPA 94.9 101.9 93.6 38.8 42.1 40.3
E, (MeV) o(*°0(ve,€7X)) (10740 crr?) o(*%0(ve, X)) (10740 crrd)
REL NOREL FSI REL NOREL FSI
310 Pauli+Q(Q) 281.4 297.4 240.6 98.1 104.0 87.2
RPA 192.2 209.0 195.2 65.9 72.4 73.0
220 Pauli+Q(Q) 149.5 156.2 121.2 60.7 63.6 51.0
RPA 90.1 97.3 92.8 36.8 40.0 40.2
130 Pauli+Q(Q) 37.0 38.3 28.8 21.1 21.9 16.9
RPA 20.6 22.3 23.3 10.9 11.9 12.8

pion dynamics in nuclei, should be able to describe inclusivanents. Even though the scarce existing data involve very low
QE neutrino and antineutrino nuclear reactions at intermedinuclear excitation energies, for which specific details of the
ate energies of interest for future neutrino oscillation experi-nuclear structure might play a role, our model provides one

3

Without RPA
251

do /dE] [10~%em?/MeV]

FSl—
REL — -
NOREL -1

v, %0 — p=X
E, =375 MeV

[] 5‘0 l‘I]O 150
E, — E{ - Q MeV]

FIG. 14. Muon neutrino QE differential cross sections in oxygen
as a function of the energy transfer. The neutrino energy i
375 MeV. We show results for relativistitong dashed line, REL

200 250

of the best existing combined description of the inclusive
muon capture in‘’C and of the measurements of tfC
(v,, )X and°C (v, €)X reactions near threshold. Inclu-
sive muon capture from other nuclei is also successfully de-
scribed by the model.

The inclusion of RPA effects, in particular the nuclear
renormalization of the axial current, turned out to be ex-
tremely important to obtain an acceptable description of data.
This had been already pointed out in R¢f2,16,18,21, and
it is a distinctive feature of nuclear reactions at intermediate
energieg3—-6]. On the other hand, FSI effects, though they
produce significant changes in the shape of differential cross
sections, lead to minor changes for integrated cross sections,
comparable to the theoretical uncertainties, once RPA correc-
tions are also taken into account.

The natural extension of this work is the study of higher

dransferred energies to the nucleus, also relevant for the

analysis of future experiments that aim to determine the neu-

and nonrelativistic nucleon kinematics. In this latter case, welfino oscillation parameters with high precision. For those

present results witlsolid line, FS) and without(short dashed line,

energies, the production of real pions and the excitation of

NOREL) FSI effects. We also show the effect of RPA and Coulombthe A(1232 or higher resonances will be contributions to the
corrections(lower lines at the peak The integrated cross sections inclusive neutrino-nucleus cross section comparable to the

can be found in Table IV.

QE one, or even larger.
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APPENDIX A: CC NUCLEON TENSOR

Impulse approximation

Performing the traces in E¢27) and taking into account
that in Eq.(28) both the particle and the hole nucleons are on
the mass shellp?=(p+q)?=M?,2p-q+0?=0), one finds

2
A*(p,q) = 16(FY)2{ (p+Q)¥“p”+(p+q)"pt+ %g‘”}

p“p p“q +g“p”
|\/|2 M?

+ 2q2(MvF¥)2{ 4g -
v 4 1 Vv v v 2 v
-0~q @ el 16F ] uyF, (99" — 9°g*")
q2
+4GR) 2pMp" + qp* + g’ + g"”(; - 2M2)

2M?(2m? - ¢?) .
- —2)2q"q” — 16GA(uF3 +FY)

(m-q

X e4"*Pq,pg. (A1)

The above tensor admits a decomposition of the type
“a¥ + pYgM

A (p,q) = a,g"" + az(p“p” + %) +iage"*Pp,qp

+ay0“g” (A2)
and from Eq.(Al) we have

1 M
ay(0®) = 8q {(FV+ wyFy)? + GA(Z - ?) } ,

2

ay(g?) = 32(F})? - (MVFV)Z_ + SGA,

as(0?) = 16GA(FY + uyFy),

89? M? 1) 8|v|2c;2< o
2y — _ V2 ) I A
(g9 = (MVF ) (q 4) "m-q\m-q

2]

- 16FY u Fy. (A3)

RPA corrections

Taking g in the z direction and after performing the RPA
sum of Fig. 3, we find, neglectlﬁﬁ corrections of order
O(Kep?IM? kep'2/M?, quO/M)

