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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/get3.8x 10~ 3¢(8B) at 95% C.L. For 90% C.L.
this becomes); < 3.4x 10 3¢(®B), 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 ¢8%5% C.L) an upper limit on the product of the neutrino magnetic
moment by the solar fielgB<2.8X10 ® MeV or Bu<4.9x 10’ G for u,=10 ug.
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[. INTRODUCTION tially separated. Independently of their origin, antineutrinos
with energies above 1.8 MeV can be detected in KamLAND
The recent results from the KamLAND experimdidf  via the observation of positrons from the inver8edecay
have asserted that the large mixing an@l®A ) solution is reactlonve+ p—n+e' and must all be originated frofB
the dominant one for the 34 year old solar neutrino problen, o trinos.
(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 neu
trino deficit or whether they played any role at all. It had
been clear however that this deficit had to rely on “nonstand-
ard” neutrino properties. To this end, the spin flavor precescan be learned about the strength and coordinate dependence
sion (SFP [5-7], based on the interaction of the neutrino of the solar magnetlc field in relation to the current upper
magnetic moment with the solar magnetic field, was secondimits on the solarv, flux was addressed. The system of
to oscillations, the most interesting scendigj. equations describing neutrino evolution in the sun was
The SFP, although certainly not playing the major role insolved analytically in perturbation theory for smalB, the
the solar neutrino deficit, may still be present as a subdomiproduct of the neutrino magnetic moment by the solar field.
nant process, provided neutrinos have a sizeable transitiofhe three oscillation scenarios with the best fits were consid-
magnetic moment. Its signature will be the appearance oéred, namely LMA, LOW, and vacuum solutions. In particu-
solar antineutrino$6,9,10 which result from the combined |ar for LMA it was found that the antineutrino probability
effect of the vacuum mixing anglé and the transition mag- depends only on the magnitude of the magnetic field in the
netic momeniu, converting neutrinos into antineutrinos of a neutrino production zone. Neutrinos were, in the approxima-

The purpose of this work is to relate the solar magnetic
field profile to the solar antineutrino event rate in KamLAND
‘which is a component of the total positron event rate in the
reaction above. In a previous papéf] the question of what

different flavor. This can be schematically shown as tion used, considered to be all produced at the same point
o (x=0.08Rg), where B neutrino production is peaked. In
VoL Vpu, = Veg (1) this work we will consider the more realistic case of a con-

volution of the production distribution spectrum with the
- — field profile in that region. It will be seen that this convolu-
Vel Vg™ Veg (2 tion leads to an insensitiveness of the antineutrino probabil-
ity with respect to the solar magnetic field profile, in the
with oscillations acting first and the SFP second in sequencsense that different profiles can correspond to the same prob-
(1) and in reverse order in sequern@. Oscillations and SFP  ability function, provided the peak field values are conve-
can either take place in the same spatial region, or be spaiently scaled. As a consequence, an upper bound on the
solar antineutrino flux can be derived which is independent
of the field profile and the energy spectrum of this flux will
*On leave from Govt. Degree College, KarsogHP) also be seen to be profile independent.
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nearby nuclear reactors. Given this fact, and evaluating the % Em

positron event rate for the above reaction for different solar ~ S= Qof 4 Eef €(E¢)R(E¢,Ef) ¢, (E)o(E)dE. (7)
field profiles, we will derive upper bounds for the peak field Fe Em
value in each profile. In our study we will assume the astro- . . . o .
physical upper bounds on the neutrino magnetic momenlf1 this expressiorQ is a normalization factor which t"%"‘e?
11,<(1-3)X 10~ 24 [12] to be all satisfied and takg, Into account the number of atoms of the detector and its live

