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We examine the prospects for using lead as a supernova-neutrino detector by considering the spectrum of
electrons produced, and the number of one- and two-neutron events. We show that the electron energy spectrum from charged-current reactions could be used to extract information about the high-temperature component of the neutrino spectrum. Some degree of electron neutrino oscillation is expected in the supernova
envelope. We examine the prospects for untangling the signatures of various oscillation scenarios, including,
e.g., normal or inverted hierarchies, and different values for the small mixing angle  13 .
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I. INTRODUCTION

The idea of detecting supernova neutrinos is exciting because, although galactic supernovae are rare, we could potentially learn a great deal from the neutrinos. Measuring
their spectra would give us information about the mass of the
protoneutron star core and its equation of state, and provide
input for supernova explosion calculations. In addition, we
can add to what we have learned about neutrino oscillations
from solar, atmospheric, reactor, and accelerator neutrinos.
In this paper, we analyze the capabilities of a detector based
on lead 关1,2兴 that can see both electrons from chargedcurrent neutrino interactions and neutrons from charged- or
neutral-current interactions, e.g., a detector containing lead
perchlorate 关3兴.
Supernova-neutrino detection differs from solar-neutrino
detection. Supernova neutrinos have a higher average energy,
and an intense flux for a very short period, ⬃10 s. Calculations of neutrino diffusion in the protoneutron star show that
neutrinos emitted as  and  types have higher average energies, 具 E   ,  典 ⫽16–25 MeV, than those emitted as electron
or antielectron types, which have 具 E  e 典 ⬃11 MeV and
具 E ¯ e 典 ⬃13 MeV, respectively. The energy distributions can
be fit to Fermi-Dirac spectra, although some calculations
show that they differ from Fermi-Dirac form on their tails
关4兴. This has been discussed extensively in Ref. 关5兴. The
interesting supernova physics conveyed by neutrinos lies in
the details of these distributions, acquired as the neutrinos
are emitted from the supernova core. Neutrino oscillations
will mix the spectra in the outer envelope of the supernova.
Recent data from the Sudbury Neutrino Observatory
共SNO兲 and Super-kamiokande 共SuperK兲 have demonstrated
that neutrinos oscillate, implying that they have mass. SuperK indicates that atmospheric  neutrinos oscillate into
2
⬇3
something that are not electron neutrinos, with ␦ m atmos
⫺3
2
2
⫻10 eV and a mixing angle of sin 2atmos⬇1 关6兴. Al0556-2821/2003/67共1兲/013005共10兲/$20.00

though it has long been known that the flux of electron neutrinos from the sun is smaller than expected, SNO has very
recently used its sensitivity to neutral-current scattering to
measure the total flux from all species of neutrinos. The flux
is approximately the same as predicted by the standard solar
model 关7兴, confirming that the electron neutrinos are oscillating into some combination of  and  neutrinos 关8兴. The
signal favors the large-mixing-angle 共LMA兲 solution to the
solar-neutrino problem, corresponding to mixing parameters
2
␦ m solar
⬃10⫺5 eV2 and sin22solar⬇0.8. The LMA has been
tested by the reactor experiment KamLAND 关9兴.
If all these results are cast in the form of 3-neutrino mixing, then there is still an unknown mixing angle, which is
currently limited by reactor neutrino data to be sin22reactor
ⱗ0.1 关10,11兴. The Liquid Scintillation Neutrino Detector
共LSND兲 experiment 关12兴 complicates the picture, requiring a
singlet neutrino or C PT violation in the neutrino sector 关13兴.
The oscillation parameters inferred from the solar and atmospheric results imply that neutrinos will change flavor in the
outer envelope of a supernova. The details of the transformation depend on 共a兲 the unknown mixing angle  reactor and 共b兲
whether there are more than three species of neutrino, as
implied by the combination of atmospheric, solar, and LSND
results.
Several existing facilities can detect supernova neutrinos.
If a supernova exploded 10 kpc from the earth with a luminosity of 3⫻1053 ergs and the energy partitioned equally
among neutrino flavors, SuperK would see about 8300
events from ¯ e ⫹ p→n⫹e ⫺ in its water detector 关14兴. KamLAND would see about 330 events from the same reaction in
its scintillator, and SNO would see about 360 such events in
its light water component 关15兴. KamLAND may be able to
measure the spectrum of the high-temperature neutrinos
through neutral-current neutrino-proton elastic scattering
关16兴. SNO would also be able to see 80 events from  e
charged-current breakup of the deuteron. This number would
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increase in the presence of oscillations. An additional 500
events in SNO would come from the neutral-current breakup
of the deuteron 关17兴, which has a low threshold. An analysis
of the supernova signal in a water-Cherenkov detector and in
a heavy-water detector has been conducted in Ref. 关18兴. An
analysis of neutrino mass limits from supernova time of
flight is done in Ref. 关19兴.
Here we consider a detector based on, e.g., lead perchlorate 关 Pb(ClO4 ) 2 兴 , first proposed by Elliott 关3兴. Lead had
been considered previously as a supernova detector by several groups, e.g., OMNIS 关1兴 and LAND 关2兴. Lead has an
attractively large neutrino-scattering cross section per
nucleon compared with other elements, and most of the scattering events produce neutrons 关20–22兴. Lead perchlorate,
which would be sensitive mainly to the higher-energy neutrinos, has the appealing ability to measure energy deposited
by the electrons produced in charged-current reactions in coincidence with zero, one, two, or more neutrons, as well as to
measure the number of neutrons emitted 共in isolation兲 in neutral current reactions. Per kt of lead, for the supernova described above, there would be about 378 electrons produced
with one neutron and about 234 with two neutrons, if the
oscillations are induced only by the large solar mixing angle
and the high-energy neutrinos have a Fermi-Dirac distribution with temperature T⫽8.0 MeV, and effective chemical
potential  ⫽0 关see Eq. 共4兲兴. In the neutral-current channel,
there would be about 105 one-neutron events and about 72

