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Antineutrinos from Earth: A reference model and its uncertainties
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We predict geoneutrino fluxes in a reference model based on a detailed description of Earth’s crust and
mantle and using the best available information on the abundances of uranium, thorium, and potassium inside
Earth’s layers. We estimate the uncertainties of fluxes corresponding to the uncertainties of the element
abundances. In addition to distance integrated fluxes, we also provide the differential fluxes as a function of
distance from several sites of experimental interest. Event yields at several locations are estimated and their
dependence on the neutrino oscillation parameters is discussed. At Kamioka we predictN(U1Th)53566
events for 1032 proton yr and 100% efficiency assuming sin2(2u)50.863 anddm257.331025 eV2. The maxi-
mal prediction is 55 events, obtained in a model with fully radiogenic production of the terrestrial heat flow.
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I. INTRODUCTION

By looking at antineutrinos from reactors, KamLAND@1#
has confirmed the oscillation phenomenon previously d
covered by SNO@2# with solar neutrinos and has provide
crucial information on the oscillation parameters. Putting
gether the results of solar and terrestrial experiments, the
fit is obtained atdm257.331025 eV2 and sin2(2u)50.863
@3#. Since we know their fate from production to detectio
neutrinos can now be used as physical probes.

Furthermore, the detector is so pure and the sensitivit
so high that KamLAND will be capable of studying geoen
trinos, the antineutrinos originating from Earth’s natural
dioactivity. Indeed, from a fit to the experimental data t
KamLAND Collaboration reported four events associa
with 238U and five with 232Th decay chains. This result, ob
tained from an exposure of just 162 ton yr, provides the fi
insight into the radiogenic component of the terrestrial he
KamLAND has thus opened a new window for studyi
Earth’s interior and one expects more precise results in
near future from KamLAND and other detectors which a
presently in preparation.

The argument of geoneutrinos was introduced by Eder@4#
in the 1960’s and it was extensively reviewed by Krau
et al. @5# in the 1980’s. Raghavanet al. @6# and Rothschild
et al. @7#1 remarked on the potential of KamLAND and Bo
exino for geoneutrino observations. Fiorentiniet al. @8–10#
discussed the relevance of geoneutrinos for determining
radiogenic contribution to Earth’s heat flow and their pote
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1We shall always refer to the version available as nucl-ex/9710
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tial for improving our knowledge of oscillation parameter
see also Ref.@11#.

In preparation to the data which will become available
the near future, we present a systematic discussion of g
neutrinos, which incorporates the best geological a
geochemical information on their sources and outlines
main uncertainties, so as to understand what can be ga
from the study of geoneutrinos concerning both Earth’s in
rior and neutrino properties. With this spirit, we shall co
sider the following points.

~i! We provide a reference model that incorporates
best available knowledge for the distribution of U, Th, and
in Earth’s interior.

~ii ! Within this model we predict neutrino fluxes and si
nals for detectors at different positions on Earth.

~iii ! We estimate uncertainties of neutrino fluxes and s
nals corresponding to uncertainties of the U, Th, and K d
tributions.

II. THE REFERENCE MODEL: ELEMENT
DISTRIBUTIONS AND GEONEUTRINO FLUXES

A global look at Earth’s interior is useful before entering
detailed discussion on the element distributions. The amo
of information which we~assume to! have on Earth’s interior
is somehow surprising, if one considers that the deepest
which has ever been dug is probably only ten kilomet
deep, a mere dent in planetary terms.

The outer layer is the relatively thin crust, divided in tw
types, continental crust~CC! and oceanic crust~OC!. The
former averages 38 km in thickness, varying around
globe from 20 to 70 km, and it is made primarily of ligh
elements such as potassium, sodium, silicon, calcium,
aluminum silicates. The oceanic crust is much thinner, fr
about 6 to 8 km.

Inside this crustal skin is Earth’s mantle which is 2900 k
deep overall. Largely made up of iron and magnesium s
1
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cates, the mantle as a whole accounts for about 68%
Earth’s mass. One distinguishes the upper mantle2 ~UM!
from the lower mantle~LM !, however, the seismical discon
tinuities between the two parts do not necessarily divide
mantle into layers. The main questions about the mantle
does it move as a single layer or as multiple layers? I
homogeneous in composition or heterogeneous? How do
convect? These questions sound simple, but the answer
complex, possibly leading to more questions, see Ref.@12#.

Inside the mantle is Earth’s core, which accounts
about 32% of Earth’s mass. Based on comparison with
behavior of iron at high pressures and temperatures in la
ratory experiments, on the seismic properties of the core,
on the fact that iron is the only sufficiently abundant hea
element in the universe, the core is generally believed to
made primarily of iron with small amounts of nickel an
other elements. Over thirty years ago, however, it was s
gested that a significant amount of potassium could be
den in Earth’s core, thus providing a large fraction of t
terrestrial heat flow through40K decay. This controversia
possibility has been revived recently in Ref.@13#.

