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Abstract

We reanalyse the LSND neutrino oscillation results in the framework of the projected quasiparticle random phase approximation (PQRPA),
which is the only RPA model that treats the Pauli principle correctly, and accounts satisfactorily for great majority of the weak decay observables
around 12C. We have found that the employment of the PQRPA inclusive DIF 12C(νe, e

−)12N cross-section, instead of the CRPA used by the
LSND Collaboration in the νμ → νe oscillations study of the 1993–1995 data sample, leads to the following: (1) the oscillation probability is
increased from (0.26 ± 0.10 ± 0.05)% to (0.33 ± 0.10 ± 0.13)%, and (2) the previously found consistence between the (sin2 2θ,�m2) confidence
level regions for the νμ → νe and the ν̄μ → ν̄e oscillations is significantly diminished. These effects are not due to the difference in the uncertainty
ranges for the neutrino–nucleus cross-section, but to the difference in the cross-sections themselves.
© 2006 Elsevier B.V. All rights reserved.

PACS: 14.60.Pq; 23.40.Bw
Several recent experiments [1–7] strongly suggest that neu-
trinos oscillate. This means that a neutrino of a certain fla-
vor (e.g. νμ) transforms as it propagates into a neutrino of
another flavor (e.g. νe), violating the conservation of the lep-
ton number. For this to happen, the simplest and most widely
accepted explanation is that neutrinos have masses and mix-
ing. There are evidences of transitions for three different �m2:
∼ 8 × 10−5 eV2 (solar), ∼ 2.5 × 10−3 eV2 (atmospheric) and
∼ 1 eV2 (LNSD), which cannot all be understood in the context
of three neutrino oscillations. Normally, the liquid scintillator
neutrino detector (LSND) results are not taken into account
when fitting neutrino oscillation data. Nevertheless, one has to
try to understand the real significance of the LSND measure-
ments, specially because �m2 ∼ 1 eV2 is of particular interest
to astrophysics and cosmology. The LSND experiment took
place over six calendar years finding evidence for the appear-
ance of electron–antineutrinos ν̄e at the 3.3σ level [1,3], and
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at lesser significance they have observed as well hints for the
appearance of electron–neutrinos νe [2,3]. The first of these sig-
nals is the main LSND result and the second weaker signal was
used as a consistency check. The positive results in both chan-
nels were interpreted in a two-flavor framework as transitions
between the weak eigenstates νμ (ν̄μ) and νe (ν̄e) driven by
masses and mixing. In fact, quantum mechanics dictates that in
this case the normally observed weak eigenstates (νμ, νe) can
oscillate between each other with probability

(1)Pνμ→νe = sin2(2θ) sin2
(

1.27�m2 Lν

Eν

)
,

if they are composed of a mixture of mass eigenstates (ν1, ν2).
Here θ is the mixing angle between the mass and flavor bases,
�m2 = m2

1 − m2
2 is the ν1 and ν2 mass squared differences in

eV2, Lν is the baseline, the distance in meters travelled by the
neutrino from the source to the detector, and Eν is the neutrino
energy in MeV.

The combination of the LSND data with other compelling
evidences for neutrino oscillations, stemming from atmospher-
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ic [4], solar [5], KamLAND [6] reactor, and K2K [7] accel-
erator neutrino experiments, cannot be adequately explained
in the standard three-neutrino picture with CPT conservation,
and this issue is considered to be a big challenge for neutrino
phenomenology [8–10]. Models with four light neutrinos (the
extra neutrino being sterile) [11] or CPT violation [12] with
three neutrinos have been proposed to accommodate all neu-
trino data. However, in both cases, recent analyses show that
neither scenario provides a satisfactory description of the data
[13,14].

In the LSND experiment the neutrinos νμ come from the de-
cay of π+ in flight (decay in flight, DIF), whereas the neutrinos
νe and the antineutrinos ν̄μ come from the decay of μ+ at rest
(decay at rest, DAR), i.e.,

π+ → μ+ + νμ π+→μ+ + νμ

↓
e+ + νe + ν̄μ

DIF DAR

The search for the DAR ν̄μ → ν̄e oscillations [1,3] involves
the measurement of the reaction p(ν̄e, e

+)n, which has a large
and well-known cross-section. The events are identified by de-
tecting both the e+ and the 2.2 MeV γ -ray from the reaction
p(n,γ )d . On the other hand, the signature for the DIF νμ → νe

oscillations [2,3] is marked by the presence of an isolated high
energy electron (60 < EDIF

e < 200 MeV) in the detector. It
is produced by the charge-exchange reaction 12C(νe, e

−)12N,
which takes place throughout the tank, the cross-section of
which σe is, as yet, not well established. The lower and upper
energy cuts for EDIF

e were chosen in such a way as to be above
the Michel electron end point of 52.8 MeV and below the point
where the beam-off background starts to increase rapidly and
the signal becomes negligible.