冋册冋
e

two-neutron events. These numbers come from the calculations described below.
In what follows, we investigate the supernova-neutrino
signal in lead perchlorate in more detail. We discuss how the
electrons produced by the charged-current scattering on lead
can be used to obtain spectral information on the hightemperature neutrinos. We then examine the possibility that
by using this information together with a comparison of the
numbers of charged- and neutral-current events, one could
distinguish among the oscillation scenarios discussed below.
In Sec. II we discuss the particulars of the neutrino oscillations and what they would mean for the spectrum of electron neutrinos coming from a supernova. In Sec. III we describe our calculations of the cross sections for neutrinoinduced spallation of neutrons from lead via the charged and
neutral currents. We compare our results to previous calculations and discuss uncertainties. In Sec. IV we present the
results of our calculations and show how they may be used to
learn about the spectra and oscillation of supernova neutrinos. Section V is a conclusion.
II. OSCILLATION SCENARIOS

Although great strides have been made recently in understanding neutrino oscillations, there are still unknown entries
in the neutrino mixing matrix. The mixing matrix can be
written as

c 12c 13

s 13e ⫺i ␦

s 12c 13
i␦

  ⫽ ⫺s 12c 23⫺c 12s 23s 13e

s 12s 23⫺c 12c 23s 13e i ␦

c 12c 23⫺s 12s 23s 13e

i␦

⫺c 12s 23⫺s 12c 23s 13e

where c i j ⫽cos ij and s i j ⫽sin ij ,  i j are the rotation angles,
the subscripts 1,2,3 denote the mass eigenstates of the neutrinos, and ␦ is the C P-violating phase. In combining the
solar and atmospheric data into a single 3⫻3 mixing
2
2
⫽m 22 ⫺m 21 ⬇ ␦ m solar
matrix, one typically associates ␦ m 21
⫺5
2
⬇10 eV . The mass-squared difference associated with
2
2
⬇ ␦ m atmos
⬇3⫻10⫺3 eV2 . The
atmospheric neutrinos is ␦ m 23
2
2
⬇3⫻10⫺3 eV2 .
relation 兺 ␦ m ⫽0 makes it clear that ␦ m 13
2
What is not clear is the sign of ␦ m 23 , since the vacuum
oscillation of atmospheric neutrinos is independent of the
2
is unknown as well.
sign. As a consequence the sign of ␦ m 31
This has important implications for supernova neutrino oscillations, since, depending on the last sign, either electron
neutrinos or electron antineutrinos will undergo a resonance
2
. The Mikheyev-Smirnov-Wolfenstein
associated with ␦ m 31
共MSW兲 effect, unlike vacuum oscillations, depends on the
2
is determined
sign of the mass difference. The sign of ␦ m 21
by the requirement that matter enhanced oscillations in the
sun cause a resonance in the  e rather than the ¯ e channel.
By finding the vacuum survival probabilities of electron
and muon neutrinos, one can further associate sin22atmos