Uranium, thorium, and potassium are lithophile elemen
which accumulate in the continental crust. Their abunda
in the mantle is much smaller, however, the total amounts
comparable with those in the crust, due to the much lar
mantle mass. The core is generally believed to contain n
ligible amounts of these elements.

A global description of the present crust-plus-mantle s
tem is provided by the bulk silicate earth~BSE! model, a
reconstruction of the primordial mantle of Earth, subsequ
to the core separation and prior to crust differentiation, ba
on geochemical arguments. In the BSE model the uran
abundance3 is aBSE(U)5231028, and one has Th/U
[a(Th)/a(U)53.9 and K/U[a(K)/a(U)51.143104,
where the quoted values are averages between different
mates, all consistent with each other to the level of 10%
better, see Table I. In the BSE model the total masse
uranium, thorium, and potassium are thusM (U)50.81
31017 kg, M (Th)53.1631017 kg, and M (K) 50.49
31021 kg.

The equation relating masses and heat production is

H59.5M ~U!12.7M ~Th!13.6M ~K!, ~1!

whereH is in TW, M (U) andM (Th) are in units of 1017 Kg,
andM (K) in units of 1021 Kg.

In the BSE model, the contributed heat production ra
areH(U)57.6 TW, H(Th)58.5 TW, andH(K) 51.8 TW,
for a total of about one half of the observed terrestrial h
flow (HE'40 TW).

2We shall define the upper mantle as the shallow mantle plus
transition region, i.e., the region below the crust down to 677
@15#.

3We shall always refer to element abundances in mass and
remind the reader that the natural isotopic composition is238U/U
50.993,232Th/Th51, and 40K/K51.231024.
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A. Uranium, thorium, and potassium distributions

Our aim is to build a reference model~labeled as ‘‘ref’’!,
which incorporates the best available knowledge of U, T
and K distributions inside Earth. Concerning Earth’s cru
we distinguish oceans and seawater, the continental c
subdivided into three sublayers~upper, middle, and lower!,
sediments and oceanic crust. All these layers have b
mapped in Ref.@14#, which provides values of density an
depth over the globe on a grid with 2° steps. We distingu
next the upper mantle~extending down to about 600 km!, the
lower mantle~down to about 2900 km!, and the core, and us
the preliminary reference earth model~PREM! @15# for the
values of the density at each depth, assuming spherical s
metry.

For each component, one has to adopt a value for
abundancesa(U), a(Th), anda(K). In the literature of the
last twenty years one can find many estimates of abunda
for the various components of the crust~OC, upper CC,
lower CC, . . . !, generally without an error value~see Tables
II, III, and IV !, two classical reviews being in Refs.@16,17#
and a most useful source being provided by the GERM R
ervoir database@18#.

For the upper mantle we are aware of several estimate
Jochumet al. @19#, White @20#, O’Nions and McKenzie@21#,
Hofmann@22#, and Zartman and Haines@23#. In this respect
data obtained from material emerged from unknown dep
are assumed to be representative of the average compos
down to about 600 km.

For each~sub!layer of the crust and for the upper mantl
we adopt as reference value for the uranium abunda
aref(U) the average of the values reported in Tables II,
and IV. Concerning Th and K, we observe that the ab
dance ratios with respect to uranium are much more con
tent among different authors than the corresponding abso
abundances. We shall thus take the average of ratios
from these construct the reference abundances for thor
and potassium:

aref~Th!5^Th/U&aref~U! and aref~K!5^K/U&aref~U!.
~2!

For the lower mantle, where no observational data are av
able, we resort to the BSE model, which—we recall
describes the present crust-plus-mantle system based
geochemical arguments.

The mass of each element (X5U, Th, K! in the lower
mantle MLM(X) is thus obtained by subtracting from th

e

e

TABLE I. Abundances in the bulk silicate Earth model.

a(U) Th/U K/U Remarks

2.131028 4.0 1.143104 @29#

2.331028 @30#

2.031028 4.0 1.273104 @22#

1.831028 3.6 1.03104 @16#

2.031028 3.9 1.143104 average
1-2
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TABLE II. Uranium abundances in Earth’s interior.

Layer Available data Adopted value Remarks
a(U) aref(U)

Oceans & Seawater 3.231029 3.231029 @31#

Sediments 1.6831026 1.6831026 @32#

Upper CC (2.2;2.4;2.5;2.8)31026 2.531026 Average of@33#, @33#, @17#, @16#

Middle CC 1.631026 1.631026 @34#

Lower CC (0.20;0.28;0.93;1.1)31026 0.6231026 Average of@34#, @16#, @17#, @25#

Oceanic crust 0.131026 0.131026 @16#

Upper mantle (5;8)31029 6.531029 Average of@19#, @23#

Lower mantle 13.231029 From Eq.~3! with
aBSE(U)5231028

Core 0
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BSE estimate the mass calculated for the crust and u
mantle:

MLM~X!5MBSE~X!2MCC~X!2MOC~X!2MUM~X!.
~3!