There are two LSND studies of the DIF νμ → νe oscilla-
tions. The first analysis was done on the 1993–1995 data sample
[2], which gave a total of Nosc

νe
= 18.1 ± 6.6 ± 4.0 oscillation

events, corresponding to a transition probability

(2)P
exp
νμ→νe = (2.6 ± 1.0 ± 0.5) × 10−3,

when the cross-section σe predicted by Kolbe et al. within the
continuum random phase approximation (CRPA) is used [15].
In the second search, the 1996–1998 data sample [3] was in-
cluded as well, with reduced DIF flux and higher beam-off
background compared to the 1993–1995 data. The reason for
this modification lies in the fact that in this study first priority
was given to the DAR ν̄μ → ν̄e oscillations, which have been
analysed jointly. Moreover, for σe has been employed in this
occasion two different models. Namely, the shell model (SM)
estimate, done by Hayes and Towner [16], for the DAR re-
gion, and a relativistic Fermi gas model for the DIF region. The
resulting total excess was Nosc

νe
= 8.1±12.2±1.7 events, yield-

ing

(3)P
exp
νμ→νe = (1.0 ± 1.6 ± 0.4) × 10−3.
The aim of the present work is to explore the role played by
these nuclear structure effects in the delimitation of the neu-
trino parameters for the DIF νμ → νe oscillations.1

Before proceeding, and to make more clear the objective of
the present work, it is convenient to discuss briefly the flux-
averaged exclusive cross-sections

(4)σ̄ exc
� =

Emax
ν�∫

0

dEν σ�

(
E� = Eν − Δ,1+

1

)
Φ�(Eν)

and the inclusive cross-sections

(5)σ̄ inc
� =

Emax
ν�∫

0

dEν σ�(Eν)Φ�(Eν),

where

(6)σ�(Eν) =
∑
Jπ
f

σ�

(
E� = Eν − ωJπ

f
, J π

f

); � = e,μ.

The spin and parity-dependent cross-section σ�(E�, J
π
f ) is

given by [17, (2.19)], ωJf
are the excitation energies in 12N rel-

ative to the ground state in 12C, and Δ ≡ ω1+
1

= 17.3 MeV. The
energy integration for electrons is carried out in the DAR inter-
val me + ωJf

� ΔDAR
Jf

� Emax
νe

= 52.8 MeV, and for muons in

the DIF interval up to mμ + ωJf
� ΔDIF

Jf
� Emax

νμ
= 300 MeV.2

Φ�(Eν) is the normalised neutrino flux; for νe it is approxi-
mated by the Michel spectrum, and for νμ that from Ref. [18]
was used.

The experimental data for the exclusive and inclusive cross-
sections, given in Table 1, show that the DAR and DIF
processes are of quite different nature: while the first one is
dominated in proportion of 2/3 by the Gamow–Teller (GT)
transition to the ground state 1+

1 in 12N, the second one pop-
ulates almost entirely the excited states through the forbidden
transitions. It is quite a difficult task for the nuclear structure
models to describe both cross-sections simultaneously.

The SM treats correctly the Pauli principle within the p-
shell, which is crucial for the correct distribution of the GT
strength, whereas the predictions for high-lying states are less
certain because of the truncation of the model space. In fact,
the SM calculation performed by Hayes and Towner [16] repro-
duces fairly well several data. But, in a later SM study, Volpe et
al. [19] noted that this concordance could be an artifact because
the employed model space was not large enough to exhaust the
charge-exchange sum rules. More, the same authors have shown
that when a more extended space is employed the SM cross-
sections are increased exceeding the experimental LSND result.

1 Accurate knowledge of the ν cross-section, and the related observables,
plays an important role for the next generation of experiments. Various tar-
get nuclei, like C, O, Fe, Ar, Pb, . . . , are normally (and presumably will be)
employed to provide the detector mass.