s 23c 13

i␦

c 23c 13

册冋 册
1

2 ,
3

共1兲

⫽sin2223 cos413⬇sin2223 and translate the limit on the
electron neutrino mixing angle from reactor experiments to
sin2213⬍0.1. Finally, one associates sin22solar with
sin2212 .
What are the consequences of the above analysis for supernova neutrinos? In the 3⫻3 mixing scheme there are two
densities at which resonances can occur 关23兴. In some cases,
shock propagation 关24兴 and nonaxisymmetric explosions
关25兴 will cause the neutrinos to encounter their resonance
density more than once and thus cause time-dependent features in the profile. Here we consider the problem in the first
couple of seconds after the explosion, before the shock has
had a chance to propagate to the point where the neutrinos
may undergo a particular resonance twice.
At these relatively early times, there are two main resonances through which the electron neutrinos will propagate.
The densities at which the resonances occur are set by the
␦ m 2 ’s and the energies of the neutrinos. For a given density,
the energy that a neutrino must have to undergo a resonant
transformation is given by
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FIG. 1. Survival probability as a function of sin2213 for an
electron neutrino with energy 10, 40, and 100 MeV 共left to right兲, as
it goes through the resonance associated with ␦ m 213⬇3
⫻10⫺3 eV2 . For values below sin2213⬃10⫺3 the neutrinos above
40 MeV pass by unaffected, while for values much larger than this,
the neutrinos convert. The neutrinos that do not convert in this
resonance will partially convert at the later resonance associated
with ␦ m 221 .

where the potential is V(r)⬅2 冑2G F 关 N e ⫺ (r)⫺N e ⫹ (r) 兴 .
2
2
resonance: The sign of ␦ m solar
is fixed by the
The ␦ m 13
solution to the solar neutrino problem. However, as noted
2
is still unknown. In a ‘‘normal hierabove, the sign of ␦ m 13
2
archy’’ ( ␦ m 13
⬎0), electron neutrinos, as opposed to antineutrinos, would undergo a resonance at a density of about
103 g cm⫺3 . 共This is for a 40 MeV neutrino and a mass scale
2
␦ m 13
⬇3⫻10⫺3 eV2 .兲 If the resonance were adiabatic,
which would be the case if sin2213Ⰷ10⫺3 共see Fig. 1兲, then
the original electron neutrinos would become mostly  3 ,
which would be measured in the detector as part   and part
  . The original  e would therefore be seen primarily in the
neutral current events. The electron neutrinos would almost
all acquire the high-temperature spectrum of the original  
or   . The  3 would not mix with the other species again in
the supernova, so the electron neutrinos would retain the
‘‘hot’’ spectrum as they arrive at the earth.
2
resonance: If the electron neutrinos did not
The ␦ m 12
2
, which would
transform at the density associated with ␦ m 13
2
⫺3
imply sin 213Ⰶ10 , they would have a second opportunity
at a lower density, ⬃1 g cm⫺3 , which is associated with
2
␦ m solar
⬇10⫺5 eV2 . We assume that this resonance is adiabatic, as implied by the presupernova model profiles of 关26兴.
Then the electron neutrinos as they would be measured as
they arrive at the earth would have sin2solar of the original
 e spectrum together with cos2solar of the original   ,  spectrum. The number of charged-current events in the detector
would therefore be sin2solar times the number of events expected with only the lower-temperature spectrum and
cos2solar times the number of events expected with the
higher-temperature spectrum. The spectrum could be further
modified by the earth-matter effect if the neutrinos traveled
through the earth before reaching the detector.
We do not consider scenarios intermediate between those
just described, i.e., a partially adiabatic first resonance, with

partial transformation. In other words, as Fig. 1 shows, we
are considering situations where sin2213Ⰷ10⫺3 or sin2213
Ⰶ10⫺3 .
Inverted hierarchy: So far we have assumed a normal hierarchy where the third mass eigenstate is the heaviest. An
‘‘inverted’’ hierarchy occurs when this state is the lightest.
This would cause a resonance to occur in the electron antineutrino channel at the higher density resonance associated
2
. Since a lead-based detector sees very few ¯ e ’s,
with ␦ m 13
the inverted hierarchy would produce nearly the same signal
from lead in OMNIS or LAND as the normal hierarchy with
very small  13 .
We limit our discussion to the situation where there is
relatively little earth matter effect and there are no sterile
neutrinos.
III. CALCULATIONS

In this work we assume a Fermi-Dirac distribution for the
high-energy neutrino component. The number flux of neutrinos is given by
d⌽  共 E  兲 ⫽

1
L
f 共 E  兲 dE  ,
2
4  r 具 E 典

共3兲

where
f 共 E兲⫽

E 2

1

T 3 F 2 共  兲 exp共 E  /T  ⫺  兲 ⫹1

共4兲

and 具 E  典 ⫽T  F 3 (  )/F 2 (  ). The functions F 2 and F 3 are the
Fermi integrals
F n⫽

冕

⬁

0

x n dx
.
exp共 x⫺  兲 ⫹1

共5兲

We will assume equipartition of energy between the six neutrinos and antineutrinos, and vary the values of T and  .
Because the total energy in each species is fixed, if the average neutrino energy rises, the number flux of neutrinos
decreases.
To calculate the event rate from supernova neutrinos we
also need to know the cross sections of the charged- and
neutral-current reactions of interest:

 e ⫹ 208Pb→ 207Bi⫹n⫹e ⫺ ,

共6兲

 e ⫹ 208Pb→ 206Bi⫹2n⫹e ⫺ ,

共7兲

 x ⫹ 208Pb→ 207Pb⫹n,

共8兲

 x ⫹ 208Pb→ 206Pb⫹2n.