Reference abundances for the lower mantle are then obta
by dividing these values by its massMLM52.931024 kg.
According to geochemical arguments, negligible amounts
U, Th, and K should be present in the core.

The resulting choice of input values for the referen
model is collected in Tables II, III, and IV. Concerning th
reference model, we remark the following points.

~i! The uranium mass in the crustMc(U)50.35
31017 kg is mainly concentrated in the continental part. T
oceanic crust contributes as little as 0.00531017 kg, since its
impoverished by a factor of 20 and it is much thinner th
the continental crust.

~ii ! The estimated uranium mass in the upper mantle
about one sixth of that in the crust, whereas the lower ma
contains about as much uranium as the crust.

~iii ! Note that in this reference model, constructed so a
satisfy the BSE constraint~3!, mantle depletion~with respect
to BSE! extends to the lower mantle.

~iv! Similar considerations hold for thorium and pota
sium.

B. The reference fluxes

For each elementX the produced4 antineutrino fluxes at
position rW are defined as

FX~rW !5
nX

4pmXtX
E

V%

dr8W
r~r 8W !aX~r 8W !

urW2r 8W u2
, ~4!

wheret is the lifetime,m is the atom mass,n is the number
of antineutrinos per decay chain, the integral is over the v
ume of the earth,r is the local density, andaX is the abun-
dance of the elementX. We have evaluated the produce

4The produced fluxes are calculated ignoring oscillations, wh
will be discussed later.
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fluxes at several sites on the globe within the refere
model (a5aref). We concentrate here on a few locations
specific interest, see Tables V, VI, and VII.

~i! For the Kamioka mine, where the KamLAND detect
is in operation, we predict an uranium fluxFU53.7
3106 cm22 s21, a comparable flux from thorium and a fou
fold flux from potassium. Within the reference model, abo
3/4 of the flux is generated from material in the crust and
rest mainly from the lower mantle.

~ii ! At Gran Sasso laboratory, where Borexino@24# is in
preparation, we predict an uranium fluxFU54.2
3106 cm22 s21, this larger flux arising from a bigger con
tribution of the surrounding continental crust. Thorium a
potassium fluxes are correspondingly rescaled.

~iii ! At the top of Himalaya, a place chosen so that t
crust contribution is maximal, we find the maximum uraniu
flux FU56.73106 cm22 s21. The crust contribution ex-
ceeds 90%.

~iv! On the Hawaii, a site which minimizes the crust co
tribution, we find FU51.33106 cm22 s21, originated
mainly from the mantle.

These computed reference fluxes are generally larger
those of Rothschild@7#, by a factor of order 30–50 %. Thi
arises from several differences in the approaches.

~i! We have used a more recent and detailed map
Earth’s crust: the grid is denser and several layers are dis
guished.

~ii ! We have a more detailed model for the mantle, cor
sponding to the PREM density profile.

~iii ! Most important, our reference values for the abu
dances in the continental crust are larger than that use
Ref. @7#. As an example, Rothschildet al. use for the conti-
nental crustaCC(U)50.91 ppm from a classical review pa
per of 1985@16#. Our reference model, when averaged ov
the different sublayers, yieldsaCC(U)51.5 ppm. This larger
value arises from taking into account recent data, which
all higher than those quoted in Ref.@16#.

The produced fluxes are computed ignoring the effect
oscillations, which depends on the distanceR between the
detector and the source. For taking into account this eff
and also in view of understanding which portion of Earth c

h
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TABLE III. Thorium abundances in Earth’s interior.

Layer Available data Average Adopted value Remarks
Th/U ^Th/U& aref(Th)

Oceans & Seawater 0 0 0 @31#

Sediments 4.11 4.11 6.931026 @32#

Upper CC 3.8; 3.8; 3.9; 4.1 3.9 9.831026 Average of@34#, @33#, @33#, @17#

Middle CC 3.8 3.8 6.131026 @34#

Lower CC 3.8; 6.0; 7.0; 7.1 6 3.731026 Average of@16#, @34#, @25#, @17#

Oceanic crust 2.2 2.2 0.2231026 @16#

Upper mantle 2.58; 2.63; 2.7; 2.73 2.66 17.331029 Average of@20#, @21#, @22#, @23#

Lower mantle 52.031029 From Eq.~3! with
aBSE(Th)57.831028

Core 0

TABLE IV. Potassium abundances in Earth’s interior.