Z2Note thatg®/M is of the orderd|2/M?2 and as mentioned in Sec.
Il A, we have considereg,Fy|d|/M of orderO(0)

AZZ
RPA _ 8( FV) {
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ARPA _ o vi2 (E® 2 ¥4 +’E(p)
2 8(': ) + 2
aM M M
4 (Y2 P+ AEP) +(@)F4 | ()
M2 Y M2 iz
QPE(p) + %4 +p°
T ZGA{ UAR LA

(A4)

0\2 2
) (2(31) 2( q 2+2>},
me - g?\ - q
5)2p,+ 9] g
4(|:V){ E(p) 2p,+|d| , q_gz}
M M
E(p) 2p.+dl _ a°dl

P
—W(MVF\zl)z{ M M +2 o

0 20+ = 0
, 9°p; Iql)} 45 VFVq ql

0.
ARZPA
am?

2M2 2 MZ

E() 2p,+ 14 P,
+2G2
GA{CL M 2M  2m?

0| S| 2
o°ld] ( q +2> |
', = o7\ m’, —

-C_ 2 2 (AS)

§+|d|pz-q2/4}
M2

2 =1\ 2 0\2
q 2p,+19/\" . (@°)
- ZW(MVF\Z/)Z{< ;M > + P

4M?

q°\? P> +|dlp, — 0?4
_4(M> FYugFy +2G5) Cy + - o
& ( o )}
-C +2| ¢, (A6)
" - P\ - ?

XX
AR PA _

SR G P
M2 =8(F})? {T} - 2_2(MVF\2/)2 Cr+ M—X

-4
e } (A7)

~4Cry 5 i SFYmFy + ZGA{ Cr+

ARPA
4M?

p, . |GE(P
M2

= 4iG(FY + ,uVFV)( ) , (A8)

with the polarization coefficients defined as
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1
C - 0 n Py — 3 = LN Lp =
N(p) |1_C0f,(p)UN(q,kF)|2’ TR(q!k 1kF) fd pr(qlp!k 1kF)E(p)
1 J—
1 = —(Ef + ERIM Ug(q, ki, KB), B5
Cqr(p) = |1 O kY, (q)|2, (A9) 2( £t ER) r(Q F) (B5)
- RE) Vit
CLip)= 1 . Tr(a.ke, kp) = f d*pFr(a, P, ke, KPP
[1-U(akeVi(@P ,
In order to preserve a Lorentz structure of the tgpg”, for = <2q92 R(0,KE KE) + 2Tg(q,k”,k2))d,
the pseudoscalar-pseudoscalar and pseudoscalar—axial vector il d
terms of the CC nucleon tensor, we have kept the RPA cor- (B6)
rection to the term
0)2 2 > .
mgq ) 2( T, z) R0,k kD) = f oPp (. B, KL KD E()
= \mME—q
in A%, ,, despite behaving likég®/|d)?~ O(G2/ M?). = %[(EE +(ER)2 + EREMIM Ug(q, k2, kR),
APPENDIX B: BASIC INTEGRALS (B7)
In a nonsymmetric nuclear medium, the relativistic
Lindhard function is defined as Rr(q, K2, KR) :f d3p]-‘R(q,ﬁ,k”,kE)E(5)§
UR(q’kn’kE) 7 o 00,
n p n P
Fp M M 0K |p)O(5+d - kD) (2|9|2T (0,kg, kE) + |9|2R R (A.K ,kp)>q,
(2m°EP) E(p+d) o’ +EP) -E(P+q) +ie (B8)
+(q—-0). (B1)

The two contributions above correspond to the direct and the  Rl(q,k?, k) =f d*pFr(q, B,k kR)p'p!
crossed ph excitation terms, respectively. For positive trans-

}‘grgia\;jeﬁn;;gy only the direct term has imaginary part, which _ aR; bRg‘i . 3b27ﬁ_|2aquqj, i=1.2,3
Im Un(a, K, KD) = f dpFe(0, B LKD) (B9
. , with
=" Mz%ﬁﬂ_q)@(ﬂ -ER+d) a(0, ki, kB) = RE(G,KE, k) — M2 Im Ug(a, ke, kD),
X O(EL - ER)(ER - ) 82 (810

with

br(a, ke, kP) = p 9|2{q Im Ur(, k2, k2) + 4(q°)?R%(q, k2, kP)
~ M?0(q°)8(q° + E(p) —E(F + )

