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Motivated by a recent experiment at LAMPF we calculate cross sections for muon-neutrino and muon-
antineutrino charged-current reactions on '>C within the continuum RPA model. We also determine the branch-
ing ratios for the main decay channels of these reactions by application of a statistical model.

PACS number(s): 25.30.Pt, 21.60.Jz, 23.40.Bw, 27.20.+n

In recent years accelerator-based studies of neutrino-
induced reactions have become feasible. In particular, the
charged-current reactions on 2¢, induced by both electron-
[1] and muon-neutrinos [2,3] have been measured exciting
the 2N ground state and the continuum states in *N. The
exclusive '“C(w,,e)'*Ny, cross section measured by the
KARMEN Collaboration is consistent with other data
(B-decay, muon capture) which depend on the unique weak
nuclear matrix element connecting the '2C ground state with
the 1N and '?B mirror ground states [1,4]. Theoretical pre-
dictions for this exclusive cross section are in good agree-
ment with the data [4—6]. The very recent measurement of
the '*C(v,,,u)"?N ;¢ reaction, although still with large error
bars, is consistent with the other measurements [3,7]. We
note that a previously reported measurement of the same
exclusive cross section [2] appears to be inconsistently large
[3,4]; we will not further discuss that measurement here.

The KARMEN Collaboration also determined the inclu-
sive 12C( ve,e)uN* cross section leading to various con-
tinuum states in '2N. The same cross section has been
measured at LAMPEF, however with large errors [8].
These experiments, and the study of the muon capture
2C(u,v,)'*B* to the continuum states in '?B, which
is the mirror nucleus of 2N, are related. In fact, the
2C(v,,e)!N* cross section and the total “C(u,v,)"*B*
muon capture rate appear to be consistent and both are well
reproduced (within a few percent) by a continuum random
phase calculation [4,9]. Noticeably, the results presented in
Ref. [9] are independent of the adopted residual interaction.

In addition to the existing '2C(v,,e)!?N* and
2C(u,v,)"?B* data, the LSND Collaboration has very re-
cently reported a measurement of the C(v,,,u)"*N* cross
section using the LAMPF pion decay-in-flight v,-neutrino
beam. Here we describe detailed evaluations of the
2¢( Vs 1) 2N* reaction. The calculations have been per-
formed within the same framework of the continuum random
phase approximation which has been applied to the
2C(v,,e)'?N* and IZC(/.L,VM)IZB* reactions earlier [4,9].
The model is described in details in Refs. [10,11]. As re-
sidual interaction we adopt the finite-range force based on
the Bonn potential [12]; calculations employing the zero-
range Landau-Migdal force [11] give very similar results. We
like to point out that our calculation is parameter-free in the
sense that no parameter has been adjusted to any weak-
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interaction data. For the axial vector coupling constant we
use the free-nucleon value g 4= 1.25; for a discussion of this
choice see [9]. The Coulomb interaction between the muon
and the residual nucleus has been taken into account.

The final states in >N are expected to decay mainly by
proton emission. The LSND cannot distinguish between the
muon and proton energies (E, and E,, respectively), but
rather measures only the total deposited energy,
E 4= aE, + BE, with particle-energy dependent detector ef-
ficiencies a,. While the muon spectrum is obtained in our
model naturally when calculating the differential cross sec-
tion as function of the excitation energy [4], the calculation
of the proton spectrum needs some extra care. First, the final
2N states, if above the appropriate thresholds, can decay
into different channels. Second, these decays can go to ex-
cited levels in the residual nucleus rather than to its ground
state. The consideration of such cascade transitions is quite
important for the proton spectrum, as it will shift the spec-
trum to lower proton energies. Our calculation of the cascade
is based on the statistical model using the well-established
model code SMOKER [13]. [A similar approach has been used
to calculate the (v,v'p) and (v,v’'n) cross sections on 2C
and has been tested against the integrated photodissociation
data on this nucleus [11].]

