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Lepton	and	nuclear	currents	are:

The	weak	current	is:
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Weak	isovector Dirac	and	Pauli	form	factors	are:
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Figure 1: Di↵erential cross section of the neutral-current neutrino quasi-elastic scat-
tering on 12C in terms of the knocked-out neutron kinetic energy for an incoming neu-
trino energy equal to 150 MeV. The various lines correspond to di↵erent strangeness
contributions.
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Figure 2: Di↵erential cross section of the neutral-current neutrino quasi-elastic scat-
tering on 12C in terms of the knocked-out proton kinetic energy for an incoming
neutrino energy equal to 150 MeV.
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Figure 3: Same as Figure 1 for an incoming neutrino energy equal to 500 MeV.
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Figure 4: Same as Figure 2 for an incoming neutrino energy equal to 500 MeV.
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Figure 5: Same as Figure 1 for an incoming neutrino energy equal to 1000 MeV.
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Figure 6: Same as Figure 2 for an incoming neutrino energy equal to 1000 MeV.
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Figure 7: Ratio of the proton-to-neutron neutral-current cross sections of the neutrino
quasi-elastic scattering on 12C in terms of the knocked-out nucleon kinetic energy.
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Figure 9: Same as Figure 7 for an incoming neutrino energy equal to 1000 MeV.
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for proton (neutron) knockout reactions.

⇢s = �0.10± 0.08± 0.02

µs = 0.056±0.023±0.017. The flux-averaged

cross section is obtained from the integration

over the energy E⌫ of the incoming neutrino:
*

d�

dQ2

+

=
Z

�⌫ (E⌫)
d�

dQ2 (E⌫) dE⌫,

where the momentum transfer is related to

the kinetic energy of the emitted nucleon by

Q2 = 2mNTN , and �⌫ (E⌫) is the normalized

neutrino flux. Comparison of our results with
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where the momentum transfer is related to

the kinetic energy of the emitted nucleon by

Q2 = 2mNTN , and �⌫ (E⌫) is the normalized

neutrino flux. Comparison of our results with

the data from MiniBooNE requires that we
compute the following cross section per nu-
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d�⌫N!⌫N

dQ2
=

1

7
C⌫p,H

d�⌫p!⌫p,H

dQ2

+
3

7
C⌫p,C

d�⌫p!⌫p,C

dQ2
+

3

7
C⌫n,C

d�⌫n!⌫n,C

dQ2
,

where C⌫p,H, C⌫p,C and C⌫n,C are Q2-dependent
e�ciency correction functions for the neu-
trino scattering o↵ free proton in H, the bound
protons in C and the bound neutrons in C, re-
spectively. the strangeness parameters (⇢s =
2, µs = �0.5, and gsA � 0.1)

Flux-averaged	cross	section:

:	normalized	neutrino	flux



100

101

102

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

dσ
/d

Q
2

(1
0-1

5 fm
2 /G

eV
2 )

Q2(GeV2)

(νN, ν’N) Reaction
PW

100

101

102

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

dσ
/d

Q
2

(1
0-1

5 fm
2 /G

eV
2 )

Q2(GeV2)

(νN, ν’N) Reaction
PW
DW

100

101

102

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

dσ
/d

Q
2

(1
0-1

5 fm
2 /G

eV
2 )

Q2(GeV2)

(νN, ν’N) Reaction
PW
DW

DW ρs=2,µs=-0.5, gs
A=-0.1

100

101

102

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

dσ
/d

Q
2

(1
0-1

5 fm
2 /G

eV
2 )

Q2(GeV2)

(νN, ν’N) Reaction
PW
DW

DW ρs=2,µs=-0.5, gs
A=-0.1
Data 

Figure 11: Neutral-current quasi-elastic neutrino flux-averaged di↵erential cross sec-
tion represented on a logarithmic scale for the scattering on mineral oil (CH2) com-
pared with the MiniBooNE data [16]. The log scale displays more clearly the be-
haviour of the cross sections for large Q

2.
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Figure 12: Di↵erential cross section of the neutral-current neutrino quasi-elastic scat-
tering on 208Pb in terms of the knocked-out neutron kinetic energy for an incoming
neutrino energy equal to 40 MeV. The various lines correspond to the nuclear levels.
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Fluence for	each	neutrino	flavour is	obtained	from:
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For a	 supernova	(5		1052erg	emitting	energy	and	at	a	distance	10kpc)	
about	30	neutrons	will	be	produced	in	HALO_1	where	0.54	is	via	
neutral	current	quasi-free	reactions.
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Summary

• has	the	most	effect	on	the	cross	section.
• has	no	effect	on																	cross	section		
and	small	effect	on																	cross	section.

