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KamLAND, solar antineutrinos, and the solar magnetic field
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In this work the possibility of detecting solar electron antineutrinos produced by a solar core magnetic field
from the KamLAND recent observations is investigated. We find a scaling of the antineutrino probability with
respect to the magnetic field profile in the sense that the same probability function can be reproduced by any
profile with a suitable peak field value. In this way the solar electron antineutrino spectrum can be unambigu-
ously predicted. We use this scaling and the negative results indicated by the KamLAND experiment to obtain
upper bounds on the solar electron antineutrino flux. We getfn̄,3.831023f(8B) at 95% C.L. For 90% C.L.
this becomesfn̄,3.431023f(8B), an improvement by a factor of 3–5 with respect to existing bounds. These
limits are independent of the detailed structure of the magnetic field in the solar interior. We also derive upper
bounds on the peak field value which are uniquely determined for a fixed solar field profile. In the most
efficient antineutrino producing case, we get~95% C.L.! an upper limit on the product of the neutrino magnetic
moment by the solar fieldmB,2.8310219 MeV or B0<4.93107 G for mn510212mB .
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I. INTRODUCTION

The recent results from the KamLAND experiment@1#
have asserted that the large mixing angle~LMA ! solution is
the dominant one for the 34 year old solar neutrino probl
~SNP! @2#. Although neutrinos were known, before Kam
LAND data, to oscillate@3,4#, it was not clear if neutrino
oscillations were the major effect underlying the solar n
trino deficit or whether they played any role at all. It ha
been clear however that this deficit had to rely on ‘‘nonsta
ard’’ neutrino properties. To this end, the spin flavor prec
sion ~SFP! @5–7#, based on the interaction of the neutrin
magnetic moment with the solar magnetic field, was sec
to oscillations, the most interesting scenario@8#.

The SFP, although certainly not playing the major role
the solar neutrino deficit, may still be present as a subdo
nant process, provided neutrinos have a sizeable trans
magnetic moment. Its signature will be the appearance
solar antineutrinos@6,9,10# which result from the combined
effect of the vacuum mixing angleu and the transition mag
netic momentmn converting neutrinos into antineutrinos of
different flavor. This can be schematically shown as

neL→nmL
→ n̄eR

, ~1!

neL→ n̄mR
→ n̄eR

~2!

with oscillations acting first and the SFP second in seque
~1! and in reverse order in sequence~2!. Oscillations and SFP
can either take place in the same spatial region, or be
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tially separated. Independently of their origin, antineutrin
with energies above 1.8 MeV can be detected in KamLAN
via the observation of positrons from the inverseb-decay

reactionn̄e1p→n1e1 and must all be originated from8B
neutrinos.

The purpose of this work is to relate the solar magne
field profile to the solar antineutrino event rate in KamLAN
which is a component of the total positron event rate in
reaction above. In a previous paper@11# the question of what
can be learned about the strength and coordinate depend
of the solar magnetic field in relation to the current upp

limits on the solarn̄e flux was addressed. The system
equations describing neutrino evolution in the sun w
solved analytically in perturbation theory for smallmnB, the
product of the neutrino magnetic moment by the solar fie
The three oscillation scenarios with the best fits were con
ered, namely LMA, LOW, and vacuum solutions. In partic
lar for LMA it was found that the antineutrino probabilit
depends only on the magnitude of the magnetic field in
neutrino production zone. Neutrinos were, in the approxim
tion used, considered to be all produced at the same p
(x50.05RS), where 8B neutrino production is peaked. I
this work we will consider the more realistic case of a co
volution of the production distribution spectrum with th
field profile in that region. It will be seen that this convolu
tion leads to an insensitiveness of the antineutrino proba
ity with respect to the solar magnetic field profile, in th
sense that different profiles can correspond to the same p
ability function, provided the peak field values are conv
niently scaled. As a consequence, an upper bound on
solar antineutrino flux can be derived which is independ
of the field profile and the energy spectrum of this flux w
also be seen to be profile independent.

