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Abstract

We find that recent results from the KamLAND Collaboration on geologically produced antineutrinos,N(U + Th) = 28+16
−15

events, correspond to a radiogenic heat production from uranium and thorium decay chainsH(U + Th) = 38+35
−33 TW. The

99% confidence limit on the geo-neutrino signal translates into the upper boundH(U + Th) < 162 TW, which is much weake
than that claimed by KamLAND,H(U + Th) < 60 TW, based on a too narrow class of geological models. We also perfo
an analysis of KamLAND data including recent high precision measurements of the13C(α,n)16O cross section. The resu
N(U + Th) = 31+14

−13, corroborates the evidence (� 2.5σ ) for geo-neutrinos in KamLAND data.
 2005 Elsevier B.V. All rights reserved.

PACS: 91.35.-x; 13.15.+g; 14.60.Pq; 23.40.Bw
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1. Introduction

Geologically produced antineutrinos (geo-neutr
os) were introduced by Eder[1] in the sixties and Marx
[2] soon realized their relevance. In the eighties Kra
et al. discussed their potential as probes of the Ea
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interior in an extensive publication[3]. In the nineties
the first paper on a geophysical journal was publis
by Kobayashi et al.[4]. In 1998, Raghavan et al.[5]
and Rotschild et al.[6] pointed out that KamLAND
and Borexino should be capable of geo-neutrino
tection.

The potential of geo-neutrinos for providing info
mation on the energetics and composition of the E
has been discussed in Refs.[7,8] and more recently in
Ref. [9]. The KamLAND Collaboration has just pub
.
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lished[10] their experimental results, claiming som
28 geo-neutrino events from uranium and thorium
cay chains in a two-year exposure. This important s
shows that the technique for exploiting geo-neutrin
in the investigation of the Earth’s interior is now ava
able. In order to understand where to go with g
neutrinos, we have to know where we stand, in
light of the available data. In this spirit, the aim of th
Letter is to discuss the implication of the KamLAN
result on the contribution of uranium and thorium d
cay chains to the terrestrial heat.

2. The geo-neutrino signal and the radiogenic
terrestrial heat

For a given value of, e.g., the uranium mass
the Earth,m(U), the contributed heat production ra
from the uranium decay chain is uniquely determin
H(U) = 0.95 TW×m(U)/(1016 kg), whereas the flux
and signal of geo-neutrinos depend on the detecto
cation and on the uranium distribution inside the Ea
The connection between the signal of geo-neutri
from the uranium decay chain, the mass of urani
in the Earth and the heat production rate from t
element was found in Ref.[9], by using global mas
balance together with a detailed geochemical and g
physical study of the region surrounding Kamioka.

We remark that the mass of uranium in the cru
mc(U), is rather well constrained by geological da
in the interval(3–4) × 1016 kg. The main uncertainty
is the amount of uranium (and thorium) in the man
Geo-neutrinos should provide us with this inform
tion.

For a total uranium massm(U) in the Earth, the
maximal and minimal signals can be derived by us
a proximity argument: the maximal (minimal) sign
is obtained by placing the sources as close (as
as possible to (from) the detector, consistently w
geochemical and geophysical constraints. The m
mal signal is thus obtained for an uranium rich cru
mc(U) = 4 × 1016 kg, and distributing uniformly in
the mantle the rest of uranium,m(U) − mc(U). The
minimal signal corresponds to an uranium poor cru
mc(U) = 3×1016 kg, and distributing the rest near th
bottom of the lower mantle. These maximal and m
imal signals provide the borders of Fig. 5 of Ref.[9],
where the interested reader can find more details.
We have extended the same calculations to thori
assuming a global chondritic uranium-to-thorium m
ratio, m(Th)/m(U) = 3.9 ± 0.1, so that we can now
connect the combined signal of geo-neutrinos fr
uranium and thorium progenies,S(U + Th), with the
radiogenic heat production rate from these eleme
H(U + Th), seeFig. 1.

The geo-neutrino signal is expressed in Terres
Neutrino Units, one TNU corresponding to 10−32ν̄e

captures per target proton per year.
The allowed band inFig. 1 is estimated by con

sideringrather extreme1 models for the distribution
of radioactive elements, chosen so as to maximiz
minimize the signal for a given heat production ra
[9].

We also remark that, in comparison with the exp
imental error,the width of the band is so narrow th
we can limit the discussion to the median line of t
allowed band inFig. 1, which represents our best es
mate for the relationship between signal and powe

For the Bulk Silicate Earth (BSE) model,H(U +
Th) = 16 TW, our prediction for Kamioka is centere
at 37 TNU.