共9兲

Of course, only half of natural lead is 208Pb, but the cross
sections from the other isotopes should not be very different
because the thresholds are the same to within a couple of
MeV and the strength distributions depend largely on collective nuclear motion that is not much affected by the addition
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or removal of a few nucleons. The reaction rates in the other
isotopes can be calculated through slight modifications to the
methods described below.
Even in 208Pb, these cross sections have not yet been
measured. We therefore must rely on theoretical predictions.
The cross section for a neutrino with energy E  to create an
electron with energy E e is

 共 E  ,E e 兲 ⫽

G2
cos2  C p e E e ␦ 共 E  ⫺E e ⫺E f i 兲
2
⫻

冕

1

⫺1

d 共 cos  兲 M ␤ ,

共10兲

where G cos C is the effective weak coupling constant,  is
the angle between the directions of the incident neutrino and
the outgoing electron, p e is the outgoing electron momentum, and E f i is the excitation energy of the 208Bi with
respect to the ground state of 208Pb. The quantity M ␤ is a
combination of matrix elements operators of the form
ជ  ⫹ , j l (qr)Y l (⍀)ⵜ
ជ  ⫹ , and
j l (qr)Y l (⍀)  ⫹ , j l (qr)Y l (⍀) 
ជ
ជ
j l (qr)Y l (⍀)  ⵜ  ⫹ 共these include the usual Fermi and
Gamow-Teller operators in the long-wavelength approximation兲 where  ⫹ changes a neutron into a proton and q⬅ 兩 qជ 兩 is
the momentum transferred to the nucleus, which ends up as
208
Bi.
Our calculations are based on the coordinate-space
Skyrme-Hartree-Fock method in a 20 fm box, followed by
the A- and B-matrix version of random phase approximation
共RPA兲 with the same Skyrme interaction in the basis of
Hartree-Fock states. We actually do the calculations twice,
using two different sets of expressions 共关27,28兴兲 for M ␤ as
well as two different Hartree-Fock and RPA codes. For T
⫽8,  ⫽0 neutrinos, the cross sections from the two versions differ only by 8% when one neutron is emitted and 4%
when two are emitted. We include all multipoles up to J
⫽4. 共The contributions of higher multipoles are smaller at
these neutrino energies.兲 We truncate the Hartree-Fock spectrum at a value high enough to contain most of the strength;
increasing it by a few MeV produces almost no change. In
particular, the configuration space used is large enough to
satisfy both the nonenergy-weighted and the energyweighted sum rules. We reduce the value of the axial-vector
coupling constant g A from 1.26 to 1 in the 1 ⫹ channel to
account for spin-quenching 共this may still be a slight overestimate for lead; see Ref. 关20兴兲. Finally, we treat the Coulomb
interaction of the outgoing electron with the final nucleus as
in Ref. 关22兴. 共We comment on the procedure for the Coulomb
corrections below.兲
An amount of energy E f i ⫽E  ⫺E e is transferred to the
nucleus, so that a number of nuclear states can be excited.
Much of the cross section is in giant resonances, e.g., the
Gamow-Teller 共GT兲 resonance, 15.6 MeV above the ground
state of 208Bi, and the dipole and spin-dipole resonances,
which make up a broad peak centered about 25 MeV above
the ground state. It is important for calculations to reproduce
these resonances; an error of a few MeV can make about a
20% difference in the flux-averaged cross sections 关22兴. In

FIG. 2. Total charged-current cross sections, in fm2 as a function
of neutrino energy, for the Skyrme interactions SIII 共solid line兲 and
SkO⫹ 共dashed line兲.