Up to now, in their published data from a 145 day run, t
KamLAND @1# experiment has observed a total antineutri
flux compatible with the expectations coming from th
©2003 The American Physical Society15-1
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nearby nuclear reactors. Given this fact, and evaluating
positron event rate for the above reaction for different so
field profiles, we will derive upper bounds for the peak fie
value in each profile. In our study we will assume the ast
physical upper bounds on the neutrino magnetic mom
mn,(1 –3)310212mB @12# to be all satisfied and takemn

510212mB .
Upper limits on the solar antineutrino flux, the intrins

magnetic moment, and the magnetic field at the bottom
the convective zone were recently obtained@10# from the
published KamLAND data. Here we address however a
ferent antineutrino production model where the magne
field at the solar core is the relevant one.

II. THE SOLAR ANTINEUTRINO PROBABILITY

We start with the probability that aneL produced inside
the sun will reach the earth as an̄eR

,

P~neL
→ n̄eR

!5P~neL
→ n̄mR

;RS!3P~ n̄mR
→ n̄eR

;Res!,
~3!

in which the first term is the SFP probability,RS is the solar
radius, and the second term is given by the well known f
mula for vacuum oscillations,

P~ n̄mR
→ n̄eR

;Res!5sin22u sin2S Dm2

4E
ResD5

1

2
. ~4!

Here Res is the distance between the sun and the earth
the rest of the notation is standard. Since 1.8 MeV,E
,15 MeV and, for LMA,Dm256.931025 eV2, sin22u51
@1#, we take then̄mR

→ n̄eR
vacuum oscillations to be in th

averaging regime.
The SFP amplitude in perturbation theory1 for small mB

is @11#

A~neL
→ n̄mR

!5
mB~r i !sin2u~r i !

g28~r i !
. ~5!

A key observation is that the antineutrino appearance p
ability is dependent on the production point of its pare
neutrino so that the overall antineutrino probability is

P~neL
→ n̄eR

!5
1

2E uA~neL
→ n̄mR

!u2f B~r i !dri , ~6!

where f B represents the neutrino production distributi
function for boron neutrinos@13# and the integral extend
over the whole production region. As shall be seen, owing
this integration, the energy shape of probability~6! is largely
insensitive to the magnetic field profile.

The positron event rate in the KamLAND experime
originated from solar antineutrinos is then

1For notation we refer the reader to Ref.@11#.
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e~Ee8!R~Ee ,Ee8!fn̄~E!s~E!dE. ~7!

In this expressionQ0 is a normalization factor which take
into account the number of atoms of the detector and its
time exposure@1# andE is the antineutrino energy, related t
the physical positron energy byEe85E2(mN2mP) to zero
order in 1/M , the nucleon mass. We thus haveEm

51.804 MeV, while the KamLAND energy cut isEe
0

52.6 MeV. The functionse andR denote the detector effi
ciency and the Gaussian energy resolution function of
detector,

R~Ee ,Ee8!5
1

sA2p
expF2~Ee2Ee8!2

2s2 G . ~8!

In our analysis we use for the energy resolution in t
prompt positron detection the expressions(Ee)50.0062
10.065AEe with all energy units in MeV. This is obtained
from the raw calibration data presented in Ref.@14#. More-
over, we assume a 408 ton fiducial mass and the detec
efficiency is taken independent of the energy@14#, e
.80%, which amounts to 162 ton yr of antineutrino da
The antineutrino cross sections(E) was taken from Ref.
@15# and we considered energy bins of sizeEe
50.425 MeV in the KamLAND observation rang
2.6–8.125 MeV@1#. The antineutrino spectral fluxfn̄(E) in
Eq. ~7! can be written asfn̄(E)5fn̄

0
3 f (E) wherefn̄

0 is the
total antineutrino flux andf (E) is some function of the en
ergy normalized to unity. The functionfn̄(E) is on the other
hand a simple product of the boron neutrino spectral fl
fB(E) which can be found in Ref.@13# and the antineutrino
appearance probability we obtained above:fn̄(E)5fB(E)
3P(E). The almost insensitivity of the shape ofP(E) to the
shape of the magnetic field profile is thus necessarily
flected infn̄(E). The only significant dependence appea
on the normalization constantfn̄

0 which is essentially propor-
tional to the square of the magnetic field at the solar core.
make use of this behavior to obtain, for each given profi
upper limits on the core magnetic field, the total antineutr
flux, and the intrinsic neutrino magnetic moment.