Layer Available data Average Adopted value Remarks
(K/U) 31024 ^K/U&31024 aref(K)

Oceans & Seawater 12.5 12.5 4.031024 @31#

Sediments 1.0 1.0 1.731022 @32#

Upper CC 0.99; 1.0; 1.03; 1.10 1.03 2.5731022 Average of@16#, @17#, @33#, @33#

Middle CC 1.04 1.04 1.6731022 @34#

Lower CC 1; 1.2; 1.4 1.2 0.7231022 Average of@16#, @25#, @17#

Oceanic crust 1.25 1.25 0.12531022 @16#

Upper mantle 0.7831024 From K/U approx. constancy
Lower mantle 1.631024 From Eq.~3! with

aBSE(K) 52.3231024

Core 0

TABLE V. Uranium: masses, radiogenic heat, and predicted fluxes. Units are 1017 kg, TW, and
106 cm22 s21, respectively. The reference values, lower and upper limits are labeled as ref, low, and
respectively. Crust summarizes CC and OC; UM~LM ! denotes upper~lower! mantle.

Himalaya Gran Sasso Kamioka Hawaii
33° N 85° E 42° N 14° E 36° N 137° E 20° N 156° W

M (U) H(U) FU

Crust low 0.206 1.960 3.337 1.913 1.594 0.218
Crust ref 0.353 3.354 5.710 3.273 2.727 0.373
Crust high 0.413 3.920 6.674 3.826 3.187 0.436

UM low 0.048 0.455 0.146 0.146 0.146 0.146
UM ref 0.062 0.591 0.189 0.189 0.189 0.189
UM high 0.077 0.727 0.233 0.233 0.233 0.233

LM low 0.147 1.399 0.288 0.288 0.288 0.288
LM ref 0.389 3.695 0.760 0.760 0.760 0.760
LM high 1.177 11.182 2.299 2.299 2.299 2.299

Total low 0.401 3.814 3.770 2.346 2.027 0.651
Total ref 0.804 7.639 6.659 4.222 3.676 1.322
Total high 1.666 15.828 9.206 6.358 5.720 2.968
013001-4
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TABLE VI. Thorium: masses, radiogenic heat, and predicted fluxes. Units are 1017 kg, TW, and
106 cm22 s21, respectively. The reference values, lower and upper limits are labeled as ref, low, and
respectively. Crust summarizes CC and OC; UM~LM ! denotes upper~lower! mantle.

Himalaya Gran Sasso Kamioka Hawaii
33° N 85° E 42° N 14° E 36° N 137° E 20° N 156° W

M (Th) H(Th) FTh

Crust low 0.838 2.263 2.972 1.714 1.420 0.180
Crust ref 1.450 3.915 5.141 2.964 2.456 0.311
Crust high 1.722 4.649 6.105 3.520 2.916 0.370

UM low 0.124 0.336 0.083 0.083 0.083 0.083
UM ref 0.166 0.447 0.111 0.111 0.111 0.111
UM high 0.207 0.558 0.138 0.138 0.138 0.138

LM low 0.383 1.034 0.165 0.165 0.165 0.165
LM ref 1.532 4.135 0.658 0.658 0.658 0.65
LM high 4.590 12.393 1.973 1.973 1.973 1.973

Total low 1.346 3.633 3.220 1.961 1.668 0.428
Total ref 3.147 8.497 5.910 3.733 3.225 1.080
Total high 6.519 17.600 8.216 5.631 5.028 2.481
tr

-

si-
i-

n a
be accessed with a geoneutrino detector, it is useful to in
duce quantities which contain more detailed information.

The differential fluxesf (R) are obtained by grouping to
gether all the sources which lie at the same distanceR from
the detector

f X~R!5
nX

4pmXtX
E

V%

dr8W
r~r 8W !aX~r 8W !

urW2r 8W u2
d~R2urW2r 8W u!.

~5!
01300
o-Note thatf X(R) actually depends also on the detector po
tion rW and just for simplicity of notation we drop this var
able.

The cumulated fluxesf(R) are defined as

fX~R!5E
0

R

dR8 f X~R8!. ~6!

They represent the cumulative effect of all sources withi
high,

TABLE VII. Potassium: masses, radiogenic heat, and predicted fluxes. Units are 1021 kg, TW, and

106 cm22 s21, respectively. The reference values, lower and upper limits are labeled as ref, low, and
respectively. Crust summarizes CC and OC; UM~LM ! denotes upper~lower! mantle.

Himalaya Gran Sasso Kamioka Hawaii
33° N 85° E 42° N 14° E 36° N 137° E 20° N 156° W

M (K) H(K) FK

Crust low 0.210 0.757 12.429 7.126 5.941 0.851
Crust ref 0.367 1.321 21.684 12.432 10.366 1.485
Crust high 0.441 1.587 26.048 14.934 12.451 1.784

UM low 0.057 0.207 0.634 0.634 0.634 0.634
UM ref 0.075 0.269 0.824 0.824 0.824 0.824
UM high 0.092 0.331 1.015 1.015 1.015 1.015

LM low 0.177 0.636 1.254 1.254 1.254 1.25
LM ref 0.471 1.697 3.343 3.343 3.343 3.34
LM high 1.344 4.838 9.534 9.534 9.534 9.534

Total low 0.444 1.600 14.317 9.014 7.829 2.739
Total ref 0.913 3.287 25.852 16.600 14.533 5.652
Total high 1.877 6.756 36.596 25.482 23.000 12.332
1-5
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distanceR from the detector: the total produced fluxes of E
~4! are clearlyFX5fX(2R% ).