our random phase approximation 共RPA兲 calculations we used
two Skyrme forces, the venerable SIII 关29兴 and the force
SkO’ 关30兴 with the ‘‘time-odd’’ terms in the energy functional explicitly adjusted to reproduce GT strength distributions as described in Ref. 关31兴; we refer to the latter as
SkO⫹. The interactions both correctly locate the isobaric
analog state and GT centroid to within an MeV, put the dipole and spin-dipole strength in the right region, and give
similar results more generally. Figure 2 shows the total cross
sections from the two as a function of energy. They are
nearly identical except at high energies that contribute little
to the supernova-neutrino flux.
For neutral current cross sections, Eq. 共10兲 still holds provided the outgoing electron is replaced by a neutrino or antineutrino 共the quantity M ␤ contains different coefficients,
and is not corrected for Coulomb effects兲. We again quench
all matrix elements in the 1 ⫹ channel by (1/1.26) 2 , and assume that the nucleon carries no isoscalar 共i.e., strange兲 axial
current. Our calculation here follows the same steps as in the
charged-current channel except that we use the like-particle
RPA instead of the charge-changing RPA.
We want to calculate the individual cross sections for the
emission of 0, 1, or 2 neutrons. Following Ref. 关20兴, we do
so by assuming that two or more neutrons are emitted if the
excitation energy of the final nucleus is more than 2.2 MeV
above the two-neutron-emission threshold, and one neutron
if it is less than that but greater than the 100 keV above
one-neutron-emission threshold. For high-energy supernova
neutrinos, the 1 ⫹ excitations in charged-current reactions are
usually associated with the emission of one neutron and the
dipole and spin-dipole states with the emission of two. For
example, with a neutrino flux characterized by
T⫽8,  ⫽0—typical predicted values for the hot
spectrum—the 1 ⫹ states contribute 53% of the one-neutron
cross section and only 5% of the two neutron cross section.
The dipole and spin-dipole states (0 ⫺ , 1 ⫺ , and 2 ⫺ ) contribute 62% of the two-neutron cross section but only 15% for
one-neutron emission.
Our results are nearly identical with those in Ref. 关22兴 and
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TABLE I. Neutrino cross sections in units of 10⫺40 cm2 as a function of energy 共MeV兲 for emission of one and two neutrons, and
summed over all decay channels, obtained with the Skyrme force SIII. We include the charged-current channel for neutrinos, and the
neutral-current channel for both neutrinos and antineutrinos.

 e →e
E
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

1n

2n

→
total

1n

2n

⫺7

0.29⫻10
0.91
4.96
14.66
25.05
29.27
33.56
37.91
42.54
47.17
52.02
56.31
60.39
64.03
67.04
69.69
71.95
73.91

⫺11

0.45
3.15
10.85
23.68
38.97
53.79
71.63
90.05
108.73
129.14
150.40
170.75
191.16
211.73
231.25

0.39⫻10
0.09
1.54
6.51
17.63
32.22
45.37
64.10
85.33
106.16
130.09
154.64
178.75
204.17
229.88
253.92
277.58
300.95
323.03

¯ →¯
total

1n

2n

total

0.03
0.13
0.36
0.76
1.39
2.26
3.42
4.85
6.54
8.47
10.62
12.94
15.39
17.93
20.51

0.66⫻10⫺11
0.007
0.08
0.24
0.54
1.04
1.79
2.82
4.17
5.82
7.78
10.04
12.57
15.34
18.31
21.42
24.61
27.82
31.00

⫺11

0.002
0.06
0.20
0.46
0.87
1.44
2.15
2.97
3.86
4.79
5.74
6.71
7.69
8.67
9.65
10.58
11.45
12.23

are close to those of Ref. 关21兴; the total cross sections as a
function of energy agree to within 20%–30% in the chargedcurrent channel and 15% in the neutral-current channel. They
are considerably smaller, however, than those of Ref. 关20兴, as
noted in Refs. 关21,22兴. Although Ref. 关20兴 uses a different
nuclear model, the reasons for the difference in cross sections are more basic. Reference 关22兴 pointed to the neglect of
terms beyond lowest order in the long-wavelength expansions of the multipole operators in M ␤ , and to a different
treatment of Coulomb corrections. The former increases the
cross sections 共compared to ours兲 dramatically, while the latter reduces them somewhat, but still leaves them too large.
We have treated the Coulomb corrections the same way as
in Ref. 关22兴: at each electron energy we take the smaller of
the results with a simple Fermi function and the effective
momentum approximation 关32兴. This procedure almost certainly overestimates the cross section a little as well, but not
badly 关33,22兴. We also tried the procedure of Ref. 关20兴: assuming that the outgoing electron was always in an s wave
and correcting its wave function according to the tables of
Ref. 关34兴, which contain the effects of a Fermi function for a
spherical charge distribution with nonzero radius. This prescription, which typically underestimates Coulomb effects at
high electron energies, reduces the total cross section at T
⫽8,  ⫽0 by about 20%. We give our results in tabular
form 共with the first Coulomb prescription and the force SIII兲
in Table I.
How accurate are our calculations? The good agreement
between the two quite different Skyrme forces and between
our calculations and those of Refs. 关21,22兴 is encouraging. It