As mentioned above, for the LMA solution only the sol
field profile in the neutrino production region@11# can affect
the antineutrino flux. Hence we will discuss three profil
which span a whole spectrum of possibilities at this regi
We study from a vanishing field~profile 1! to a maximum
field at the solar center, with, in this second case, either a
decreasing field intensity~profile 2! or a nearly flat one~pro-
file 3! in the solar core~see Fig. 1, lower panel!. Thus, we
consider, respectively, the following three profiles.

Profile 1

B~r !5B0@cosh~9r !21#, ur u<r c , ~9!

B~r !5B0 /cosh@25~r 2r R!#, ur u.r c , ~10!

with r c50.08, r R50.16.
5-2
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FIG. 1. Upper panel:8B neutrino production
spectrum~in arbitrary units! as a function of the
radial coordinate. Lower panel: the three sol
field profiles considered in the main text norma
ized toB0, the peak field value.
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Profile 2

B~r !5B0 /cosh~15r !, ur u>0. ~11!

Profile 3

B~r !5B0@12~r /r c!
2#, ur u<r c , ~12!

with r c50.713.
We also show in Fig. 1~upper panel! the 8B production

distribution spectrum, so that a comparison between
strength of the field and the production intensity can be
rectly made.

The antineutrino production probabilities as a function
energy for each of these profiles are given in Fig. 2. In
03301
e
i-

f
e

first panel, the values of the peak field are chosen so a
produce a fixed number of events. In this case the probab
curves differ only slightly in their shapes while their norma
izations are the same. The curves are in any case simila
the SFP survival probability ones@16# in the same energy
range. In the second panel of Fig. 2 the antineutrino pr
abilities for a common value of the peak field and these th
different profiles are shown. It is hence apparent from th
two graphs how the distribution of the magnetic field inte
sity is determinant for the magnitude of the antineutri
probability, but not for its shape. One important reason
this behavior is that we have integrated the antineutr
probability over the boron production region.
r
is
ame

ld
b-
5 1 0 1 5
0

2×10
-4

4×10
-4

6×10
-4

8×10
-4

--
--

--
- 

P
ro

ba
bi

lit
y 

--
--

--
--

--
>

5 1 0 1 5
--------------------- Antineutrino Energy (MeV) --------------------------->

0

2×10
-5

4×10
-5

6×10
-5

8×10
-5

1×10
-4

--
--

--
- 

P
ro

ba
bi

lit
y 

--
--

--
--

--
>

1

2

3B
o
=10

7
 G

FIG. 2. Antineutrino probabilities for sola
field profiles 1–3. Upper panel: the peak field
chosen in each case so as to produce the s
event rate in KamLAND,~see the main text!.
Lower panel: the same value of the peak fie
(B05107 G) is seen in each case to lead to pro
abilities of quite different magnitudes.
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TABLE I. Solar antineutrino event rates, upper bounds on the peak field value formn510212mB and on
mnB0 for arbitrarymn andB0, assuming Gaussian statistics in the whole KamLAND spectrum.

Profile Sn̄
0 (107 G) B0 (90% C.L.) B0 (95% C.L.) mnB0 (90% C.L.) mnB0 (95% C.L.)

~G! ~G! ~MeV! ~MeV!

1 0.006 5.273108 5.623108 3.05310218 3.25310218

2 0.137 1.143108 1.213108 6.60310219 7.04310219

3 0.224 8.923107 9.503107 5.16310219 5.50310219
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III. RESULTS AND DISCUSSION

The antineutrino signal for any magnetic field profi
B(r ) can be written, taking into account the previous form
las and the near invariance of the probability shape~see Fig.
2!, as

Sn̄@B~r !#5aSn̄
0 , ~13!

where Sn̄
0 is the antineutrino signal taken at some nomin

reference valueB0
0 for the field at the solar core for a certa

reference profileB0. This profile dependent parametera,
being a ratio of two event rates given by Eq.~7! for different
profiles, can thus be simplified to

a5

E S B~r i !sin2u~r i !

g28~r i !
D 2

f B~r i !dri

E S B0~r i !sin2u~r i !

g28~r i !
D 2

f B~r i !dri

, ~14!

where the integrals extend over the production region. As
mentioned before, for concreteness we have fixed along
discussion the neutrino magnetic momentmn510212mB .

