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Neutrino-induced reactions on 12C within the continuum random phase approximation
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Motivated by recent experiments we have studied v, and v„ induced charged- and neutral-current
reactions on C within the continuum random phase approximation employing two different residual
interactions. We find good agreement with the measured cross sections for the v, reactions, while our
calculation significantly differs from recently measured v„cross sections. Our calculation indicates
that the measurements of the total C(v„e ) N' cross sections are consistent with the total

C(y, , v„) 8' capture rate.

PACS number(s): 14.60.Lm, 23.40.—s, 21.60.Jz, 25.30.Pt

Impressive progress has been made in very recent years
in experimental studies of neutrino-nucleus scattering.
First, experimental groups in Los Alamos [1] and Ruther-
ford (KARMEN collaboration [2]) studied the charged-
current excitation of the N ground state in v, scatter-
ing &om C. Subsequently, the KARMEN collaboration
measured the cross section for the i2C(v, v')i2C* (1+,1;
15.11 MeV) reaction [3], which constitutes the first ob-
servation of a neutral-current excitation in nuclei. The
observed cross section o = [11.2+1.3(stat. ) +1.2(syst. )] x
10 42 cm2 [4], is compatible with the charged-current
measurements and thus confirms the standard model
of weak interactions. Very recently a group at Los
Alamos studied the inclusive and exclusive cross sections
of (v„,p ) scattering &om i2C using the pion-in-flight
decay beam at LAMPF [5].

In this Brief Report we present a detailed compari-
son of these data with theoretical calculations performed
within the basis of the continuum random phase approx-
imation (RPA). This model has been shown [6,7] to yield
a good description of the giant (dipole and spin-dipole)
resonances in light nuclei, e.g. , in C and 0, which are
expected to dominate the cross sections in low-energy
neutrino-scattering from nuclei. Furthermore, the con-
tinuum RPA has been found to satisfactorily reproduce
the total muon capture rates in nuclei like C, 0, and

Ca [8]. Our calculation improves on previous theoreti-
cal studies of semileptonic weak interactions in C. This
subject was pioneered by Uberall et al. [9] and by the
shell model calculations of Donnelly and Peccei ([10] and
references therein). In recent years Mintz and Pourka-
viani [11,12] have, in a phenomenological model, used re-
lationships between vector and axial-vector form factors
to derive neutrino cross sections &om electron scattering
data on C.

The continuum RPA has been described in detail in
Refs. [7,13], where we particularly follow the model as
outlined in Ref. [7]. The latter, however, is improved here
as we treat the proton and neutron as individual degrees
of keedom. Besides the initial and final nuclear many-
body states (in angular momentum representation), the
second basic ingredient is the weak Hamiltonian, which

we write, according to the standard model, in the usual
current-current form. Then neutrino-scattering cross sec-
tions and capture rates can be derived in the standard
manner by application of the Feynman rules and a multi-
pole expansion of the transition operators as outlined in
Ref. [14]. For the nucleon form factors we adopt the val-
ues and Q2 dependence &om Ref. [15]. To estimate (at
least to some extent) the theoretical uncertainties, we

applied two different particle-hole interactions in our cal-
culations: the empirical zero-range Landau-Migdal force
in the parametrization of Ref. [16] and the (more real-
istic) finite-range G matrix [17] derived &om the Bonn
NN potential [18].

First we studied neutrino-induced reactions on C
leading to either the izN ground state (charged current
reaction) or its analogue state in i2C at 15.11 MeV (neu-
tral current reaction). As a test of our ab initio calcu-
lation of these neutrino cross sections, we studied the
total muon capture rates of the C muonic atom lead-
ing to the i2B ground state [i2C(p, v„) Bs, ] and the
P decays of the i2B and izN ground state to the i2C

ground state. As the B and N ground states and
the 15.11 MeV state in C form an isospin triplet, the
muon capture and P-decay rates are determined by the
same nuclear transition matrix elements as the neutrino
scattering cross sections.