0.03
0.15
0.42
0.93
1.74
2.93
4.56
6.63
9.17
12.17
15.59
19.39
23.51
27.90
32.47

0.67⫻10
0.007
0.08
0.27
0.62
1.22
2.15
3.48
5.25
7.50
10.24
13.50
17.25
21.49
26.14
31.16
36.43
41.88
47.39

0.002
0.05
0.18
0.40
0.73
1.18
1.73
2.34
2.99
3.65
4.31
4.97
5.62
6.25
6.86
7.44
7.97
8.45

is possible, however, that all such calculations contain similar mistakes. They are all done in the RPA, and they all treat
Coulomb effects in a similar way. There may be systematic
nuclear structure uncertainties, related, e.g., to the issue of
quenching of forbidden multipoles in charge-exchange reactions, that no data accurately address. It is hard to assert,
especially without a more detailed comparison to available
data from hadronic charge-exchange and electron-scattering
experiments, that the cross sections are accurate to better
than 25% for high-temperature supernova-neutrinos. The average recoil energy is a much more robust quantity, however;
there our two calculations typically differ by less than a few
percent, and even when we change the treatment of Coulomb
effects, the difference is typically less than 5% or 10%. We
can probably take that range as a reasonable estimate of the
uncertainty in the average energy. We will make use of this
observable in the next section to show how the temperature
of the supernova neutrinos can be significantly constrained.
IV. RESULTS

Here we use the calculations described in the previous
sections to show: 共1兲 how to use charged-current events in
which an electron is emitted in coincidence with one neutron
or with two neutrons to characterize the neutrino spectrum,
and 共2兲 how to use the charged- and neutral-current signal to
determine what sort of oscillation has taken place.
First, we display in Fig. 3 the numbers of events associated with various parametrizations of Fermi-Dirac spectra.
Next we consider the electron energies. It takes a neutrino of

013005-5

PHYSICAL REVIEW D 67, 013005 共2003兲

J. ENGEL, G. C. McLAUGHLIN, AND C. VOLPE

FIG. 4. Energy spectra of electrons associated with one-neutron
共solid line兲, and two-neutron 共long dashed line兲 events obtained by
folding the cross sections 关Eq. 共10兲兴 with the neutrino fluxes 关Eq.
共3兲兴 for a neutrino spectrum parametrized by T⫽8 MeV and 
⫽3 in 1 kt (106 kg) of Pb.

FIG. 3. These contour plots show the number of electrons emitted from 1 kt of lead with one neutron 共top panel兲 and two neutrons
共bottom panel兲. The contours on the top panel are from left to right
500, 450, 400, and 350. The contours on the bottom panel are from
left to right 450, 350, 250, and 150. The horizontal axis is the
temperature of a Fermi-Dirac distribution of neutrinos, while the
vertical axis shows the effective chemical potential.

about 18 MeV to excite lead with much probability. The
observed electron energies are therefore chiefly sensitive to
the high-energy tail of the neutrino spectrum. In Fig. 4 we
show the electron-energy spectra associated with one and
two neutrons, obtained by folding the cross sections calculated with the Skyrme force SIII 共which we use below unless
we explicitly state otherwise兲 with the neutrino flux in Eqs.
共3兲–共5兲 for T⫽8 MeV,  ⫽3. The spectra observed in the
detector will have very nearly these shapes with either partial
or complete oscillations. The high thresholds associated with
one- and 共especially兲 two-neutron emission make the signal
even less sensitive to the original low-temperature component of the spectrum.
If there were no oscillations at all, and all the electron
neutrinos had a temperature T⫽3 MeV and an effective
chemical potential  eff⫽3, there would be only ⬃92 oneneutron events and ⬃5 two-neutron events. If oscillations
were to occur, these numbers would be much larger. If the

