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A Formalism for Weak Interactions in Nuclei
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The neutrino-nucleus cross-section and the muon capture rate are discussed within a simple formalism which
facilitates the nuclear structure calculations. The corresponding formulae only depend on four types of nuclear
matrix elements, which are currently used in the nuclear beta decay. We have also considered the non-locality
effects arising from the velocity-dependent terms in the hadronic current. We show that for both observables
in 12C the higher order relativistic corrections are of the orderoft% only, and therefore do not play a
significant role.

The semileptonic weak interactions with nuclei include a is the hadronic current operator, and
rich variety of processes, such as the neutrino (antineutrino)
scattering, charged lepton captueé, decays, etc, and we Lu(r) = s, (p, Ee)yu(l —5)us, (9, Ev)e
have at our disposal the results of more than a half-century 3)
of beautiful experimental and theoretical work. At the time . . )
being their study is mainly aimed to inquire on possible ex- 'S the plane waves approximation for the matrix e_Itlegqent of
otic properties of the neutrino associated with its oscillations (e leptonic current(y = (3.04545 = 0.00006)x 10~ is
and massiveness by means of exclusive and inclusive scattn® Fermi coupling constant (in natural units),
:jerlng processes on nucllel, v_vhlch are often used as neutrmo k=P, — Py = {ko,k} (4)

etectors. An example is given by the recent experiments

performed by both the LSND and the KARMEN Collabora- is the momentum transfe’( and P; are momenta of the
tions, looking forv, — v, andv,, — 7. oscillations with initial and final nucleon (nucleus)y/ is the nucleon mass,
neutrinos produced by accelerators [1, 2]. Thus the knowl- m, is the mass of the charged lepton, apd, g., g
edge of reactions induced by neutrinos on nuclei becomesand g, are, respectively, the vector, axial-vector, weak-
a crucial step for the interpretation of experiments on neu- magnetism and pseudoscalar effective dimensionless cou-
trinos, and a reliable prediction of these cross sections ispling constants. Their numerical values are
a challenging problem from the nuclear structure point of
view. gy = 15 g4 =1.26;

The weak interaction formalism most frequently used in ke =370 g — 2Mmy )
the literature is that of Walecka [3], where, in close anal- ot p = o0 I = ata m2’
ogy with the electromagnetic transitions, the nuclear op-
erators are classified into CoulomBA(), longitudinal ),
transverse electric7(*') and transverse magneti@(**9).
We carry out a different multipole expansion of the— A A2 2
hadronic current and express all observables in terms of the g—g ( )

—ir-k

The finite nucleon size (FNS) effect is incorporated via the
dipole form factor with a cutoffA = 850 MeV, i.e.,as:

. . 2 2
vector (/) and axial vector 4) nuclear matrix elements. A+ k
The weak Hamiltonian is expressed in the form [4] To use (1) with the non-relativistic nuclear wave func-
a tions, the Foldy-Wouthuysen transformation has to be per-
Hy(r) = —J;L"(r) + h.c., Q) formed on the hadronic current (2). When the velocity de-
V2 pendent terms are included this yields
where _ = cog
Jo = gv—i—(gA—‘y—gPl)O'-k—MAO"p
9w . g . « N
Ji =70 |9 Gk = 9 + =k J = —guo —iguo xk =Gk + (o Kk + op,
(2) (6)

IThere is a misprint in eq.(5) of Ref.[5].
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where the operatgs = —iV acts on the nuclear wave func-
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contain the operators :

tions, and the following short notation has been introduced:

|k| |k| |k| You(lkl) = Vari’j,([k|r)Y;u(F)
o = Gvgpp 9= Ongpp Gu = (vt gy Siulkl o) = Vi, (k)i [V.(®) @ al,,,
7. = gl Fo. _QPMM o Poo(kl.p) = —¢ A o (k) [V (8) @ P,
i 2M mg P2 2M my
Y k . = —\/4 i3 (K Y0 (2 .
For the neutrino-nucleus reactidn = p;, — ¢,, with s ([, o - p) VRS 32 (K[r)Y ;0 (F) (e - p)
pe = {Ey,p/} andq, = {E,,q,}, and the correspond- (11)
ing cross section from the initial staté;) to the final state
J:) reads Similarly, for the capture rate one gets [5]
| Jy)
2
Pl B " d(cos AU = ieslPTa(y) (12)
o(Ee, Jf) = 7F(Z—|—1,Eg) d(cos0)7,(|k|, Jy), f o 151 £ANJ S ),
—1

whereF'(Z + 1, E;) is the Fermi functiond = q, - ps, and

1
To (Kl Jy) = 5 [ v H @)
2Ji+1s/sVMMf f
with ¢, (r) = (r|J;M;) andy;(r) = (r|J; M) being the

nuclear wave functions.
The transition amplitude can be cast in the form:

Gy {La[gtIM ()]
J

+ 1@ + o) MO(T )+9AMA/(J)\2]
+Lo [R[([G M (]) +29.M (1)) G M ()]

15 (K|, J¢) =

+ (?Ez - 2gA§P2) |M?4(J)‘2]
2
+ ) Lu‘ (9 — 1Gu) ME(T) — e M () ‘
pn=0,%+1

2Lao%R [gv (3 M () + 90 MU (J) ) M3 ()
+(9x = Fea) (G + ) MOL(J)
+ g M ()M ()]},
©

where the lepton traces,, L4 andL,—_1 o1 are defined
in Ref.[5], and the nuclear matrix elements

J
M) = VKD,
. B L 1 J
M) = m;\/2L+1<0 jt u)
< (IS okl o) i),
(=1’
M (J) WU}”HYMMJ'P)HJM
m _ 1 L 1 J
MEL(T) = m;\/QL—kl(O u)

< ([P (k| p)I[ i),
(10)

(8) whereg; g is the muonic bound state wave function evalu-
ated at the origin, and

2 Ta(Jy)

a2y {lGe Mo () + g ML ()
, J

|GA0M9;(J) — gaMur(J) |2
2|Ga ML) = g ML}, @8)

where the effective charges are

GAO —Gga — gA + gpa C:V =9gv + gw
G —9a — Gu- (14)
and the coupling constants are now
_ E, _ E,
9 = ng; QAZQAW;
_ E, _  _ _ E,
9w = (gv +gM)m; gp:gpz_gm:ng-

As an application, we have evaluate the contribution of
the non-locality effects, arising from the velocity-dependent
terms in the hadronic current, in weak processes with
neutrinos and muons within the triaft?B,12C, 2 N}.
The numerical calculations were performed within the par-
ticle number projection charge-exchange RPA (PQRPA)
[6], by employing the same configuration spacéd (=
(1s,1p, 1d,2s,1f,2p)) and the same residual forc& (=
—47 (vsPs + v P;) 6(r)) as in Ref.[5]. We also use the
same parameterization as in this work for the coupling
strengths within the particle-particley) and particle-hole
(ph) channelsw?" = vPir = 23.92 MeV-fm?, andv?”
vP" /0.6 = 39.86 MeV-fm?.

In the Table | are given the results for inclusive folded
flux-averaged neutrino scattering cross sections

<O'g Jf /dE g Eg E Ef EV,Jf)f(EV), (15)
with £ = e~, 1, and wheref(E,) is the normalized neu-
trino flux.

We have presented a somewhat new formalism for the
neutrino-nucleus cross-section and the muon capture rate,
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based on a multipole expansion of thie— A hadronic cur-
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