In the first step we have calculated the >C(v,,u) *N*
cross section as a function of excitation energy in ‘N within
the continuum random phase approximation. For each final
state, with well-defined energy, angular momentum, and par-

" ity, we have calculated the branching ratios into the various

decay channels, considering proton, neutron, & and y emis-
sion. As possible final states in the residual nucleus the

SMOKER code considers the experimentally known levels
supplemented at higher energies by an appropriate level den-
sity formula [13]. If the decay leads to an excited level of the
residual nucleus (e.g., to p+''C*), we have calculated the
branching ratios for the decay of this level in an analogous
way. Keeping track of the energies of the ejected particles
and photons during the cascade and, weighting them with
appropriate branching ratios and the corresponding differen-
tial '*C(v,,u)'?N* cross section, we determined the vari-
ous particle (proton, neutron, «) and photon spectra for the
(v,,u”) reaction on '>C. We have performed a similar cal-
culation for the (#,,u") reaction on '2C leading to inter-
mediate states in fiB. For both reactions our results have
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FIG. 1. The *C(v,,x )N and “C(#,,u")"?B cross sec-
tions as function of excitation energy.

been averaged over the appropriate LSND neutrino distribu-
tions for neutrino energies from threshold to 280 MeV.

Our flux-averaged total *C(v,,u)"N* cross section is
19.3%10™% cm? (using the Migdal interaction [11] we cal-
culate a total cross section of 20.3X 10™% ¢m?), including a
contribution of 0.63X107%° cm? for the transition to the
12N ground state. While the latter appears to be in agreement
with the LSND observation [3,7], our calculated total cross
section is more than twice the reported experimental value,
Oexpt=(8.3£0.7£1.6)x107%° cm? [3]. The calculated
cross section is shown as a function of excitation energy in
Fig. 1. For the inclusive '2C(%,,,u*)?B* cross section we
calculate 4.2X 1074 cm?.

One can think of several effects that lower the calculated
cross sections. For example, the quenching of the axial vec-
tor coupling constant [14] or a reduced value of the effective
nucleon mass in the nuclear medium due to relativistic ef-
fects [15] both decrease the '*C(v,,, ™ )'2N* cross section.
However, similar corrections apply to the muon capture, and
to a lesser extent, to the '>C(v,,e” )!?N¥ reaction. Refer-
ence [9] has shown that using the “quenched value” g, =1
for the axial vector coupling constant lowers the muon-
capture rate by about 30% destroying the good agreement
between the (present) continuum RPA formalism and the
data. Kim ef al. [15] have noted that the relativistic medium
modification of the effective nucleon mass reduces the
2C(v,,,u")'2N* cross section by about 30%, which by it-
self is not enough to bring the present random phase results
into agreement with the data. Moreover, the same correction
are expected to lower the >C(v,,e " )!2N* cross section by
about 20% [15] in which case the present formalism barely
agrees with the KARMEN data at their lower limit. Presum-
ably the muon capture rate would also be lowered, thus de-
stroying the nice reproduction of the data obtained in [9].
Medium modifications of the momentum transfer depen-
dence of the nuclear form factors will not affect the calcula-
tions as the momentum transfer is too small in all three ex-
periments. Thus neither of the discussed potential corrections
allows a consistent description of the three processes
[12C( v,,e ) lZN*’ IZC( v, ’u—) IZN*, and IZC(}L, V,u) IZB*]
within the current model.

The RPA includes 1p-1h (one-particle—one-hole) correla-
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FIG. 2. The muon distribution for the
2C(v,, .7 )N* and 12C( 7,,4")?B reactions.

inclusive

tions which are responsible for most of the nuclear response
under consideration. However, the corresponding strength is
also spread and partially shifted upward by the 2p-2h [16]
and other multiparticle-multihole correlations, reducing the
cross section somewhat. This reduction should be more pro-
nounced, however, in the v, induced reaction and in the
muon capture, where low-lying strength is more important,
than in the v, induced reaction where higher-lying strength
is important. Thus, we believe, the inclusion of 2p-2h corre-
lations would make the inconsistency between the v, in-
duced reaction and the muon capture on one hand, and the
induced reaction on the other hand, even worse.
Naively, the '?C(v, , ™) '?N* reaction, as measured with
the LAMPF neutrino beam, and the '2C( y7 7 M)”B"< muon
capture process might be viewed as “inverse reactions,” tak-
ing into account that *B and >N are mirror nuclei. How-
ever, the muon capture process is dominated by the capture
to the giant resonances with J"=1" and 2~. These two
multipolarities account for more than 80% of the total rate
for transitions leading to continuum states. On the other
hand, for the 2C( vy, 4 )12N* reaction these multipoles
contribute only about 50% of the cross section. In other
words, the strength distributions in these two reactions are
not identical, with muon capture populating typically lower-
lying states than the (v, ,u”) reaction for the LAMPF v,
spectrum. Note that the energy positions of the 1~ and 2~
resonances, as calculated in the present approach, agree well
with experiment [11].