2
transformation associated with the ␦ m 13
was complete and
T⫽8, ⫽0, there would be ⬃460 one-neutron events, with
an average electron energy of 22.9 MeV, and ⬃310 twoneutron events, with an average energy of 26.2 MeV. If instead the oscillations were due to the resonance associated
2
(sin22solar⬇0.75), the ⬃370 one-neutron events
with ␦ m 12
would have an energy of 22.1 MeV, hardly any different than
before, and the two-neutron events would simply be reduced
in number by almost exactly 25%, with little change in the
spectral shape.
Because the shapes of the electron-energy spectra do not
depend significantly on whether the oscillations are complete
or partial, they can provide a lot of information on the original  /  -neutrino spectrum. Of course, we do not know the
cross sections perfectly, so extracting the neutrino spectrum
from the electron spectra is not trivial. We therefore focus on
an observable that proved fairly robust against changes in the
calculation: the average electron energy for one- and twoneutron events. In Fig. 5 we show a few contours in a plot of
the average energy as a function of the temperature and effective chemical potential, assuming a Fermi-Dirac distribution for the higher-energy component of the neutrinos. The
figure shows that the higher the temperature of the neutrinos,
the higher the average electron energy. The same is true of
the chemical potential, particularly when it reaches 2 or 3.
To show that the calculations of average energies are not
very sensitive, Fig. 6 presents the results with the two different forces, SIII and SKO⫹. Figure 5 shows the same plot but
with more contours and only for the force SIII. The contour
lines in Fig. 7 show the effects of uncertainties in the calculated average energies. The figure shows the ⫾5% and
⫾10% regions for an electron spectrum with an average energy of 20 MeV emitted with one neutron, and for a spectrum with average energy 23 MeV emitted with two neutrons. Even with an uncertainty of ⫾10% 共see the last
section兲, the temperature can be determined to within about 1
MeV. If the average energies can be accurately measured,
therefore, the temperature of the neutrino distribution can be

013005-6

PHYSICAL REVIEW D 67, 013005 共2003兲

WHAT CAN BE LEARNED WITH A LEAD-BASED . . .

FIG. 5. These contour plots show the average energies of electrons emitted from lead with one neutron 共top panel兲 and two neutrons 共bottom panel兲. The contours on the top panel are from left to
right 24, 22, 20, 18, and 16 MeV while those on the bottom panel
are from left to right 26, 24, 22, and 20 MeV.

determined well. On the other hand, if one considers only the
average energies, a large range of chemical potentials is allowed 共at least for  ⬍3), almost independent of how well
the average energy can be measured.
One might ask how much we gain by considering the oneand two-neutron contours simultaneously. We could plot the
two sets on the same figure, creating a grid that would in
theory allow us to determine both T and  . Unfortunately the
contours for the two kinds of events are nearly parallel except at large  , so that such a plot may not provide a stronger constraint on the flux parameters.
In Fig. 8, we plot the width of the distribution, defined as
具 E 2e ⫺ 具 E e 典 2 典 1/2 instead of the average energy. We use ⫾5%
and ⫾10% contours for a width of 12 MeV for both electrons emitted with one neutron and electrons emitted with
two neutrons. This quantity, too, is not sensitive to  unless
 is large. The ⫾5% and ⫾10% contours depend, of course,
on what average energy is measured. Furthermore, a similar
analysis, both here and for the average energies, may be
performed with deviations from a Fermi-Dirac spectrum.

FIG. 6. These contour plots show the average energies of electrons emitted from lead with one neutron 共top panel兲 and two neutrons 共bottom panel兲. The two contours on the left 共bottom兲 side of
each panel are for 23 MeV 共19 MeV兲 average energy for two different forces.

The extent to which the electron spectra are useful for
determining the high-temperature component of the spectrum depends very much on the contamination from other
neutrino sources. As discussed above, in the case of partial
transformation, the low-temperature component of the spectrum will contribute very little to the average energies of
electrons associated with two neutrons, but can make almost
an MeV difference in the average energy of electrons associated with one neutron. Furthermore, if the lead perchlorate
were mixed with water, interactions with chlorine, oxygen,
and hydrogen would also occur. Oxygen and chlorine have
high thresholds for the emission of neutrons, and they also
emit protons, so their event rates will be low. But if the water
were 20% of the detector there would be approximately 70
events from
¯ e ⫹ p→n⫹e ⫹

共11兲

共assuming a normal hierarchy with sin212⬇0.75) per kt of
lead perchlorate. These events will be difficult to distinguish
from the one-neutron charged-current events on lead.
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FIG. 7. Contour plot showing the average energies of electrons
emitted from lead with one and two neutrons. In the plot on the
bottom figure, the bands show the ⫾5% 共inner兲 and ⫾10% 共outer兲
bands for an average energy of 20 MeV of an electron emitted with
two neutrons. In the plot on the top figure, the bands show the
⫾5% 共inner兲 and ⫾10% 共outer兲 bands for an average energy of 23
MeV of an electron emitted with two neutrons.