These quantities are plotted in Figs. 1 and 2 for the f
sites~we only show the uranium contribution, the shapes
the other contributions being similar!. We remark that we
have been using an average density approximation, w
presumably breaks down near the detector, where one sh
resort to a detailed geological study of the surroundin
From Fig. 2 one sees that in our model the region within
km from Kamioka or Gran Sasso originates about 15% of
total produced flux. Concerning the region where most of
flux is generated, one sees again from Fig. 2 that 50% of
produced flux originated within 400 km~800 km! from Ka-
mioka ~Gran Sasso!.

In Tables VIII, IX and X we present the numerical valu
of the contribution tof X(R) from the crust at Kamioka and
Gran Sasso and that from the mantle~the assumed spherica
symmetry of the mantle implies the same contribution at a
site!. These data will be useful for a detailed analysis
future experiments devoted to the study of geoneutrinos
order to take into account the distance dependence of
survival probability.

III. THE UNCERTAINTIES OF THE REFERENCE MODEL

The fluxes of the reference model correspond to the b
available knowledge about the crust and the interior of Ea
as derived from observational data and geochemical infor
tion on the global properties. An estimate of the uncertain
of the predicted fluxes is clearly useful.

FIG. 1. Differential produced flux from uranium as a function
the distanceR from the detector.
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Since the abundance ratios look relatively well det
mined, we concentrate on the uncertainties of the uran
abundances in the different layers and propagate them to
other elements. For the reference model, we haveMCC(U)
50.34531017 Kg, MOC(U)50.00531017 Kg, the total
mass of CC beingMCC52.23431022 Kg. According to our
model, the average uranium abundance in the CC is t
aCC(U)51.5431026. We determine lower and upper limit
by observing that the range of estimated uranium abunda
is between 0.9131026 @16# and 1.831026 @25#

low: aCC~U!50.931026; aCC~Th!53.731026;

aCC~K!50.9431022,

high: aCC~U!51.831026; aCC~Th!57.631026;

aCC~K!51.9731022.

We remark that there is an overall uncertainty of a facto
concerning the total amount of radioactive materials in
crust.

For the upper mantle, we take as extrema the two val
known to us@19,23# for uranium and we deduce thorium an
potassium by rescaling

FIG. 2. Cumulated produced flux from uranium as a function
the distanceR from the detector.
1-6
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low: aUM~U!5531029; aUM~Th!51331029;

aUM~K!5631025,

high: aUM~U!5831029;aUM~Th!52131029;

aUM~K!59.631025.

Such a small uncertainty is perhaps optimistic, however,
not influential for the future discussion in view of the rel
tively small amounts contained in the upper mantle.

We remind the reader that no observational information
available for the lower mantle. For building a minim
model, we assume that the mantle is fully mixed and use
the whole mantle the lowest values estimated from sam
coming from the upper mantle.

A maximal model can be obtained by assuming that
terrestrial heat is fully accounted by radiogenic producti
This can be obtained by keeping the BSE abundance ra
fixed and rescaling the total masses toM (U)51.67
31017 kg, M (Th)56.531017 kg, and M (K) 51.9

TABLE VIII. Differential produced fluxes: the contribution
from the crust at Kamioka. The distanceR is in km, f X in
cm23 s21.

R fU f Th f K

10 1.8631021 1.6131021 6.9431021

20 2.2931021 1.9731021 8.5531021

30 2.0131021 1.7531021 7.5731021

40 1.5931021 1.4531021 6.0731021

50 1.2331021 1.1231021 4.6831021

60 9.8631022 9.0431022 3.7631021

70 8.3431022 7.6531022 3.1831021

80 7.5131022 6.8731022 2.8631021

90 6.6231022 6.0631022 2.5231021

100 5.5731022 5.1131022 2.1231021

200 2.3131022 2.1231022 8.8231022

300 8.1531023 7.3931023 3.1231022

400 5.2431023 4.7431023 2.0131022

500 3.6831023 3.3131023 1.4131022

600 2.6131023 2.3531023 1.0031022

700 2.4731023 2.2331023 9.5031023

800 2.5331023 2.2931023 9.6831023

900 2.9431023 2.6731023 1.1331022

1000 2.8831023 2.6131023 1.1031022

2000 1.3231023 1.2031023 5.0631023

3000 1.0831023 9.7231024 4.1131023

4000 1.0531023 9.5131024 4.0131023

5000 7.4431024 6.7531024 2.8431023

6000 4.8831024 4.4031024 1.8631023

7000 4.2831024 3.8631024 1.6431023

8000 2.9931024 2.6931024 1.1431023

9000 2.5331024 2.2731024 9.6731024

10000 2.1931024 1.9831024 8.4131024

11000 2.1631024 1.9631024 8.2831024

12000 1.4031024 1.2431024 5.3531024
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31021 kg.5 A natural implementation is obtained by choo
ing for the crust and upper mantle the highest observatio
estimates and placing the remaining mass in the lo
mantle.