Figure 2 shows the muon spectrum for the inclusive
2C(v,, , ;) >N* reaction. The spectrum is centered around a
kinetic energy of 23 MeV with a width of about 25 MeV. We
find that, even for a.fixed neutrino energy, many nuclear
states contribute to the inclusive cross section, invalidating
the use of the so-called elementary particle approach for the
inclusive reaction. The accuracy of the results obtained in
Ref. [17] for the "C(w,,u™)"*N* cross section using the
elementary particle model is therefore questionable, as al-
ready noted by Kubodera and Nozawa [18].

Following the decay cascade in the residual nuclei, we
calculated the various particle and photon spectra. These re-
sults might be helpful in future experiments to pin down the
origin of the discrepancy between our calculation and data

Yu
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TABLE I. Total and partial cross sections and braching ratios. The lower part shows the branches follow-

ing the main decay of the initially excited nucleus.

Reaction O 10742 cm?] % Reaction O 1074 cm?] %
2C(v, . u7)X 1925 100.0 2¢(p, ,u")X 423 100.0
2C(v,,u7) N 63 3.3 2C(,,,u*) ¥Bys. 26 6.1
2C(v,,u"p)t'C 1627 84.5 2C(p,,u"p)'Be 19 45
2C(v,,.u"n)'N 89 4.6 2C(v,.ut n)"'B 333 78.8
2c,,u a)®B 145 7.5 2e(p, ,uta)dLi 32 75
[ Y

LC(y, ,u”y) PN 0 0.0 L, ,uty) ’B 13 3.2
" ®~

TOTAL 1925 100.0 TOTAL 423 100.0

2C(v, ;" p) ' Cys, 529 275 PC(p,,.u n) "By, 142 33.6

2C(y, . u"pyiC,, 390 203 2C(v,,u ny)'B,, 93 22.0
“ g » g

IZC(V#,/.L_pn) e 24 1.3 12C(17,,‘,,u.+ np)'°C 12 2.8

2C(v,,u” 2p)'°B 333 173 2C(p,,u* 2n)'°B 33 7.8
“ 13

2C(v,,u"pa)’Be 351 182  ’C(v,,una)’Li 54 12.7
“ “

TOTAL 1627 84.5 TOTAL 333 78.8

for the inclusive '2C( vu,,u,)lzN* reaction. Table I lists the
branchings of the final >N (and '2B) states into the various
decay channels, integrated over all excitation energies in
2N and weighted by the 12C( Vs w)2N* cross section. As
expected, the dominating decay mode is proton emission
(84.5%), but we calculate also a neutron-decay branch
(~5%), which stems mainly from the decay at very high
excitation energies where in our statistical model the domi-
nance of the proton decay over neutron decay due to the
difference in the threshold values becomes less important.
We find that only in 27.5% of all cases the proton decay is to
the !!C ground state.

Table I also lists the branchings, integrated over the final
states in the residual ''C (and ''B) nucleus. In roughly
20% of the cases ''C is populated in a state below particle
thresholds and thus decays by y emission. These y decays
will also contribute to the light yield observed in the LSND.
If 'C is in an excited state above particle thresholds, it de-
cays by a and proton emission, where the first channel is
favored by the lower Q value. In a rare 1% of all cases, the
proton decay of 12N is followed by a neutron decay of an
excited level in 'C. We thus find that in about 6% of all
events, the '2C( v, , W) 2N* reaction generates a neutron in
the final channel. It would be important to verify this branch-
ing ratio experimentally. However, for the LSND this is not
easy, since for this detector most of the (u,n) pairs arise
from the ¥, reaction on protons, as discussed below.

As the majority of decays of the !2N* levels, populated
by the 'C(w,,u”)"?N* reaction, is to excited levels
in !!C (which might be followed by the emission of a
second proton in the subsequent ''C decay), the cascade
transitions shift the proton spectrum in the inclusive
2¢( Vs 1) 2N* reaction clearly to lower energies com-
pared to a spectrum for proton decay to the ''C ground state.
This is demonstrated in Fig. 3. The proton spectrum is cen-
tered at rather low energies and protons with energies larger
than 15 MeV are rare. This finding might justify replacing
the proton spectrum approximately by the average energy
E »~=9 MeV. Note that this value is significantly smaller than
the mean excitation energy @=20 MeV which corresponds

to the average proton energy (except for a shift of 0.6 MeV
reflecting the proton threshold in '?N) if the decay of the
2N* states were to the 'C ground state only.