• Rp/n	is	grouped	with	different						values.	
• PW calculations	reproduced	the	MiniBooNE data,	
however	DW	lies	below	the	data	for	Q2<0.5	GeV2.

• In	a	standard supernova	about	30	neutrons	will	
be	produced	in	HALO_1	where	0.54	is	via	neutral	
current	quasi-free	reactions

For 500 MeV, we observe the same ordering for gsA = �0.19 and 0.0 in our Fig. 8
as in Fig.2 of Ref.[49], but with slightly di↵erent values. In both cases, our proton-
to-neutron cross section ratios are smaller than theirs.

Our results for E⌫ =1000 MeV, displayed in Fig. 9 show a big shift between curves
for ⇢s, µs, and g

s
A equal to 0.4, �0.31, �0.19 and the other strangeness values. Three

curves can be compared with Fig.4 of Ref.[50]: ⇢

s, µs, and g

s
A = 0.0, 0.0, 0.0; 0.0,

0.0, �0.19; and 0.4, �0.31, �0.19. The ordering is the same as ours, except for 0.4,
�0.31, �0.19.

We conclude this subsection with estimates of the uncertainty on the cross section
which stems from experimental uncertainty on the strangeness parameters, in order
to better quantify statements made earlier in this subsection. Let us first consider
⇢

s. In each of Figs. 1 to 9, we compare pairs of curves for which ⇢

s = 0 and 2 (which
is 10 times larger than the acceptable experimental range), while keeping µ

s = 0.0,
g

s
A = �0.1, and µ

s = �0.5, gsA = �0.1. For all the energies considered in our study,
we observe that this change of ⇢s does not have a significant e↵ect for the proton
knockout, whereas for neutron knockout, we see a change of ⇠ 5% at the peak for
neutrino energies of 150 and 500 MeV, and ⇠ 10% for 1000 MeV neutrino energy.

If we turn to the uncertainty on µ

s, we used a gap of 0.5 in our calculations,
which is six times larger than the experimental range. We compare pairs of curves
with µ

s = 0 and �0.5, respectively, while keeping ⇢

s = 0.0, gsA = �0.1 and ⇢

s = 2.0,
g

s
A = �0.1. For both neutron and proton knockout, we observe a change of ⇠ 10% at
the peak for 150 MeV neutrino energy, ⇠ 7% for 500 MeV and ⇠ 4% for 1000 MeV,
respectively. The strangeness axial form factor gsA appears to have a more significant
e↵ect on the cross section. In Figs. 1 to 9, we fix ⇢

s = 0 and µ

s = 0, while varying
g

s
A from 0 to �0.19, a gap about twice larger than the experimental range. The e↵ect
of this change is more pronounced for proton knockout than neutron knockout. The
change at the peak for the proton knockout is ⇠ 35% at all three energies. For the
neutron knockout, we see a ⇠ 30% change at the peak for 150 Mev and ⇠ 20% change
at the peak for 500 and 1000 Mev.

3.1.2 Comparison with data from the MiniBooNE experiment.

The neutral-current quasi-elastic scattering on CH2 involves three scattering pro-
cesses: on free protons in hydrogen, bound protons in Carbon and bound neutrons
in Carbon [16]. The neutrino flux for di↵erent types of neutrino species is given in
Ref.[55], and we used it to compare our calculations with experiment for the flux-
averaged neutrino cross section. Expressions for flux-averaged and flux-integrated
cross sections are given in Ref.[56]. A rather detailed comparison of neutral-current
quasi-elastic processes using various nuclear models with the MiniBooNE experiment
is available in Ref.[57].