Two remarks concerning the muon capture and P-
decay calculations are in order. We assume that the
muon capture reactions occur from the (ls) orbital of
the rnuonic C atom. In this case the muonic wave func-
tion 4i, (r) entering into the transition matrix elements
varies only slowly over the nuclear volume and therefore
(following Ref. [14]) can be well approximated by its av-

eraged value, which we get from a numerical solution of
the respective Dirac equation taking finite-size effects of
the nucleus into account. The P decays of izB and N, as
well as the charged-current scattering reactions discussed
below, are affected by the Coulomb interaction between
the final charged lepton and the residual nucleus. We
account for this effect in the same manner as outlined
in Ref. [19]; i.e. , by multiplying capture rates and cross
sections with a Coulomb correction factor F(Z, e), which
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is derived by n»merical solution of the Dirac equation for
an extended nuclear charge [20].

Our results for the P-decay rates of i28 and N into
the i2C ground state, as well as for the i2C(p, v„) Bz.,
capture rate, are compared with the experimental data
in Table I. %e End that our calculation overestimates
the various experimental rates by about a factor of 4.
(The fact that our overestimation factors are different for
the 3 diferent processes listed in Table I indicates that
isospin symmetry is slightly broken in the A = 12 triplet
which is mainly due to threshold efFects. ) To correct
for this overestimation, we follow Ref. [21] and rescale,
throughout this paper, the matrix elements describing
neutrino-induced reactions to the N ground state and
the 15.11 MeV state in C by a factor of N, where N
was set to the mean value of the rescaling factors in Ta-
ble I (Nz = 4.13 for the Landau-Migdal force, N2 = 3.88
for the Bonn potential). In the shell model calculation of
Ref. [21] a reduction factor of N2 = 5.06 was employed.

The v, -scattering experiments [1—3] have been per-
formed with a neutrino beam generated &om muons de-
caying at rest. For comparison with the experimental
data we have therefore folded our calculated and rescaled
neutrino cross sections with the well-known muon-decay
neutrino spectrum (e.g. , Ref. [7]). In Table II we sum-
marize our calculated v, -induced cross sections leading
to the N ground state. The agreement with the exper-
imental data for the charged-current transition is good.
The KARMEN collaboration has measured the neutral-
current transition to the i2C' (15.11 MeV) state, which,
due to the used neutrino beam, is the sum of the (v„v,')
and (v„,v„') cross sections. Again the calculated result
for the neutral-current excitation agrees nicely with the
data (fourth row in Table II). We find that the v„-
induced reactions account for approximately 56% of the
measured cross section. For completeness the last row
of Table II also lists our result for excitations induced by
monoenergetic muon-neutrinos (E„„=29.8 MeV), which
are also present in the KARMEN neutrino beam, but
have not been measured yet. Other theoretical estimates
of the C(v„e )i2Nz, cross section [11,21,22], which
partly incorporate experimental information Rom elec-
tron scattering, also agree with the neutrino-scattering
data and signal the compatibility of the various experi-
mental electroweak probes for this transition.

Possible strange-quark contributions to the weak neu-
tral form factors [15,23], which in general can afFect neu-
tral current cross sections, are unimportant for the isovec-
tor excitation of the 15.11 MeV T = 1 state, as the

strange form factors only contribute to isoscalar tran-
sitions. The contributions of the strange form factors to
the excitation of low-lying T = 0 states in C are too
small to be experimentally observable.