4 E(DEP +4) + 4PqCTR(q, K2, kD)) (B11)
XO (K- p)O(p+d| - kB), (B3)

Fr(0,p, kg, KR) =

— APPENDIX C: NONRELATIVISTIC REDUCTION
+ 1-4M7/
&= MaX{M EP— . -q° |QI\2 q } (B4) OF THE RESULTS OF APPENDIX B
We take a nonrelativistic reduction of the nucleon disper-
sion relation
ERP = M2+ (K292, 2
with Max{- --} being the maximum of the quantities included E(p) =M+ _—=E(p), (C1

in the bracket. To perform the®p integrations in Eqs(28) 2M

and(62) is important to bear in mind that, though the LFG which implies, for consistency, that in the definition of the
breaks down full Lorentz invariance, one still has rotationalimaginary part of the Lindhard function and in all integrals
invariance; thus we find given in Appendix B the factord/E(p) and M/E(p+q)
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should be approximated by one. Thus, we Fave
d°p O(k: - |p)O(p+d - kp)
(2m)° ¢+ E(p) - E(p+ ) +ie
+(d—-0

U(g,kLkD) =2

(C2)

which correspond to the direct and the crossed ph excitation

terms, respectlvel§/ For positive values of° we have

Im U(q, K, kD) = f d®p(q, B, KL KD)

00— —
= _y22@) EQ)(@(EE—
2d|

£°)(ER - £°)

ER+q0)
X O(ER - (C3)
with

F(q,B,KEKR) = —@w q°) 8 + E(P) - E(p+G))

X0~ |p)O(p+d| - kD), (Ca)
M =21\ 2
Ep—Max{Ep—q M + ( o M) }
g 2
(k)2
Enp—
EfFP=M+-—— VIR (C5H)

To perform the integrations implicit in Eq&28) and(62) we
need

To(a, ke, kp) = j Pp(q, KL KDE(H)

1 - —
= 5(Eg+5p)|m U(q,k?,kR) (Co)

kLKD) = f P, K DB

1 Mq°> — B,
= | kD, kP 7
( 2t 4 mU(q,ks,kp)g,  (C7)

Bwe suppress the subind&to distinguish the new expressions

from the former ones.
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R%(q, kP, k) = J d*pF(q, B,k KR EX(B)

1 — J— —
= 5((EE)2 +(EP)%+ EPEDIM U(q, kg, k),

(CY

R(q, k2, kR) = f d*pF(a, B,k KR E(P)p

(M 1 N Lpys
_< |q>|2 2>T0(q!k ikF)qv (Cg)

RI(q,ke, kD) = f dP*pF(a,p.kE k) p'p’

@i i
|_,|2 qu IIJ_11213

:_gl

(C10
with
a(q, ke, kR) = 2M{T%(q, k2, kR) — M Im U(q, k2, kB)},
(C11

b(q, k2, kR) = —==(2Mq° - |G2)2Im U(q, k2, kP).

4 ”IZ
(C12)

APPENDIX D: FREE NUCLEON CROSS SECTION
The cross section for the procegs-n— 1~ +p is given by

G?cog 0, [ Cmax
o= WI dorL A =g, (D1)

where the leptoni¢L) and nucIeor(A) tensors are defined in
Eqs.(4) and Egs.(27) and (A1), respectively oy mag ="
—2E,,(E|’1|IZ’|) with E, and E/, k' the incoming neutrino
laboratory energy and outgoing lepton laboratory energy and
momentum, and finallys=(2E,+M)M. The variableg?® is
related to the outgoing lepton laboratory polar angle by
o?=(k-k')>=m?-2E,(E/ -|k'|cos#’). The tensor contrac-
tion in Eq.(D1) gives in the laboratory frame:

L, A =(g?-md)) a, + 2a q—za - n_]|2
“ p=(m,0 = (@7 — My 17 587 58 a42
_M2
+(s—M2){S > a2—q2a3} (D2)

24£or symmetric nuclear mattgr, = pn=p, the above expression Wwith the nucleon structure functlona(qz) given in Eq.

coincides, up to a factor 2 due to isospin, with the definitiotUgf

given in Eq.(2.9) of Ref[35].

(A3). The cross section for the procegs-p—1*+n is ob-
tained from Egs(D1) and(D2) by replacingaz by —as.
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