The flux-averaged cross section is obtained from the integration over the energy
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Figure 1: Di↵erential cross section of the neutral-current neutrino quasi-elastic scat-
tering on 12C in terms of the knocked-out neutron kinetic energy for an incoming neu-
trino energy equal to 150 MeV. The various lines correspond to di↵erent strangeness
contributions.
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Figure 4: Same as Figure 2 for an incoming neutrino energy equal to 500 MeV.
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curves can be compared with Fig.4 of Ref.[50]: ⇢

s, µs, and g

s
A = 0.0, 0.0, 0.0; 0.0,

0.0, �0.19; and 0.4, �0.31, �0.19. The ordering is the same as ours, except for 0.4,
�0.31, �0.19.

We conclude this subsection with estimates of the uncertainty on the cross section
which stems from experimental uncertainty on the strangeness parameters, in order
to better quantify statements made earlier in this subsection. Let us first consider
⇢

s. In each of Figs. 1 to 9, we compare pairs of curves for which ⇢

s = 0 and 2 (which
is 10 times larger than the acceptable experimental range), while keeping µ

s = 0.0,
g

s
A = �0.1, and µ

s = �0.5, gsA = �0.1. For all the energies considered in our study,
we observe that this change of ⇢s does not have a significant e↵ect for the proton
knockout, whereas for neutron knockout, we see a change of ⇠ 5% at the peak for
neutrino energies of 150 and 500 MeV, and ⇠ 10% for 1000 MeV neutrino energy.

If we turn to the uncertainty on µ

s, we used a gap of 0.5 in our calculations,
which is six times larger than the experimental range. We compare pairs of curves
with µ

s = 0 and �0.5, respectively, while keeping ⇢

s = 0.0, gsA = �0.1 and ⇢

s = 2.0,
g

s
A = �0.1. For both neutron and proton knockout, we observe a change of ⇠ 10% at
the peak for 150 MeV neutrino energy, ⇠ 7% for 500 MeV and ⇠ 4% for 1000 MeV,
respectively. The strangeness axial form factor gsA appears to have a more significant
e↵ect on the cross section. In Figs. 1 to 9, we fix ⇢

s = 0 and µ

s = 0, while varying
g

s
A from 0 to �0.19, a gap about twice larger than the experimental range. The e↵ect
of this change is more pronounced for proton knockout than neutron knockout. The
change at the peak for the proton knockout is ⇠ 35% at all three energies. For the
neutron knockout, we see a ⇠ 30% change at the peak for 150 Mev and ⇠ 20% change
at the peak for 500 and 1000 Mev.

3.1.2 Comparison with data from the MiniBooNE experiment.

The neutral-current quasi-elastic scattering on CH2 involves three scattering pro-
cesses: on free protons in hydrogen, bound protons in Carbon and bound neutrons
in Carbon [16]. The neutrino flux for di↵erent types of neutrino species is given in
Ref.[55], and we used it to compare our calculations with experiment for the flux-
averaged neutrino cross section. Expressions for flux-averaged and flux-integrated
cross sections are given in Ref.[56]. A rather detailed comparison of neutral-current
quasi-elastic processes using various nuclear models with the MiniBooNE experiment
is available in Ref.[57].

The flux-averaged cross section is obtained from the integration over the energy
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Figure 3: Same as Figure 1 for an incoming neutrino energy equal to 500 MeV.
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Figure 4: Same as Figure 2 for an incoming neutrino energy equal to 500 MeV.
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E⌫ �PW �1n (Ref.[67])

10 0.00 0.02
15 0.411 0.6
20 2.27 2.0
25 7.05 4.6
30 16.3 8.7
35 30.9 14.4
40 52.2 21.5
45 81.3 29.7
50 119 38.6
55 167 47.9
60 224 57.4

Table 1: Total cross sections (in units of 10�15 fm2) of the neutral-current neutrino
quasi-elastic scattering on 208Pb with neutron knockout for various energies in MeV of
the incoming neutrino. �PW is computed by using the relativistic plane-wave impulse
approximation, and the last column shows the results for ⌫ ! ⌫ from Table 1 in
Ref.[67].

flavour ⌫,

dF⌫(E)

dE

=
⇣
2.35⇥ 1013

⌘ E⌫
d

2

E

3

hE⌫i5
exp

 

� 4E

hE⌫i

!