It is interesting to study the ratio of neutral-current
0„,(v, + v„) to charged-current 0'„(v,) cross sections.
Fundamentally, this ratio, involving electron and muon
neutrinos, allows for a test of the Bavor universality incor-
porated into the standard model of weak interaction and
is assumed in all calculations. Practically, the ratio has
the advantage that possible uncertainties in the experi-
mental data, arising &om the generally hard to determine
normalization of the neutrino beam, cancel. Moreover,
in our calculation, the ratio is an ab initio quantity in-
dependent of the unfavorable rescaling. The KARMEN
collaboration has determined a ratio R = 1.37 + 0.22 [4)
to be compared with our calculated result R = 1.13, as
well as with those obtained by Mintz and Pourkaviani,
R = 1.24 [11,12], and Fukugita et al. , R = 1.07 [22]. As
the KARMEN collaboration continues to take data dur-
ing the next several years, the expected improvement in
the uncertainty will then allow for a more rigorous test
of the various theoretical predictions.

In the second part of our study we investigated the
transitions to higher states in the continuum, again us-
ing the experimentally well-studied muon capture rate as
a test case. [Note that the (1+, 1; 15.11 MeV) state in
i2C lies below the proton emission threshold (15.96 MeV)
and therefore was described as a discrete state in our
model. ] We calculate a total rate for muon capture to-
wards excited states in B of A' = 37.20 x 10 s for
the Bonn potential and A' = 33.26 x 10 s for the
Landau-Migdal force, which are both in nice agreement
with the experimental value of (32.8 +0.8) x 10s s i, de-
rived by subtracting the measured capture rate into the

B ground state &om the measured total capture rate
[24]. Due to this good agreement, it is not necessary to
rescale the matrix elements for the continuum states; i.e.,
all results presented below, except for those leading to the
T = 1 ground state triplet, are the absolute predictions
of our continuum RPA calculation. This is a noticeable
difference &om the study of Ref. [21] in which the cal-
culated amplitudes for transitions to excited states have
been reduced.

The partial muon capture rates of the i2C atom to
the bound excited states of B have been observed ex-
perimentally and thus represent another testcase for our
calculation. Table III compares our results with the ex-
perimental data. Note that in our model all states corre-

TABLE I. P-decay and muon capture rates for the A = 12 system in units of s . The calcula-
tions were performed with the Landau-Migdal force (second column, LM) and the Bonn potential
(third column, BP). The experimental data are shown in column 4, where (*) is the mean value
(and estimated error) of the measured results given in Refs. [32—35]. The last two columns contain
the derived squared rescaling factors of the matrix elements for the two forces.

Reaction
' C(p, v„)' Bs.,
12B (P

—}12C
12N (p+)12/

LM
25 400

128.8
257.4

BP
22 780

123.6
247.1

Experiment

6050+300 (*)
33.36+0.13 [36]
59.58+0.46 [36]

(LM)
4.20
3.86
4.32

N (BP)
3.77
3.71
4.15
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TABLE II. Charged- and neutral-current cross sections for neutrino-induced reactions on C
leading to the N ground state or its analogue state in C at 15.11 MeV. The calculations were
performed with the Landau-Migdal force (second column, LM) and the Bonn potential (third
column, BP). The fourth row gives the sum of v, — and v„-induced neutral-current cross sections.
All cross sections are in units of 10 cm .

Reaction
' C(v, e )' Ns..

C(v, v,') C"(15.11)' C(v„, v„')' C'(15.11)' C(v, v')' C'(15.11)' C(v„, v„')' C'(15.11)

LM

9.29

4.65
5.91

10.56
2.77

BP
9.29

4.65
5.88

10.53
2.80

Experiment

10.5 + 1.0(stat. ) + 1.0(syst. ) [1]
8.2 + 0.65(stat. ) + 0.75(syst. ) [4]

11.2 6 1.3(stat. ) + 1.2(syst. ) [4]

sponding to the excited states in B are above the proton
threshold and are thus described as resonances. We have
thus derived the partial capture rate to these states by a
Breit-Wigner parametrization to the cross section. While
both interactions predict the strongest transition to the
bound 1 state, they disagree about its strength. While
the rate calculated with the finite-range Bonn potential
agrees with most of the experimental data, the Landau-
Migdal force clearly underestimates this transition. Note
that Kobayashi et aL [25] also observe a strong depen-
dence of the transition strengths on the interaction as
exemplified in Table III by the results obtained for three
different interactions [Models (I-III)]. For the transition
to the bound 2 state, our results agree better with the
data than the previously calculated values. For both in-
teractions, we do not find the excitation of a state that
might correspond to the experimentally observed bound
2+ state. The entry in Table III was derived as an upper
limit &om the calculated partial cross section. The ob-
servation of this second-forbidden transition is still con-
troversial.