We will now obtain bounds on parametera and the peak
field B0 for each profile derived from KamLAND data, ap
plying Gaussian probabilistic considerations to the glo
rate in the whole energy range,En52.6–8.125 MeV, and
Poissonian considerations to the event content in the hig
energy bins (Ee.6 MeV) where KamLAND observes zer
events. We denote bySn̄

0 the event rate withB05107 G for

each given profile@Sn̄
0
5Sn̄ (107 G)#. Taking the number of

observed events and subtracting the number of ev
expected from the best-fit oscillation solutio
@(Dm2,sin2 2u)LMA5(6.931025 eV2,1)# and interpreting
this difference as a hypothetical signal coming from so
antineutrinos, we have
03301
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Sn̄
sun

5Sobs2Sreact~LMA !. ~15!

Inserting @14# Sobs554.367.5 andSreact(LMA) 54961.3,
we obtain Sobs2Sreact5aSn̄

0
,17.8(20.2) at 90%~95%!

C.L. Within each specific profile it is seen from Eq.~14! that
the quantitya is simplified toa5(B0/107 G)2, so that the
previous inequality becomes

B0
2,

Sn̄
sun

Sn̄
0 ~107 G!2. ~16!

In this way we can derive for each given profile an upp
bound onB0. The quantitySn̄

0 for profiles 1–3 and the re
spective upper bounds onB0 are shown in Table I. These
upper limits can be cast in a more general way if do not
the neutrino magnetic moment. To this end we will consid
an arbitrary reference valuemn

0510212mB . Then within each
profile, a5(mnB0 /mn

03107 G)2, where in the numerato
and denominator we have, respectively, the peak field va
and some reference peak field value of the same profile
the same manner as before we can derive the upper bo
on mnB0 which are also shown in Table I.

From the definition ofa ~14! it follows that the upper
bounds on the antineutrino flux are independent of the fi
profile. These turn out to befn̄,0.0034f(8B) and fn̄

,0.0038f(8B) for 90% and 95% C.L., respectively.
We can similarly and independently apply Poisson sta

tics to the five highest energy bins of the KamLAND expe
ment. No events are observed in this region and the expe
signal from oscillating neutrinos with LMA parameters
negligibly small. We use the fact that the sum of Poiss
variables of meanm i is itself a Poisson variable of mea
(m i . The background~here the reactor antineutrinos! and
the signal~the solar antineutrinos! are assumed to be inde
pendent Poisson random variables with known means. If
events are observed and in particular no background is
e
TABLE II. Same as Table I assuming Poissonian statistics in the KamLAND energy rangEe

5(6 –8.125) MeV.

Profile Sn̄
0 (107 G) B0 (90% C.L.) B0 (95% C.L.) mnB0 (90% C.L.) mnB0 (95% C.L.)

~G! ~G! ~MeV! ~MeV!

1 0.004 2.533108 2.853108 1.47310218 1.65310218

2 0.079 5.563107 6.253107 3.22310219 3.62310219

3 0.130 4.343107 4.883107 2.51310219 2.82310219
5-4
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served, the unified intervals@17,18# @0,eC.L.# are@0,2.44# at
90% C.L. and@0,3.09# at 95% C.L.

From here, we obtainaSn̄
0
,eC.L. or a,eC.L. /Sn̄

0 . Hence,
as in the previous case, we have

B0
2,

eC.L.

Sn̄
0 ~107 G!2. ~17!