Figure 3 also shows the y spectrum of the cascade. As the
photons originate from decays of !!C levels below the par-
ticle thresholds, the respective vy energies are necessarily
smaller than 7.5 MeV. As in the case of the proton spectrum,
the y spectrum might be replaced approximately by the av-
erage energy E.,~4.0 MeV. Thus, the observed *“muon
+proton” spectrum in Ref. [3] should correspond approxi-
mately to the muon spectrum, distorted by the coefficient «
and shifted by the energy BE,+ dE,~3.8 MeV, where we
have used 8= 0.4 (this value does not include the branching
ratio of 0.845) and the coefficient §=0.2 accounts for the
fact that photons are observed only in about 20% of all
(v, ,u7) events. In fact, if we adopt a reasonable value of
a=0.6 and apply a constant energy shift of 3.8 MeV to
account for the combined proton and y contributions, the
measured spectrum as reported in Ref. [3] agrees well with
our calculated muon spectrum at all energies. As scaling fac-
tor we adopted 25.6 photoelectrons per MeV from [3]. Fig-
ure 4 shows the neutron and 7y spectrum for the
2¢(v,,u")?B* reaction.
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FIG. 3. The proton and 7 spectra for the *C(v,, ,u") reaction.
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FIG. 4. The neutron and vy spectra for the >)C(v P u) reaction.

The delayed coincidence detection of a positron and a
neutron (identified by the 2.23 MeV vy ray emitted after the
neutron capture on a free proton) constitutes the signal for
v, — ¥, appearance oscillations in the LSND [19]. Important
backgrounds are assumed to stem from small v, and v, ad-
mixtures in the neutrino beam which via the charged-current
reaction on free protons in the scintillator might mimic the
signal (lepton+neutron). We have calculated the
b,+p—n-+e’ cross section as 0.9x 1074 cm?, where we
assumed that the v, originate from the u~ decay at rest. If
we take instead the spectrum of v, from the u”t decay at
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rest, and assume the complete conversion v, — v, , the same
cross section increases to 1.1X107%° ¢cm?, because the v,
have now higher average energy.

The ‘“decay in flight” neutrino beam contains v, neutri-
nos, originating from the 7~ decay in flight. The corre-
sponding cross section for the reaction v, +p—n+ utis
4.0x 10 * cm?, where we have normalized the spectrum to
the unit v, flux above the threshold for the reaction on free
protons (E; = 112.4 MeV). Again, if one were to assume
that all of these ¥, oscillate into v, , the reaction cross sec-
tion on free protons increases to 1.7X 1073 cm?, for the
same flux normalization.

As we have discussed above, neutrons and leptons are
also generated in the v, and v, induced charged-current
reactions on 2C, where the positrons and electrons will be
produced in the respective muon decays. These events will
represent backgrounds in the v,— v, oscillation search if the
muon is lost or is misidentified as an electron [19]. From
Table I we find the total 2C( Uy, ,ufn)“B cross section to
be about 3.3X 107 cm?. If we consider that there are about
twice as many free protons in the detector than '>C nuclei,
the 12C(¥ “ , i n)!'B reaction is likely to produce roughly a
40% of the background signals expected from the v, reac-
tion on free protons. Our calculation gives the
12¢( vu,,ufn)“N cross section as 0.9X 10”%° ¢cm?. Consid-
ering that the intensity of the v, beam is about seven times
larger than the one of the v, beam, we expect therefore
about twice as many background signals from this reaction

TABLE II. Total '2C( ve,ef)lzN and 12C( ie,e+)12B cross sections and partial cross sections to the

12N and '?B ground states for selected neutrino energies £, . The cross sections are given in 10”4 c¢m?,

2

while the energies are in MeV. Exponents are given in parentheses.