All this leads to

low: aLM~U!5531029; aLM~Th!51331029;

aLM~K!5631025,

high: aLM~U!54031029; aLM~Th!515631029;

aLM~K!545.631025.

The corresponding low and high estimates of the produ
fluxes are also shown in Tables V, VI, and VII for a fe
locations.

5Clearly this model does not satisfy the BSE constraint on
total U, Th, and K masses in the Earth.

TABLE IX. Differential produced fluxes: the contributions from
the crust at Gran Sasso. The distanceR is in km, f X in cm23 s21.

R fU f Th f K

10 1.4831021 1.2931021 5.4831021

20 2.1131021 1.8231021 7.8631021

30 1.8031021 1.5931021 6.7931021

40 1.4031021 1.2831021 5.3431021

50 1.1231021 1.0331021 4.2631021

60 8.9431022 8.2131022 3.4131021

70 7.6631022 7.0431022 2.9231021

80 6.5931022 6.0531022 2.5131021

90 5.9231022 5.4331022 2.2531021

100 5.2231022 4.7931022 1.9931021

200 2.3031022 2.1131022 8.7531022

300 1.3131022 1.2031022 5.0231022

400 1.1431022 1.0431022 4.3431022

500 9.8331023 8.9531023 3.7431022

600 7.5231023 6.8131023 2.8631022

700 5.9831023 5.4331023 2.2731022

800 5.0131023 4.5631023 1.9131022

900 4.9531023 4.5231023 1.8831022

1000 5.1231023 4.6831023 1.9531022

2000 2.9831023 2.7131023 1.1331022

3000 1.6031023 1.4531023 6.0831023

4000 1.2231023 1.1131023 4.6631023

5000 7.6531024 6.9131024 2.9131023

6000 5.9831024 5.4231024 2.2831023

7000 5.6631024 5.1431024 2.1631023

8000 4.4431024 4.0231024 1.6931023

9000 2.2031024 1.9731024 8.4131024

10000 8.2031025 7.1831025 3.1931024

11000 1.6131024 1.4631024 6.2031024

12000 1.2731024 1.1431024 4.8831024
1-7
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In view of assigning an uncertainty to the fluxes of t
reference model one can take two different approaches.

~a! A conservative estimate: the error assigned to the
erence value is half of the difference between the high
low estimatesDFcons5(Fhigh2F low)/2.

~b! A statistical estimate: one assumes that the full ra
of calculated fluxes represents a63s interval.6 In this way
one obtain a conventional 1s error DF5(Fhigh2F low)/6.

The relative uncertainties of the fluxes are reported
Table XI. They are the same~and fully correlated! for all
elements, the 1-s error being about 15%, at Kamioka an
Gran Sasso. At Hawaii, where the mantle contribution
dominant, the error is much larger, as a consequence o
large uncertainties of the lower mantle’s composition.

When using these errors, one has to remark that uncer
ties associated with abundances in the crust and in the u
mantle are deduced from the spread of observational d
whereas the estimates for the lower mantle, which canno

6If unhappy with this conventional assumption, the reader
rescales.

TABLE X. Differential produced fluxes: the contributions from
the mantle. The distanceR is in km, f X in cm23 s21.

R fU f Th f K

10 0310 0310 0310
20 0310 0310 0310
30 0310 0310 0310
40 0310 0310 0310
50 1.6231024 9.4831025 7.0531024

60 2.9131024 1.7031024 1.2731023

70 3.7731024 2.2131024 1.6431023

80 4.3831024 2.5731024 1.9131023

90 4.8431024 2.8331024 2.1131023

100 5.1931024 3.0431024 2.2631023

200 6.6431024 3.8931024 2.8931023

300 7.0831024 4.1431024 3.0831023

400 7.3131024 4.2831024 3.1931023

500 7.5331024 4.4131024 3.2831023

600 7.7131024 4.5131024 3.3631023

700 8.4931024 5.3231024 3.7031023

800 9.8331024 6.7431024 4.3031023

900 1.0931023 7.8331024 4.7531023

1000 1.1731023 8.7031024 5.1231023

2000 1.4931023 1.2231023 6.5631023

3000 1.4831023 1.2431023 6.5131023

4000 1.1131023 9.2731024 4.8831023

5000 8.8831024 7.4131024 3.9031023

6000 7.4031024 6.1731024 3.2531023

7000 6.3431024 5.2931024 2.7931023

8000 5.5431024 4.6331024 2.4431023

9000 4.9331024 4.1131024 2.1731023

10000 4.2431024 3.5331024 1.8631023

11000 2.3531024 1.9131024 1.0331023

12000 6.1031025 4.1131025 2.6631024
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accessed by observations, completely rely on theoretica
guments. In addition, one should also take into account
detailed geological structure around the detector for m
precise flux estimates.