In the case of a normal hierarchy and no earth matter
effect, the antineutrino signal would consist of ⬃sin212 of
the original ¯ e spectrum and cos212 of the original ¯  , 
spectrum. If a detector such as Super-Kamiokande or KamLAND were operating at the time, it would be able to determine the ¯ e spectrum, making it possible to subtract out that
component. If not, however, one might have to rely on the
two-neutron signal. That by itself, though, is enough to get a
good handle on the temperature of the high-temperature neutrinos, as discussed above.
We turn finally to the problem of distinguishing between
two likely neutrino spectra at the detector: a completely hot
spectrum associated with the normal hierarchy and complete
conversion at the first resonance, and an ⬃75% hot, ⬃25%
cold mixture associated with either the inverted hierarchy or
very small  13 . Once the electron energy spectrum has been
used to learn about the hot component of the electronneutrino energy spectrum, we can then use the ratio of

FIG. 8. Same as Fig. 7, except that here we show contours of the
width of electron energy distribution for one 共top figure兲 and two
共bottom figure兲 neutrons. We show contours of ⫾5% and ⫾10%
for a width of 12 MeV.

charged-current to neutral-current events to get around the
problem of not knowing the distance to the supernova.
Figure 9 shows the ratio of the number of charged-current
events to the number of neutral-current events 共with no electrons兲. Since in the charged-current reactions the neutron
emission threshold is high, only high energy neutrinos cause
events. Furthermore, the neutral current signal is unaffected
by oscillations. Therefore the partial-oscillation scenario results in a ratio that is about 3/4 共or cos212) of what complete
oscillations yield. Clearly, to exploit this result it is essential
to know the reaction cross sections precisely, i.e., to within
about 10%. No calculations, including ours, are that certain
but improvements in the model, e.g., through an exact treatment of Coulomb effects, and 共especially兲 measurements of
neutrino/lead cross sections could get us to that level.
If experimental work on solar neutrinos continues, then at
the time a supernova explodes there may well be a detector
in place that can see electron antineutrinos through the reaction ¯ e ⫹ p→n⫹e ⫹ . The positron spectrum, which will
closely track the incoming antineutrino distribution, could in
principle be used in conjunction with lead to determine the
difference between the normal and inverted hierarchies.
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FIG. 9. Ratio of charged current events to neutral current events
in the case of the various oscillation scenarios. An ‘‘event’’ produces either one or two neutrons. From left to right: total conversion at the ␦ m 213 resonance, partial 共adiabatic兲 conversion at the
␦ m 212 resonance, and no conversion. This figure is made assuming
T⫽8.0 MeV  ⫽3 for the high-temperature flux, T⫽5.0 MeV, 
⫽0 for the original ¯ e flux, and T⫽3 MeV  ⫽3 for the original
 e flux.
V. CONCLUSIONS

In this paper, we have analyzed the properties of a leadbased supernova-neutrino detector. The expected energy distribution of electrons emitted with one or two neutrons peaks
somewhere in the low 20’s of MeV, depending on the details
of the incoming neutrino spectral shape. We expect a few
hundred charged- and neutral-current events per kt of lead.
We have used the random-phase-approximation with effective Skyrme forces to calculate neutrino-lead cross sections. Our results are in agreement with those of Refs. 关21兴
and 关22兴, but lower than the ones in Ref. 关20兴, for reasons we
understand. We used two different Skyrme forces, SIII and a
parametrization we call SkO⫹ based on the force SkO’; the
average electron energies obtained with these two interactions are within a few percent of each other. Despite this
good agreement, it is difficult to assess quantitatively the
overall systematic uncertainties in our cross sections. We do
not know how much forbidden strength, which is particularly
important in the two-neutron channel, is quenched, or even
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much about how it is distributed. It is possible, however, to
improve the calculations, and additional data from neutrino
scattering and electron scattering would help tremendously.
The spectra of neutrinos reaching the earth can be modified by oscillations. We have argued that in most scenarios,
the electron energy spectrum can be used to determine the
temperature 共and perhaps the effective chemical potential兲 of
the hot neutrino spectrum, due to neutrinos that were originally emitted as   or   . 共We find that lead has little sensitivity to the cold neutrinos originally emitted as  e , or, in
the charged-current channel, to antineutrinos.兲 With a ⫾5%
theoretical uncertainty in the average energies of the electrons, there would be an approximately 0.5 MeV uncertainty
in the temperature of the hot neutrino spectrum. This doubles
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so that a lead detector would provide crucial information
about the protoneutron star.
We discussed the possibility of distinguishing between the
complete and partial neutrino transformation by using the
ratio of charged-current to neutral-current event numbers. Although the idea works in principle, it would be hard to use
now because of the uncertainty in calculated cross sections.
However, it should be possible to distinguish between the
case of no transformation and either partial or complete
transformation. Since some degree of transformation is expected, either due to the LMA or  13 this ability will provide
an important check of our understanding of neutrino physics.
A measurement of neutrino cross sections on lead is very
important. As discussed above, we need a reasonable degree
of certainty in the average energies to extract information
about the incoming neutrino spectrum. That certainty is even
more important if we want to see whether some or all of the
original electron neutrinos have oscillated. The ability to distinguish between the two would let us use supernovae to
learn something about the size of  13 or discover whether
nature has chosen the normal or inverted hierarchy.
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