2 In order to invert the summation on Jπ
f

and the integration on dEν , we
have extended the lower limit of integration in (4) from m� + ωJf

to zero by

defining σ�(E� = Eν − ωJf
, Jπ

f
) ≡ 0 for E� < m�.
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Table 1
Calculated and experimental flux-averaged exclusive σ̄ exc

e,μ , and inclusive σ̄ inc
μ cross-section for the 12C(νe, e

−)12N DAR reaction (in units of 10−42 cm2) and for

the 12C(νμ,μ−)12N DIF reaction (in units of 10−40 cm2). The CRPA calculations [15] were used in the first LSND analysis on the 1993–1995 data sample [2],
and the SM calculations from Ref. [16] in the second LSND oscillation search [3]. The listed PQRPA results correspond to the calculations performed with the
relativistic corrections included [17]. One alternative SM result as well as the RPA and QRPA results from Ref. [19] are also shown

σ̄ exc
e σ̄ inc

e σ̄ exc
μ σ̄ inc

μ

Theory
CRPA [15] 36.0, 38.4 42.3, 44.3 2.48, 3.11 21.1, 22.8
SM [16] 7.9 12.0 0.56 13.8
PQRPA [17] 8.1 18.6 0.59 13.0
SM [19] 8.4 16.4 0.70 21.1
RPA [19] 49.5 55.1 2.09 19.2
QRPA [19] 42.9 52.0 1.97 20.3

Experiment
Ref. [20] 9.1 ± 0.4 ± 0.9 14.8 ± 0.7 ± 1.4
Ref. [21] 0.66 ± 0.1 ± 0.1 12.4 ± 0.3 ± 1.8
Ref. [22] 8.9 ± 0.3 ± 0.9 13.2 ± 0.4 ± 0.6
Ref. [23] 0.56 ± 0.08 ± 0.10 10.6 ± 0.3 ± 1.8
The RPA like models include high-lying one-particle one-
hole excitations, but very frequently completely fail to account
for the amount and distribution of the GT strength as can be
seen from Table 1. This is the reason why the CRPA is unable
to explain the weak processes (β-decays, μ-capture, and neu-
trino induced reactions) among the ground states of the triad
{12B, 12C, 12N}: a rescaling factor of the order of 4 is needed to
bring the calculations and the data to agree [15], and a subse-
quent ad hoc inclusion of partial occupancy of the p1/2 subshell
reduces this factor to less than 2 [24,25]. It is still more relevant
here that the CRPA overestimates the inclusive 12C(νμ,μ−)12N
cross-section with νμ coming from the DIF of π+ by about
50% [21] or more [23], because one can assume that the DIF
12C(νe, e

−)12N cross-section, which gauges the νμ → νe os-
cillations, is affected in the same proportion. This assumption
comes from the universality of the weak interaction and was
done in the first LSND analysis [2].3

Thus, it might be interesting to reanalyse the LSND re-
sults in the framework of the projected quasiparticle random
phase approximation (PQRPA) [27], which is the only RPA
model that treats correctly the Pauli principle, explaining in this
way the distribution of the GT strength. To achieve this it was
imperative both: (a) to include the BCS correlations, and (b)
to perform the particle number projection. Under these con-
ditions most of the weak decay observables around 12C are
within 20% of the PQRPA predictions. This happens, for in-
stance, with: (1) the B(GT)-values to 12N and 12B, (2) the
exclusive muon captures to the 1+

1 , 2+
1 , 1−

1 and 2−
1 states, as

well as the inclusive muon capture in 12B, and (3) the exclu-
sive cross-sections σ̄ exc

e and σ̄ exc
μ and the inclusive cross-section

σ̄ exc
μ [17,27]. The only exception is the inclusive cross-section,

σ̄ inc∗
e = σ̄ inc

e − σ̄ exc
e , for which the PQRPA value, 10.5 (in units

of 10−40 cm2), is more than 100% larger that the experiment
result, 4.3 ± 0.4 ± 0.6 [22]. From the nuclear structure point of

3 Since the work of O’Connell, Donelly and Walecka [26] we know that elec-
tron and muon cross-sections differ for low neutrino energy, but tend to merge
for high neutrino energy.
view the theoretical evaluation of this quantity is a peculiarly
delicate and subtle issue and therefore deserves a special com-
ment. In fact from Table VI in Ref. [17] it can be seen that in the
PQRPA case σ̄ inc∗

e is build up from the interplay of GT strength
not contained in the 1+

1 state, the Fermi (F) transitions to the
0+ states, and the first forbidden transitions to the 1− and 2−
states. All these quantities are relatively small and evaluating
them precisely is a very difficult task. Then one should not be
surprised by the most recent SM calculation [19] which yields
a result (σ̄ inc∗

e = 8.3) which is twice as large as that obtained
in the previous SM study: σ̄ inc∗

e = 4.1 [16]. The CRPA result
σ̄ inc∗

e = 6.3 [15], very likely does not contain any GT and F
strengths as it should, and therefore, in this case, the agreement
with the experiment could be accidental.