We find total i2C(v„e )i2N' cross sections of 6.3 x
10 42 crn2 (Bonn potential) and of 5.S x 10 4~ cm2

(Landau-Migdal force). These results are in agreement
with the measured cross sections of o = (3.6 6 3.7) x

10 cm2 [26], and o = (8.6 6 1.2 6 1.5) x 10 42 cm2

[4]. It is important to note that our calculation agrees
with the total i2C(p, v„)isB' capture rate and the to-
tal i2C(v„e )

i2N' cross sections individually suggesting
that both data sets are consistent. Based on a shell model
approach with empirically reduced transition amplitudes,
Donnelly [21] obtained a result of 0 = 4.1 x 10 42 cm2.
It might be interesting to note that the experimental
and theoretical results for the inclusive i2C(v„e )X
cross section [Los Alamos: (14.1 + 2.3) x 10 42 cm2

[26]; KARMEN: (16.8 6 1.7) x 10 42 cms [4]; Donnelly:
14.6 x 10 42 cms [21]; and this work: 15.2 x 10 4s cm2

(Landau-Migdal) and 15.6 x 10 42 cm2 (Bonn)] are all in
good agreement.

A very recent experiment determined various v„+ C
charged-current cross sections using the in-Bight pion-
decay neutrino source at LAMPF. We have calculated
these cross sections within our continuum RPA approach,
folding the cross sections with the appropriate LAMPF
neutrino beam distribution [5]. The efFects of the finite
muon mass have been included in our calculation as de-
scribed in Ref. [14]. We considered contributions aris-
ing &om an induced-pseudoscalar form factor, where its
value was related to the value of the axial vector form
factor by the Goldberger- Treiman relation.

TABLE III. Partial muon capture rates for the bound excited states in ' B [ C(p, , v„) B'] in
units of s, calculated for the Landau-Migdal force (LM) and the Bonn potential (BP). The upper
part shows theoretical results, the lower part the measured data. Note that the values marked with
+ were assumed to be 0, as the 0+ ~ 2+ transition is second-forbidden. In Ref. [25] three diferent
interactions, labeled Models I—III, were considered, except for the 2+ state, which was calculated
with yet another interaction.

Theory
Source

This work (LM)
This work (BP)
Model I [25]
Model II, [25]
Model III, [25]
Ref. [37]

~(1—)
220
745

1400
877

1220
255

(u(2 —)
40
25

290
2210

480
423

~(2+)(1
(1
307
307
307
157

~("B*)
260
770

2000
3394
2000

835

Exp. Ref. [32]
Ref. [33]
Ref. [34]
Ref. [34]
Ref. [35]

720 + 175
1080+ 125
890 + 100
700 + 400
380+ 100

10 + 230
60 + 200

170 + 240
400 + 600

120 + 80

p¹0¹
p¹

200 + 400
270 + 100

760 + 14Q

1140+ 235
1050 + 300
1300 + 80Q

770+ 100
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We have calculated the ~2C(v„, p )~2Ns, cross sec-
tion applying the saxne rescaling paraxneters as defined
above. Our values (o = 0.640 x 10 4s cmz for the Bonn
potential and o = 0.754 x 10 cxn for the Landau-
Migdal force) are significantly lower than the measured
cross section, cr = [176 8(stat. ) 6 3(syst. )] x 10 4o cm2.
To allow the comparison with a previous calculation
[21],we have calculated the ~2C(v„, p )~zNs, cross sec-
tion for a fixed neutrino energy of E„= 250 MeV.
We find o = 0.684 x 10 cm for the Bona poten-
tial and o. = 0.793 x 10 cm for the Landau-Migdal
force in reasonable agreement with the (rescaled) result
(o = 1.3 x 10 4o cm2) found in Fig. 6 of Ref. [21], which,
however, was obtained in the extreme relativistic limit.