IV. FROM FLUXES TO SIGNALS AND DETECTORS

Geoneutrinos can be detected by means of inverse
reactions

n̄e1~Z,A!→e11~Z21,A!, ~7!

where the positron kinetic energyT is related to the an-
tineutrino energyE by T5E2E0, with E05mZ211me
2mZ .7 The differential event yield as a function ofT is
given by

dN

dT
5NZts~E!(

X
wX~E!E

0

2R%

dR fX~R!Pee~E,R!, ~8!

whereNZt is the exposure~number of target nuclei times th
live time!, s(E) is the cross section of reaction~7!, T5E
2E0 and the integral is over the distanceR from the detec-
tor.

The survival probability ofn̄e produced at distanceR with
energyE is

Pee~E,R!512sin2~2u!sin2S dm2R

4E D . ~9!

For each element, the differential produced fluxf X(R) is
defined in Eq.~5!, wX(E) is the energy spectrum of then̄e
from the decay chain@26# of elementX and normalized to 1,
*0

`dEwX(E)51. For simplicity we neglect the finite energ
resolution of the detector and assume 100% detection
ciency.

Another interesting observable is the total geoneutr
yield

N5E
0

Tmax
dT

dN

dT
, ~10!

where Tmax is the maximal positron energy. The classic
approach to low energy antineutrino detection is by us
hydrogen compounds as target, by means ofn̄e1p→e1

1n. SinceE05mn1me2mp51.804 MeV, this reaction is
suitable for antineutrinos from uranium and thorium pro

n

7A frequently used variable is the visible energyEvis5T12me

which is the energy released in the slowing down and subseq
annihilation of the positron.

TABLE XI. Fractional uncertainties of the produced fluxes.

DF/F ~%! Himalaya Gran Sasso Kamioka Hawa

Conventional 1s 14 16 17 29
1-8
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enies (Emax53.26 and 2.25 MeV, respectively!, whereas an-
tineutrinos from potassium (Emax51.31 MeV) are below
threshold.

A. Total yields

We discuss first the total geoneutrino yieldN, which is
experimentally more accessible than the differential sp
trum. In view of the structure of the survival probability, s
Eq. ~9!, it can be written as

N5Nno@12sin2~2u!x~dm2!#, ~11!

whereNno is the yield for no oscillation.
The functionx depends on the uranium and thorium d

tributions inside Earth and on the detector position. Ob
ously x tends to 0~1/2! for small ~large! values ofdm2. We
have computedx in the reference model for some sites
interest, see Fig. 3. At all locations and fordm2.4
31025 eV2, the functionx differs from its asymptotic value
by less than 2%. Using the asymptotic value of the survi
probability and the best fit value of the mixing angle@3#, one
finds

N5Nno@120.5 sin2~2u!#50.57Nno. ~12!

In Fig. 4 we show the relative contributions of different di

FIG. 3. Dependence of the yield ondm2. The figure shows the
function x5(Nno2N)/@Nnosin2(2u)#, see Eq.~11!, for four loca-
tions with dm2 in units of 1025 eV2. Solid ~dashed, dotted, dot
dashed! line applies to Kamioka~LNGS, Hawaii, Himalaya!.
01300
c-

i-

l

tances to the total yield: for the most interesting values
dm2 the region within 30 km from Kamioka contribute
about 15% of the total. The no oscillation yieldNno is deter-
mined in terms of the total produced fluxes from uraniu
and thorium@9#:

Nno513.2FU14.0FTh ~13!

for an exposure of 1032 proton yr with fluxesF in units of
106 cm22 s21.

The no oscillation yields, calculated with the fluxes of t
reference model, are shown in Table XII. In the same ta
we also present the estimated 1s errors, obtained by propa
gating those on the produced fluxes~which are dominant
over the other uncertainties from cross sections, decay s
trum, etc.! and the minimal and maximal predictions.

For the Kamioka site the prediction of the referen
model~normalized8 to 1032 proton yr and 100% efficiency! is
Nno561 in good agreement with the ‘‘best model’’ of Ref
@8,10#, Nno567 TNU, in between the values of Ref.@7#,

8It is useful to introduce a terrestrial neutrino unit~TNU! for event
rates, defined as one event per 1032 target nuclei per year, or
3.171310240 s21 per target nucleus. This unit is analogous to t
solar neutrino unit~SNU! @27#.

FIG. 4. Contributed signal as a function of distance. The p
centage contribution to the event yield at Kamioka originating fro
sources withinR is shown for the indicated values ofdm2 in units
of 1025 eV2 at fixed sin2(2u)50.863. The percentage contribute
neutrino flux without oscillation is also shown for comparison.
1-9
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Nno543 TNU, and of model 1b of Ref.@6#, Nno575 TNU.
An experimental value forNno5156 TNU can be deduce
from the nine geoevents reported by KamLAND, assum
Pee50.57. All the above predictions are consistent w
the experimental result within its statistical error~about
60% @9#!.