,


in

1

cm2 MeV

�
(11)

where E⌫ is the total energy emitted by the supernova, in units of 1052 erg, d is
the distance between the emitting supernova and the Earth, in unit of 10 kpc, E
is the neutrino energy, and hE⌫i = 12 MeV for the electron neutrino ⌫e considered
here. The fluence distribution for the supernova neutrinos is shown in Fig.13 with
the parameters d = 1 (that is, a distance of 10 kpc from the emitting supernova to
the Earth) and E⌫ = 5 (or 5⇥1052 erg) in Eq.11. From Fig.13, we see that the fluence
peaks at about 1.7⇥ 1010 1/MeV·cm2 around E⌫=8-9 MeV and has decreased by one
order of magnitude at E⌫=25 MeV.

The total number of events per atom in the target is obtained by using the flux-
integrated neutrino cross section, given the span of energies of the neutrinos emitted
by a supernova,

hneventi =
Z
dE �(E)

dF⌫(E)

dE

, (12)

with dF⌫(E)
dE

from Eq.(11), and �PW (E) from Table 1. Then hneventi is multiplied
by the number of Lead atoms in the HALO-1 target, which results in a total of 0.54
events for all three neutrino flavours. As mentioned earlier, this quasi-elastic one-
neutron-knockout contribution should be added to the neutral-current cross section,
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We use the maximum value of 2JB + 1 for spectroscopic factor SJiJf (JB). The Fermi
constant is GF = 1.16639 ⇥ 10�11 MeV�2, kf denotes the final momentum of the
neutrino, pN and mN are momentum and mass of the emitted nucleon, respectively.

We utilize weak form factors similar to those in Refs.[29], [34], and [42]. The
authors of Ref.[29] use the following one-particle current operator for the weak current:

j

µ = F

V
1 (Q2)�µ + i



2M
F

V
2 (Q2)�µ⌫

q⌫ �GA(Q
2)�µ

�

5
, (5)

where Q2 = |q|2�!

2 is the four-momentum transfer (with four-momentum q

µ = k

µ
i �

k

µ
f ),  is the anomalous part of the magnetic moment for nucleon, and �

µ⌫ = i
2 [�

µ
, �

⌫ ]
is the usual commutator of the Dirac matrices. The Q2-dependent functions F V

1 and
F

V
2 are the weak isovector Dirac and Pauli form factors, respectively, and they are

given by

F

V,p(n)
i =

✓
1

2
� 2 sin2

✓W

◆
F

p(n)
i � 1

2
F

n(p)
i � 1

2
F

s
i , i = 1, 2, (6)

where we have taken the Weinberg angle ✓W as sin2
✓W ' 0.23143, and the electro-

magnetic form factors F

p
i and F

n
i are as in Ref.[43]. In Eq.(6), F s

1 and F

s
2 are the

strangeness contributions to the vector form factors [42, 44],

F

s
1 (Q

2) =
(⇢s + µ

s)⌧

(1 + ⌧)(1 +Q

2
/M

2
V )

2
, F

s
2 (Q

2) =
(µs � ⌧⇢

s)

(1 + ⌧)(1 +Q

2
/M

2
V )

2
(7)

where ⌧ = Q

2
/(4m2

N), MV = 0.843 GeV, ⇢

s is the strangeness radius and µ

s is the
strangeness magnetic moment. The remaining element in Eq.(5) is the function GA,
which denotes the axial form factor [45],

GA(Q
2) =

1

2
(⌧3gA � g

s
A)G(Q2), (8)

where gA ' 1.26, G = (1 + Q

2
/M

2
A)

�2, with MA = (1.026 ± 0.021) GeV, and ⌧3 =
+1 (�1) for proton (neutron) knockout reactions. The parameter gsA is the strange
quark contribution to the axial form factor. Refs. [46] describe recent analyses of the
contribution of the strange quark to the vector and axial form factors of the nucleon,
based on various experiments [47] (also reviewed in Ref. [48]), and conclude that
⇢

s = �0.10± 0.08± 0.02 and µ

s = 0.056± 0.023± 0.017. However, in Section 3.1.1,
we used the same parameters as in Refs. [34, 49, 50] in order to compare our results
with their calculations for the Carbon target.

In order to find the semi-inclusive cross section from the exclusive triple di↵erential
cross section given in Eq. (4), we performed numerical integration over the phase
space of the outgoing neutrino, nucleon, and over all the nuclear states of the target
nucleus. We introduced the final-state interaction between the detected outgoing
nucleon and the residual nucleus through the optical potential.