By assuming that uranium and potassium in
Earth are in the ratio 1/10 000 and that there is n
potassium in the core, the total radiogenic powe
H(U + Th + K) = 1.18H(U + Th). With these as-
sumptions, a maximal and fully radiogenic heat p
duction rate,H(U + Th + K) = 44 TW, corresponds
to H(U + Th) = 37 TW, which gives a signalS(U +
Th) ≈ 56 TNU.

The KamLAND Collaboration has reported[10]
data from an exposure ofNp = (0.346±0.017)×1032

free protons over a timeT = 749 days with a de
tection efficiencyε = 69%: the effective exposur
is thus Eeff = Np × T × ε = (0.487 ± 0.025) ×
1032 protons yr. In the energy region where ge
neutrinos are expected, there areC = 152 counts,
implying a statistical fluctuation of±12.5. Of these
counts, a numberR = 80.4±7.2 are attributed to reac
tor events, based on an independent analysis of hi
energy data. Fake geo-neutrino events, origina

1 We are neglecting here the possibility that some uranium or
rium is hidden in the core. This possibility, which has been advan
by some authors (see, e.g., Herndon[11] and Hofmeister and Cris
[12]) would imply an even smaller signal-to-power ratio.
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enotes the
hip between
wed
Fig. 1. The combined signal from uranium and thorium geo-neutrinos and the radiogenic heat production rate. The shaded area d
region allowed by geochemical and geophysical constraints. The dashed median line represents our best estimate for the relations
signal and power. The dotted line denotes the “rescaled models” of Eq.(3), used in[10]. Note that most of these models are outside the allo
area. One TNU corresponds to 10−32ν̄e captures per target proton per year.
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from 13C(α,n)16O reactions following the alpha deca
of contaminant210Po, are estimated to beF = 42±11,
where the error is due to a 20% uncertainty on
13C(α,n)16O cross section and a 14% uncertainty
the number of210Po decays in the detector. Other m
nor backgrounds account forB = 4.6 ± 0.2 events.
The number of geo-neutrino events is estimated
subtraction,N(U + Th) = C − R − F − B, with an
uncertainty obtained by combining the independ
errors:N(U + Th) = 25+19

−18. The geo-neutrino signa

is thusS(U + Th) = N(U + Th)/Eeff = 51+39
−36 TNU.

From the median line inFig. 1one finds

(1)H(U + Th) = 31+43
−31 TW (rate only).

This “rate only” study has been improved in Ref.[10]
by exploiting the shape of the spectrum. A likeliho
analysis of the unbinned spectrum yieldsN(U+Th) =
28+16, see Fig. 4(b) of Ref.[10]. This impliesS(U +
−15
Th) = 57+33
−31 TNU and

(2)H(U + Th) = 38+35
−33 TW (rate+ spectrum).

The best fit value is close to the maximal and fu
radiogenic model, however the BSE is within 1σ .

By using the median line inFig. 1, the 99% con-
fidence limit on the signal (145 TNU) correspon
to 133 TW. If we include the uncertainty band
the theoretical models, we find an upper bound
162 TW, see point A inFig. 1. This point correspond
to a model with a total uranium massm(U) = 80×
1016 kg, an uranium poor crust,mc(U) = 3× 1016 kg,
the rest of the uranium being placed at the bottom
the mantle, and global chondritic thorium-to-uraniu
ratio.

This 162 TW upper bound is much higher than
60 TW upper bound claimed in Ref.[10], which was
obtained by using a family of geological models whi
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are too narrow and are alsoincompatible with well-
known geochemical and geophysical data.

In fact, the authors of Ref.[10] start with a ref-
erence BSE model derived from Ref.[13]: the total
uranium mass ismBSE = 8 × 1016 kg, roughly half
in the crust and the rest in the mantle, and the ab
dance ratio is Th/U = 3.9. This model correspond
to HBSE(U + Th) = 16 TW and predicts a signa
of 38.5 TNU, very close to our prediction for BSE
The signalis assumed to scale with the total mass o
U + Th, so that heat production and signal are a
proportional:

(3)S(U + Th) = 38.5 TNU× H(U + Th)/(16 TW).

In this way, the 99% upper limit on the signal, 1
TNU, is translated into 60 TW[10], see point B in
Fig. 1.

This scaling assumption, however, produces a
limited series of models. The points in the shaded a
of Fig. 1correspond to all models which are compa
ble with available geochemical and geophysical da2:
most of these models cannot be obtained by Eq.(3)
and predict, for a given signal, a larger power th
Eq. (3), which therefore cannot be used to derive
upper bound on the radiogenic power production.