Using the expected number of events in the first 145 day
data taking and in this energy range 6 –8.125 MeV, we h
derived upper bounds onB0 ~90% and 95% C.L.! for all
three profiles. They are shown in Table II along with t
upper bounds onmnB0 taking mn as a free parameter. Th
antineutrino flux upper bounds are nowfn̄

,0.0049f(8B) fn̄,0.0055f(8B) at 90% and 95% C.L., re
spectively. The KamLAND expected signal for an arbitra
field profile corresponding to 95% C.L. is shown in Fig. 3

2 4 6 8 10 12 14
Eν (MeV)

0.04

0.08

0.12

0.16

F
lu

x

ν s

8Bν s

FIG. 4. The expected solar antineutrino spectrum and the8B
neutrino one@13#, both normalized to unity, showing the peak sh
and the distortion introduced by the antineutrino probability.

4 6 8 10 12
Ee+ MeV

0
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10

15

20
E

vn
ts

.
0.

42
5

M
eV

FIG. 3. The solid squares represent the MC expectation of
KamLAND positron spectrum from reactor antineutrinos with
oscillations and the points with error bars represent the meas
spectrum~from Fig. 5 in Ref. @1#!. Solid triangles represent th
positron spectrum from solar antineutrinos~multiplied by 5! assum-
ing profile 3 with peak field given by its 95% C.L. upper lim
(B054.883107 G). All curves refer to the same time exposure
145 days.
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The differences in magnitude among the bounds onB0

andmnB0 presented in Tables I and II for the different pr
files are easy to understand. In fact, recalling that the8B
production zone peaks at 5% of the solar radius and beco
negligible at '15% ~Fig. 1!, then in order to generate
sizeable antineutrino flux, the magnetic field intensity sho
lie relatively close to its maximum in the range where t
neutrino production is peaked. Thus for profile 1 the value
B0 required to produce the same signal is considerably la
than for the other two, while profile 3 is the most efficie
one for antineutrino production.

As referred to above, for different field profiles the pro
ability curves will differ only slightly in their shape if they
lead to the same number of events. In other words, fo
given number of events the probability curves are essenti
the same, regardless of the field profile, a fact illustrated
Fig. 2. As a consequence, the energy spectrum of the
pected solar antineutrino flux will be nearly the same for a
profile. In Fig. 4 we plot this profile independent spectru
together with the8B one @13#, so that a comparison can b
made showing the shift in the peak and the distortion int
duced.

IV. CONCLUSIONS

To conclude, now that the SFP is ruled out as a domin
effect for the solar neutrino deficit, it is important to inve
tigate its still remaining possible signature in the solar n
trino signal, namely an observablen̄e flux. Our main conclu-
sion is that, from the antineutrino production model expou
here, an upper bound on the solar antineutrino flux can
derived, namely fn̄,3.831023f(8B) and fn̄,5.5
31023f(8B) at 95% C.L., assuming, respectively, Gauss
or Poissonian statistics. For 90% C.L. we foundfn̄,3.4
31023f(8B) and fn̄,4.931023f(8B) which shows an
improvement relative to previously existing bounds fro
LSD @19# by a factor of 3–5. These are independent of t
detailed magnetic field profile in the core and radiative zo
and the energy spectrum of this flux is also found to
profile independent. We also derive upper bounds on
peak field value which are uniquely determined for a fix
solar field profile. In the most efficient antineutrino produ
ing case~profile 3!, we get~95% C.L.! an upper limit on the
product of the neutrino magnetic moment by the solar fi
mnB<2.8310219 MeV or B0<4.93107 G for mn

510212mB . A recent study of the magnetic field in the ra
diative zone of the sun has provided upper bounds of 3
MG @20# in that region in the vicinity of 0.2RS, which are
independent of any neutrino magnetic moment. Therefore
can use them in conjunction with our results to obtain a lim
on mn . Using B0;327 MG, we get from the results fo
profiles 1–3:m<(0.729.6)310212mB . Moreover, from the
limits obtained in this work, if the ‘‘true’’ solar profile re-
sembles either a profile such as 1 or 3, this criterion imp
that SFP cannot be experimentally traced in the next
years, since the peak field value must be substantially
duced in order to comply with this upper bound, thus lead
to a much too small antineutrino probability to provide

e

ed
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observable event rate.2 On the other hand, for a profile suc
as 2 or in general any one resembling a dipole field, S
could possibly be visible.

2Recall that the antineutrino probability is proportional to (mnB)2.
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