We will limit our attention only to the 1993–1995 data sam-
ple [2], which, as mentioned before, yields a more defined
signal for the oscillation events. The experimental oscillation
probability can be written as

(7)P
exp
νμ→νe = Nν

εfn〈σΦνμ〉 − 〈σΦνe〉
〈σΦνμ〉 ,

where the νe flux (from now on) is defined as

(8)Φνe = Φμ+
νe

+ Φπ+
νe

,

with the fluxes Φ
μ+
νe and Φπ+

νe
coming, respectively, from the

DIF decays π+ → e+ + νe and μ+ → e+ + νe + ν̄μ. fn =
(9.23 × 1022) · (5.4 × 1030), with the first quantity being the
number of protons on target (POT), while the second one is the
fiducial volume (number of molecules of CH2 in the detector
tank). Nν = Nosc

ν + N
bg
ν = 27.7 ± 6.9 is the total number of

beam-excess events measured by LSND, and ε is the event se-
lection efficiency. The averaged inclusive cross-sections are

〈σΦν�
〉 =

∑
Jπ
f

E>
Jπ
f∫

E<
Jπ
f

σe

(
Ee = Eν − ωJf

, J π
f

)
Φν�

dEν;

(9)� = e,μ,
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Fig. 1. (Colour online.) Comparison between the CRPA and PQRPA results
for: σe(Eν) in units of 10−40 cm2 (upper panel), and, in units of 10−52

POT−1 MeV−1, for σe(Eν)Φνμ (middle panel) and σe(Eν)Φνe (lower panel).

where E<
Jπ
f

= 60 MeV + ωJπ
f

and E>
Jπ
f

= 200 MeV + ωJπ
f

. In

order to simplify the numerical calculations which follow, in-
stead of using the exact equations (8), we will employ here the
approximate ones:

(10)〈σΦν�
〉 =

E>∫
E<

σe(Eν)Φν�
dEν; � = e,μ,

where σe(Eν) is given by (5), and E< = 60 MeV + Δ,
and E> = 200 MeV + Δ. We have verified numerically that
Eqs. (10) reproduce Eqs. (9) up to a few per cent. The neu-

trino fluxes Φνμ,Φπ+
νe

and Φ
μ+
νe were adopted from Ref. [2].

The CRPA and PQRPA results for σe(Eν), σe(Eν)Φνμ and
σe(Eν)Φνe are confronted in Fig. 1, as a function of Eν .

The systematic error associated with the PQRPA cross-
section is taken to be 20%, based on our theoretical uncer-
tainties (see Tables V–VII in [17]), and agreement between
measured data and theoretical predictions for the weak decay
observables involving the 12C nucleus [17,27]. Therefore, con-
sidering the same uncertainties as in the LSND search [2] in
the selection of ε (12%) and in the flux Φνμ (15%), we end
up with a total systematic error of 28%, which yields Nosc

ν =
21.5 ± 6.6 ± 8.5. In this way the PQRPA result for the oscilla-
Fig. 2. (Colour online.) The energy distribution (in 4 energy bins) of the
LNSD excess events, Nν(i), together with the corresponding experimental er-
rors δNν(i) (vertical lines) and the energy intervals Eν(i) (horizontal lines).
The theoretical CRPA and PQRPA values for the expected background events,

Ñ
bg
ν (i), are shown as well.

tion probability turns out to be:

(11)P
exp
νμ→νe = (3.3 ± 1.0 ± 1.3) × 10−3.

The difference when compared to the CRPA result (2) is due
to the difference in the electron cross-section, as evidenced in
Fig. 1.