Furthermore, Eq.(3) implies that uranium in the
crust (and in the mantle) scales linearly with the
tal uranium mass. This becomes incompatible with
geochemical data on the crust (mc(U) < 4× 1016 kg)
already for total masses slightly above the BSE e
mate, i.e., for models whereH(U + Th) > 20 TW.
For example, in the model yielding 60 TW (point B
Fig. 1) the crust should contains about 13× 1016 kg
of uranium, four times more than the largest ge
chemical estimate. This inconsistency is clearly s
in Fig. 1, which shows that the family of models la
beled as “rescaled models” lies essentially in the g
chemically excluded region.

We remark that the boundH(U + Th) < 162 TW
which we have extracted from KamLAND data do
not add any significant information on Earth’s interi
since anything exceedingH(U + Th) = 37 TW (i.e.,
H(U + Th + K) = 44 TW) is unrealistic. The uppe

2 We note that actually models withH(U + Th) > 37 TW are
essentially unrealistic; this portion of the graph is included just
discussing KamLAND results.
limit simply reflects the large uncertainty in this pi
neering experiment.

On the other hand, what is important for dec
ing the potential of future experiments is the relatio
ship between geo-neutrino signal and heat produc
in the physically interesting region,H(U + Th) �
37 TW. The basic parameter is the slope,dS/dH ,
which expresses how the experimental error tra
lates into an uncertainty on the deduced heat prod
tion. For our models we find fromFig. 1 dS/dH �
1 TNU/TW. Discrimination between BSE and full
radiogenic models, which requires a precision�H ∼
7 TW, requires thus an experiment with an accur
�S ∼ 7 TNU. The “rescaled models” of Ref.[10],
yieldingdS/dH � 2.4 TNU/TW, might misleadingly
suggest that the same goal can be achieved for�S =
17 TNU.

3. The geo-neutrino signal and the 13C(α,n)16O
cross section

As already remarked, a major uncertainty
extracting the geo-neutrino signal originates fro
the 13C(α,n)16O cross section.3 The values used in
Ref. [10] are taken from the JENDL[14] compilation,
which provides anR-matrix fit of relatively old data.
A 20% overall uncertainty has been adopted in[10],
corresponding to the accuracy claimed in the origi
experimental papers (see, e.g., Ref.[17]).

Recently a series of high precision measureme
for this cross section has been performed[15]. In the
relevant energy range(1–5.3) MeV, the absolute nor
malization has been determined within a 4% accur
The measured values are generally in very good ag
ment with those recommended in JENDL, seeFig. 2;
however, we find that the neutron yield per alpha p
ticle is 5% smaller. It follows that the number of fa
neutrinos is lower,F = 40 ± 5.8, and geo-neutrino
events obviously increase.4

3 In fact, the claim of 9 geo-neutrino events in Ref.[16] should
be dismissed: more than half of these events are to be conside
fake signal, produced from13C(α,n)16O reaction.

4 Indeed Ref.[10] mentions that an alternative analysis includi
the time structure of the scintillation light from different particl
produced a slightly larger geo-neutrino signal, which is consis
with the result presented here.
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.
Fig. 2. Cross section of13C(α,n)16O. The solid line corresponds to the JENDL compilation, dots are the experimental points from Ref[15].
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The “rate only” analysis gives now 27+16
−15 geo-

neutrino events, corresponding toS(U + Th) = 55+33
−31

TNU. From the median line ofFig. 1, the radiogenic
power is now:

H(U + Th) = 36+35
−33 TW

(4)
(
rate+ new13C(α,n)16O

)
.

We also performed an analysis5 of the binned spec
trum reported in Fig. 3 of Ref.[10]. This analysis
gives N(U + Th) = 31+14

−13 counts, corresponding t

S(U + Th) = 63+28
−25 TNU and thus

H(U + Th) = 44+31
−27 TW

(5)
(
rate+ spectrum+ new13C(α,n)16O

)
.

5 A complete analysis requires several details (the unbinned s
trum, the energy dependence of the detection efficiency, . . . ) w
are not available to us. Just for a comparison, the binned spec
analysis using the JENDL cross sections with 20% uncertainty g
usN(U + Th) = 28.5+15, in agreement with[10].
−14
4. Concluding remarks

In summary, the new data on13C(α,n)16O corrob-
orate the evidence for geo-neutrinos in KamLAN
data, which becomes near to 2.5σ .

On the other hand, the determination of radioge
heat power from geo-neutrino measurements is stil
fected by a 70% uncertainty. The best fit ofH(U+Th)

is close to the prediction of a maximal and fully rad
ogenic model, however the BSE prediction is with
1σ from it.

With more statistics KamLAND should be capab
of providing a three sigma evidence of geo-neutrin
but discrimination between BSE and fully radiogen
models definitely requires new detectors, with cl
and size similar to that of KamLAND, far away from
nuclear power plants.
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