Figure 1 shows the ~zC(v„, p, )~2N cross section as a
function of neutrino energy and integrated over the fi-

nal states in N. The continuuxn RPA result agrees well
with the one obtained in the Coulomb-corrected Fermi
gas model (see Fig. 12 of Ref. [5]), although it is slightly
lower due to the repulsive efFects of the residual inter-
action included in our calculations which tend to shift
T=1 strength towards higher energies [27,28]. Our cross
sections are about twice as large as those empirically es-
timated by Kim and Mintz [29]. Folding our cross sec-
tions with the appropriate LAMPF neutrino spectrum
[5], we compute a total cross section of 3.04 x 10 ss cm2
for the Bonn potential and of 2.88 x 10 cm for the
Landau-Migdal force. Both values are noticeably sxnaller
than the recently measured total cross section of Ref. [5],
o = [15.9 + 2.6(stat. ) + 3.7(syst. )] x 10 ss cm2. Our
calculated cross sections are closer to a previous mea-
surement [30], which determined a value of more than
two standard deviations smaller than the one in Ref. [5).
Compared to previous theoretical work, our results are
somewhat larger than those obtained in a bound-state
shell model approach (1.5 x 10 ss cm2) [21].

In Fig. 2 we present our calculated difFerential
~2C(v„, p )~zN cross section as a function of kinetic
muon energy. Our cross section has been integrated over
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FIG. 2. Differential ' C(v„,p ) N cross section as a func-
tion of muon energy and integrated over final states. The cal-
culation was performed with the Bonn potential (solid curve)
and the Landau-Migdal force (dashed). The dotted curve
shows the Coulomb-corrected Fermi gas result [31].

final nuclear states. The calculated spectrum of muon
energies does not show the marked depletion of events
at higher energies, which is present in the experimen-
tal data [5]. In particular, the calculated spectrum has
a maximum at noticeably higher energies than the data
(at about E„=37 MeV rather than below 20 MeV) and
is clearly broader. The continuum RPA muon spectrum
agrees well with the results of a Coulomb-corrected Fermi
gas calculation [31]in both maximum position and width.

In summary, we have studied various neutrino-induced
charged- and neutral-current reactions on ~zC. Gen-
erally, our calculation yields good agreement with
the stopped-muon beam experiments performed by the
KARMEN and LAMPF collaborations, as well as with
the xneasured total and partial muon capture rates.
We would like to point out that our study of the

C(v„e ) N' cross section and of the ratio of neutral-
current to charged-current cross sections leadiag to the

N ground state is an ab initio calculation and does not
involve &ee parameters. Our calculation suggests that
the experimentally difficult measurements of the total
~2C(v„e )

~2N' cross sections are consistent with the to-
tal C(p, v„)~zB' capture rate

Nevertheless, our study reveals noticeably different re-
sults for the inclusive and exclusive v„-induced cross sec-
tions on C measured recently. As we have performed
our continuum RPA calculation for two difFerent resid-
ual interactions, which yield sixnilar results to each other
and to a Coulomb-corrected Fermi gas study [31],we con-
clude that the obtained results are not very sensitive to
the details of the nuclear model adopted. Thus, we can-
not ofFer an explanation for the failure of our model to
reproduce the measured (v„,y, ) cross section on ~2C.

FIG. 1. C(v» p, ) N cross section as a function of neu-
trino energy and integrated over final states. The calculation
was performed with the Bonn potential (solid curve) and the
Landau-Migdal force (dashed).
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