In order to determine a confidence region in the (sin2 2θ,

�m2) parameter space we proceed in the same manner as in
Ref. [2]. First we rearrange the data for energy distribution of
the excess events (see [2, Fig. 29]) in four equal energy bins
Nν(i), as shown in Fig. 2. Next, we minimise the χ2 function

(12)χ2 =
4∑

i=1

[
Nν(i) − Ñν(i)

δNν(i)

]2

,

where Ñν(i) = Ñosc
ν (i) + Ñ

bg
ν (i), with

Ñosc
ν (i) = εfn

∫
Eν(i)

σ (Eν)R(Eν)Φνμ(Eν)Pνμ→νe dEν,

(13)Ñ
bg
ν (i) = εfn

∫
Eν(i)

σ (Eν)R(Eν)Φ
bg
νe (Eν) dEν,

where Pνμ→νe is a function of Eν , sin2(2θ) and �m2, and is
defined in (1). We include the resolution function [28],

(14)R(Eν) = 1√
2πε(Eν)

E>∫
E<

exp

[
−1

2

(
E′

ν − Eν

ε(Eν)

)2]
dE′

ν,

which takes into account the probability for finding the electron
inside the window of detection, with ε(Eν) = 0.06Eν being the
experimental energy resolution [2].

To set the confidence levels (CL) we used the raster scan
method [29]: for each value of �m2, a best fit is found for
sin2 2θ . At each �m2, χ2 is calculated as a function of sin2 2θ .
The 1D confidence interval in sin2 2θ at �m2 is composed of
all points having a χ2 within 3.84 of the minimum value (3.84
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Fig. 3. (Colour online.) Regions in the neutrino oscillation parameter space. In
the upper panel the results for νμ → νe oscillations without the inclusion of the
systematic uncertainty are shown, while the lower panel shows those with the
uncertainty included, as described in the text.

is the two-sided 95% CL for a distribution χ2 with one degree
of freedom). The confidence region in the (sin2 2θ,�m2) is the
union of all these intervals.

Our (sin2 2θ,�m2) oscillation parameter fits for the DIF
channel νμ → νe, corresponding to both the CRPA [15] and
PQRPA [17] cross-sections, are shown in Fig. 3, along with the
favoured regions for the LSND DAR measurement for ν̄μ → ν̄e

[1]. In order to better understand the consequences of using
different cross-sections, the confidence regions obtained with
(lower panel) and without (upper panel) inclusion of the sys-
tematic uncertainties, are displayed separately. In the calcula-
tion with the CRPA cross-section these uncertainties are taken
to be the same as in the LSND search [2], i.e., of 22% for the
positive side, which shifts the parameter space downwards, and
of 45% for the negative side, which shifts the parameter space
upwards. On the other hand, an uncertainty of 28% is used for
both negative and positive side, when the PQRPA cross-section
is employed.

We see that, when the systematic uncertainties are consid-
ered, the CRPA 95% CL region fully comprises the 99% CL
region for the ν̄μ → ν̄e oscillations, which is in essence the re-
sult obtained by the LSND Collaboration [2]. Contrarily, this
does not happen in the PQRPA case where the overlapping be-
tween the two regions is only marginal. It is important to stress
that the νμ → νe region is dragged towards the ν̄μ → ν̄e region
by the positive side uncertainty, while the role played by the
negative side uncertainty is of minor importance. For the sake
of completeness the result of the joint νμ → νe and ν̄μ → ν̄e

oscillation parameter fit over (sin2 2θ,�m2) plane for the com-
plete 1993–1998 data sample [3], is also displayed in Fig. 3.

In summary, we have found that the employment of a
smaller inclusive DIF 12C(νe, e

−)12N cross-section, than the
one used by the LSND Collaboration [2] in the νμ → νe os-
cillations study of the 1993–1995 data sample, leads to the
following consequences: (1) the oscillation probability P

exp
νμ→νe

is increased, and (2) the previously found consistence between
the (sin2 2θ,�m2) confidence level regions for the νμ → νe

and the ν̄μ → ν̄e oscillations is diminished. More, these ef-
fects are not due to the difference in the uncertainty ranges for
the neutrino–nucleus cross-section, but to the difference in the
cross-sections themselves, and are quite significant when the
PQRPA is used instead of the CRPA. Thus, precise knowledge
of the nuclear structure involved in the ν-nucleus cross-section,
could play an important role in the delimitation of the neutrino
parameters for the DIF νμ → νe oscillations.
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[27] F. Krmpotić, A. Mariano, A. Samana, Phys. Lett. B 541 (2002) 298.
[28] J.N. Bahcall, P.I. Krastev, E. Lisi, Phys. Rev. C 55 (1997) 494.
[29] G. Feldman, R. Cousins, Phys. Rev. D 57 (1998) 3873.

http://www.nu.to.infn.it/exp/all/lsnd/

	A reanalysis of the LSND neutrino oscillation experiment
	Acknowledgements
	References