4

the cross sections are similar for proton and neutron, but they di↵er with regard
to the strangeness parameters: for the neutron knockout, the cross section is the
largest when all the strangeness parameters are equal to zero, whereas for the proton
knockout, the zero-strangeness parameters result in the smallest cross sections. The
results presented in these figures indicate that the dependence of the cross section on
the strangeness parameter ⇢s is weak. This can be seen by the overlap of the curves
of µs = �0.5, gsA = �0.1, with ⇢

s = 2 and 0. This weaker dependence on ⇢

s is echoed
by the curves with µ

s = 0 and g

s
A = �0.1. This value of gsA lies within the range

g

s
A = �0.08± 0.05, given in Refs. [53, 54].
The results for E⌫ = 500 MeV are presented in Fig.3 for neutrons and Fig.4 for

protons. These figures indicate that the strangeness parameter ⇢

s plays a stronger
role for neutrons compared to 150 MeV. However, the dependence on ⇢

s remains weak
for protons.

Figs.5 and 6 show the cross sections for neutron and protons, respectively for
E⌫ = 1000 MeV. From Fig.5 we see that the role of strangeness parameter ⇢s becomes
relatively stronger with the neutrino energy. In the proton case, however, the e↵ect
of ⇢s continues to be negligible. We notice from Figs. 1 to 6 that the cross section
increases as we lower µs from 0.0 to �0.5.

When we compare our results with those of Fig.3 of Ref.[34], we observe that for
E⌫ = 500 MeV (our Figs.3 and 4) the shape of our results is similar to those in Fig.3
of Ref.[34]. Note that our results display a slight shoulder around T = 200 MeV, as
in Ref.[34]. Moreover, our results with di↵erent strangeness values are ordered as in
Ref.[34].

The Fig.1 of Ref.[49] has some similarities with our results for E⌫ = 500 MeV:
for knocked-out neutrons, their cross sections for g

s
A = 0.0 is greater than for g

s
A =

�0.19, and their values are similar to ours. Furthermore, for knocked-out protons,
the contributions are reversed: their cross sections for gsA = 0.0 is smaller than those
for gsA = �0.19, as ours.

Figs.7, 8 and 9 show the proton-to-neutron ratio of cross sections as a function
of the knocked-out nucleon kinetic energy for neutrino energies of 150, 500 and
1000 MeV, respectively. They all show the curves in the same order as Fig.5 of
Ref.[34]. A common feature of these figures is the grouping of curves according to
their strangeness: (1) the zero-strangeness curve, (2) the two curves with g

s
A = �0.19

and (3) the four curves with g

s
A = �0.1, with the p/n ratio increasing with |gsA|. For

E⌫ = 500 MeV, our curves are slightly concave upward and their values are between
0.5 and 0.7. For E⌫ = 1000 MeV, our values are smaller than those in Fig.5 of Ref.[34].
Our curve for ⇢

s, µs, and g

s
A = 2.0, 0.0,�0.10 crosses 0.0, 0.0, 0.0. That behaviour

is not shown in Fig.5 of Ref.[34]. For strangeness values ⇢

s, µs, and g

s
A = 0.0, 0.0,

�0.10, respectively, the curve in Fig.3 of Ref.[50] is locally parallel to that with zero
strangeness parameters, but higher by about 0.1; it lies between 0.9 and 0.95. We
observe exactly the same behaviour with our results, although our respective results
are slightly shifted downward.
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are close to those of Ref. !21"; the total cross sections as a
function of energy agree to within 20%–30% in the charged-
current channel and 15% in the neutral-current channel. They
are considerably smaller, however, than those of Ref. !20", as
noted in Refs. !21,22". Although Ref. !20" uses a different
nuclear model, the reasons for the difference in cross sec-
tions are more basic. Reference !22" pointed to the neglect of
terms beyond lowest order in the long-wavelength expan-
sions of the multipole operators in M# , and to a different
treatment of Coulomb corrections. The former increases the
cross sections $compared to ours% dramatically, while the lat-
ter reduces them somewhat, but still leaves them too large.
We have treated the Coulomb corrections the same way as