The total yields predicted in our reference model for
number of locations are presented in Fig. 5. We remind
reader that geoneutrino fluxes are superimposed to the
energy tail of antineutrinos from nuclear reactors, which c
provide in this respect an important background, as fi
pointed out by Lagage@28#. This effect is clearly dependen
on location and it has been extensively discussed in R
@10#. In particular, the event yield from reactors has be
estimated as about 300 TNU~no oscillations! at Kamioka
and about 70 TNU at Gran Sasso.

TABLE XII. Total yields. Nno is the total number of geoevent
~U1Th! in the absence of oscillations predicted from the refere
model for 1032 proton yr ~or in TNU! andDNno is the ‘‘1s ’’ error.
Nno

low (Nno
high) is the minimal ~maximal! prediction. Fordm2.4

31025 eV2 the geoevent yield isN5Nno3@120.5 sin2(2u)#.

Location Nno DNno Nno
low Nno

high

Baksan 91 13 51 131
Hawaii 22 6 10 49
Himalaya 112 15 63 154
Homestake 91 13 51 130
Kamioka 61 10 33 96
La Palma 37 8 19 67
LGS 71 11 39 106
Pyhasalmi 92 13 51 131
Sudbury 87 13 48 125
Yucca Mountain 70 11 38 106
01300
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B. Event spectra

A more detailed information is contained in the eve
spectrumdN/dT and a relevant question is whether the sp
trum is deformed because of oscillations. From Eqs~8! and
~9! the event distribution with energy can be written as

dN

dT
5S dN

dTD
no

@12sin2~2u!c~T,dm2!#, ~14!

whereT is the positron kinetic energy.
The no-oscillation spectrumdNno/dT is shown in Fig. 6

for Kamikande. The functionc(T,dm2) represents the modi
fication to the event spectrum due to oscillations. It is plot
for Kamioka for a few values ofdm2 in Fig. 7. One sees tha
oscillations produce a moderate distortion for the two sm
est values ofdm2 and the distortion is negligible for the
largest values ofdm2.

V. CONCLUDING REMARKS

We summarize here the main points of this paper.
~i! We have provided a reference model for the produc

fluxes of geoneutrinos, estimating its uncertainties in view
available data and geochemical inferences about U, Th,
K distribution in Earth’s interior. When normalized to a
exposure of 1032 proton yr, an averaged survival probabilit
^Pee&50.57 and a 100% detection efficiency, the predic
events for KamLAND are

N~U!52864.7, N~Th!5761.2. ~15!

Errors have been estimated so as correspond to 1s confi-
dence level and are~almost! completely correlated:

e

,

FIG. 5. Yields predicted in the
reference model for 1032 prot-
on yr, 100% efficiency, assuming
the best fit oscillation parameters
dm257.331025 eV2 and sin2(2u)
50.863.
1-10
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N~U1Th!53566. ~16!

~ii ! Concerning the estimated errors, we remark that
certainties associated with abundances in the crust and in
upper mantle are deduced from the spread of observati
data, whereas the estimates for the lower mantle, which
not be accessed by observations, completely rely on theo
ical arguments. In addition, one should also take into acco
the detailed geological structure around the detector for m
precise flux estimates.

~iii ! We have also investigated extreme models, co
sponding the minimal and maximal amounts of U and
which could be present on Earth. At KamLAND
we predict

Nlow~U1Th!529 and Nhigh~U1Th!574. ~17!

In these two extreme models U, Th, and K, in the BSE p
portions, produce a radiogenic heatH rad59 and 40 TW, re-
spectively. If experimental results come out close to

FIG. 6. Event spectrum as function of the visible energyEvis

5T12me in MeV. The spectrum is calculated for the U/Th flu
ratio expected at Kamioka with no oscillation and the normalizat
is arbitrary.
01300
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minimum, then uranium and thorium provide a minor cont
bution to Earth’s energetics: either Earth’s heat flow
mainly non radiogenic or a significant amount of potassi
has to be hidden in Earth’s interior. If values near to t
maximal are found from experiments, then radiogenic c
tribution is the main supply of Earth’s heat flow, and one c
exclude models where significant amounts of potassium
hidden in Earth’s core.

~iv! Predictions for detectors at several locations are a
given, see Table XII and Fig. 5. We remark that a detec
located far from the continental crust could provide sign
cant information on the structure of the mantle, particula
when compared with data from detectors at sites where~as in
KamLAND and Borexino! the contribution of Earth’s crus
is important.
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FIG. 7. Spectrum deformation. The functionc, defined in Eq.
~14!, as function of the visible energyEvis5T12me in MeV for
four values ofdm2: 131025 eV2 ~dash line!, 331025 eV2 ~dot
dash line!, 7.331025 eV2 ~solid line!, and 2031025 eV2 ~dot
line!.
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