EV 12C( v, ,e—)lzN lZC( Ve7e_)]2Ng.s. 12C( i;e ,e+)12B 12C( ]_/e ,‘3+)12Bg.s,
20 3.14(-1) 3.13(—1) 8.02(—1) 7.90(—1)
30 6.29 5.34 6.27 4.98
40 2.54(+1) L57(+1) 1.98(+1) 1.15(+1)
50 6.89(+1) 2.98(+1) 4.55(+1) 1.90(+1)
60 1.51(+2) 4.53(+1) 8.68(+1) 2.62(+1)
70 2.85(+2) 6.00(+1) 1.45(+2) 3.24(+1)
80 4.81(+2) 7.26(+1) 2.22(+2) 3.72(+1)
90 7.49(+2) 8.21(+1) 3.15(+2) 4.07(+1)
100 1.09(+3) 8.83(+1) 4.23(+2) 4.31(+1)
110 1.51(+3) 9.15(+1) 5.45(+2) 4.47(+1)
120 2.02(+3) 9.23(+1) 6.80(+2) 457(+1)
130 2.60(+3) 9.15(+1) 8.26(+2) 4.65(+1)
140 3.28(+3) 8.97(+1) 9.82(+2) 471(+1)
150 4.04(+3) 8.75(+1) 1.15(+3) 477(+1)
160 4.90(+3) 8.55(+1) 1.32(+3) 4.82(+1)
170 5.84(+3) 8.38(+1) 1.51(+3) 4.87(+1)
180 6.87(+3) 8.24(+1) 1.69(+3) 4.92(+1)
190 7.98(+3) 8.13(+1) 1.88(+3) 4.97(+1)
200 9.15(+3) 8.05(+1) 2.08(+3) 5.01(+1)
210 1.04(+4) 7.98(+1) 2.27(+3) 5.06(+1)
220 1.17(+4) 7.92(+1) 2.47(+3) 5.10(+1)
230 1.30(+4) 7.87(+1) 2.67(+3) 5.14(+1)
240 1.44(+4) 7.82(+1) 2.87(+3) 5.18(+1)
250 1.57(+4) 777(+1) 3.07(+3) 5.22(+1)
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than from the 2C(#,,"n)''B reaction. However, in abso-
lute terms the neutrino reactions on '2C are only a small part
of the total background expected in the LSND neutrino os-
cillation experiment (see Table II in [19]). From our cross-
section estimates we expect the background to rise by less
than 20% if the neutrino reactions on '2C are included. (This
estimate could be further reduced if our calculated neutron-
producing cross sections are too large, similarly to the total
reaction cross sections, as discussed above.)

The LSND Collaboration indeed observes certain number
of muon-+neutron events [20]. When all these events are
assumed to originate in the ¥,,+p—n+ u™ reaction, the flux
averaged cross section of 4.1 1.0(stat)=*0.5(syst)Xx 10740
cm? is deduced [20], in agreement with our calculation
above. However, we argued above that only about half of the
expected muon-+neutron events originates in the
v,+p—n+u* reaction, while the other half stems from the
1{‘C( v, ,uTn)IB* and 2C( v, i~ n)IN* reactions. Thus,
again we see that even for the exclusive channel of the muon
+neutron events, the calculation predicts approximately
twice as many events than actually observed.

In the LAMPF neutrino beam v, neutrinos with energies
larger than the end point of the Michel spectrum, E,>53
MeV, are virtually absent. However, high-energy v, neutri-
nos can be generated by possible v,— v, oscillations. Thus,
the observation of charged-current reactions induced by
high-energy electron neutrinos offer a complementary signal
for the presence of neutrino oscillations in the LSND. To
assist the analysis of the experiment in the search for these
events, we have calculated the relevant >C(v,,e ) !?B cross
sections within the same continuum random phase approxi-
mation as adopted above. Since the v,— v, oscillation prob-
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ability is in general a function of neutrino energy, we prefer
to present the relevant cross sections as a function of incident
neutrino energy. The results are listed in Table II which also
gives the cross sections for the v,-induced charged-current
reaction on '?C. Observation of the high-energy electrons
would be an important confirmation of the oscillation hy-
pothesis. The yield, however, would depend not only on the
neutrino oscillation parameters, but also on the cross sections
in Table II.

In conclusion, we presented results of our analysis of the
interaction of muon neutrinos (and antineutrinos) with °C.
We stressed that the discrepancy with the LSND measure-
ments [3] is not understood, and contrasted it with the good
agreement between experiments and calculations for the
(v.,e”) and muon capture reactions on '’C. These latter
two reactions populate the same states in the final nucleus
12N (and its mirror !?B), but the average excitation energy is
somewhat less than for the LSND experiment.

To facilitate the search for the origin of this puzzling dis-
crepancy, we also calculated the spectra and branching ratios
of the decay of the final nuclei. In particular, we predict a
potentially observable =~6% neutron branch for the
(v, ,u ") reaction on 12C at LSND. The importance of re-
solving this puzzle in the emerging field of low-energy
neutrino-nucleus interaction is obvious.
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