in Ref. !22": at each electron energy we take the smaller of
the results with a simple Fermi function and the effective
momentum approximation !32". This procedure almost cer-
tainly overestimates the cross section a little as well, but not
badly !33,22". We also tried the procedure of Ref. !20": as-
suming that the outgoing electron was always in an s wave
and correcting its wave function according to the tables of
Ref. !34", which contain the effects of a Fermi function for a
spherical charge distribution with nonzero radius. This pre-
scription, 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 $with the first Coulomb prescription and the force SIII%
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. !21,22" is encouraging. It

is possible, however, that all such calculations contain simi-
lar 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 reac-
tions, 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 av-
erage 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: $1% 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 $2% 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 associ-

ated with various parametrizations of Fermi-Dirac spectra.
Next we consider the electron energies. It takes a neutrino of

TABLE I. Neutrino cross sections in units of 10"40 cm2 as a function of energy $MeV% 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' 1n 2n total 1n 2n total 1n 2n total

5 0.39#10"7 0.67#10"11 0.66#10"11

10 0.29#10"11 0.09 0.002 0.007 0.002 0.007
15 0.91 1.54 0.06 0.08 0.05 0.08
20 4.96 6.51 0.20 0.27 0.18 0.24
25 14.66 0.45 17.63 0.46 0.03 0.62 0.40 0.03 0.54
30 25.05 3.15 32.22 0.87 0.15 1.22 0.73 0.13 1.04
35 29.27 10.85 45.37 1.44 0.42 2.15 1.18 0.36 1.79
40 33.56 23.68 64.10 2.15 0.93 3.48 1.73 0.76 2.82
45 37.91 38.97 85.33 2.97 1.74 5.25 2.34 1.39 4.17
50 42.54 53.79 106.16 3.86 2.93 7.50 2.99 2.26 5.82
55 47.17 71.63 130.09 4.79 4.56 10.24 3.65 3.42 7.78
60 52.02 90.05 154.64 5.74 6.63 13.50 4.31 4.85 10.04
65 56.31 108.73 178.75 6.71 9.17 17.25 4.97 6.54 12.57
70 60.39 129.14 204.17 7.69 12.17 21.49 5.62 8.47 15.34
75 64.03 150.40 229.88 8.67 15.59 26.14 6.25 10.62 18.31
80 67.04 170.75 253.92 9.65 19.39 31.16 6.86 12.94 21.42
85 69.69 191.16 277.58 10.58 23.51 36.43 7.44 15.39 24.61
90 71.95 211.73 300.95 11.45 27.90 41.88 7.97 17.93 27.82
95 73.91 231.25 323.03 12.23 32.47 47.39 8.45 20.51 31.00
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which	produces	a	back-to-back	proton-triton	pair,
with	the	proton	carrying	573	keV of	kinetic	energy
and	the	triton	having	191	keV.

the insertion of the 3-metre long NCD’s (Fig. 3). All
the lead, the NCDs, its support structure and most of
the shielding have been installed underground and full
readout of data have been available since May,8 2012
and daily monitoring shifts have been performed since
July, 27 2012.
The detection reaction for neutrons is

3He + n → p + t + 764keV (8)

and the observed neutron signal is shown in (Fig. 3).
The measured neutron background in the experimental
laboratory is about 4000 fast plus 4000 thermal neutrons
per m2 per day. The measured neutron rate in HALO
with the currently incomplete shielding is around 0.1
Hz. Hence for a supernova burst the background should
be negligible once the shielding is completed. Even
so HALO-1 is considered to be a first step towards
HALO-2, a 1kt lead detector with optimized neutron
detection, it has already physics potential. Assuming a
standard type of supernova explosion in 10 kpc distance
(already beyond the galactic center) the expected
number of neutrons in HALO-1 using the cross sections
of [11] predict the creation of around 90 neutrons. Even
with less than 50 % detection efficiency this is well
beyond the measured background.

3. Outlook

In the near term future HALO-1 will be calibrated
with a 252Cf source to determine the full neutron de-
tection efficiency, which is one of the major numbers
needed to extract the physics. Furthermore, early 2015
HALO might join the SNEWS network. For a high
statistics experiment HALO-2, about 1 kt of lead are re-
quired and considerations about a potential experimen-
tal setup have been started.
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