—10 12, time exposurg¢l1] andE is the antineutrino energy, related to

Upper limits on the solar antineutrino flux, the intrinsic the physical positron energy Uy, =E—(my—me) to zero

magnetic moment, and the magnetic field at the bottom offder in 1M, the nucleon mass. We thus ha@,a

the convective zone were recently obtairdd] from the —1.804 MeV, while the KamLAND energy cut i,
published KamLAND data. Here we address however a dif-=2-6 MeV. The functions andR denote the detector effi-
ferent antineutrino production model where the magneti¢iency and the Gaussian energy resolution function of the

field at the solar core is the relevant one. detector,
_(E. _E")2
Il. THE SOLAR ANTINEUTRINO PROBABILITY N (Ee—Ee)
R(Ee,EL) : \/Z_ex > . (8)
We start with the probability that @, produced inside 7
the sun will reach the earth asig,, In our analysis we use for the energy resolution in the
- o L prompt positron detection the expressiafE,)=0.0062
P(ve, = ve) =P(ve =1, iRIXP(v, — e iRed), +0.065E, with all energy units in MeV. This is obtained

(3) from the raw calibration data presented in Rdf4]. More-
over, we assume a 408 ton fiducial mass and the detection
in which the first term is the SFP probabilifgg is the solar ~ efficiency is taken independent of the enerfy4], e
radius, and the second term is given by the well known for=80%, which amounts to 162 tonyr of antineutrino data.
mula for vacuum oscillations, The antineutrino cross sectian(E) was taken from Ref.
[15] and we considered energy bins of sizE,
- — ) L [Am? 1 =0.425 MeV in the KamLAND observation range
P(vu,— VeRiRes)=S'n2295'”2<ERes =5 (4 26-8.125 Me\[1]. The antineutrino spectral flug,(E) in
Eq. (7) can be written agh,(E) = ¢%>< f(E) whereq&%is the
Here R, is the distance between the sun and the earth antbtal antineutrino flux and(E) is some function of the en-
the rest of the notation is standard. Since 1.8 Md&V  ergy normalized to unity. The functios#,(E) is on the other
<15 MeV and, for LMA,Am?=6.9x10"° eV?, sirf26=1 hand a simple product of the boron neutrino spectral flux

[1], we take the?M — v, vacuum oscillations to be in the ¢s(E) which can be found in Ref13] and the antineutrino
averaging regime : R appearance probability we obtained aboyg(E) = ¢g(E)

The SFP amplitude in perturbation thebfpr small uB X P(E). The almost in;en_sitivity Of th(_a shape®(E) to the
is [11] shape (_Jf the magnetic fleld_ pr_o_flle is thus necessarily re-
flected in ¢,(E). The only significant dependence appears
on the normalization constadi%which is essentially propor-
p (5) tional to the square of the magnetic field at the solar core. We
9a(r) make use of this behavior to obtain, for each given profile,
upper limits on the core magnetic field, the total antineutrino
A key observation is that the antineutrino appearance probfiyx, and the intrinsic neutrino magnetic moment.
ability is dependent on the production point of its parent As mentioned above, for the LMA solution only the solar
neutrino so that the overall antineutrino probability is field profile in the neutrino production regigtl] can affect
L the antineutrino flux. Hence we will discuss three profiles
— — 2 which span a whole spectrum of possibilities at this region.
Plve —vey)= EJ |A(ve = v, ) *fe(rdri,  (6) We study from a vanishing fiel¢profile 1) to a maximum
field at the solar center, with, in this second case, either a fast
where fg represents the neutrino production distributiondecreasing field intensityprofile 2) or a nearly flat onépro-
function for boron neutrino$13] and the integral extends file 3) in the solar corgsee Fig. 1, lower panglThus, we
over the whole production region. As shall be seen, owing teonsider, respectively, the following three profiles.

— wB(r)sir?o(r;)

A( Ve — ,U,R) =

this integration, the energy shape of probabil(y is largely Profile 1
insensitive to the magnetic field profile.
The positron event rate in the KamLAND experiment B(r)=Bo[cosh9r)—1], |[r[=r, €)
originated from solar antineutrinos is then
B(r)=Bgy/cosi25(r—rg)], |r|>re, (10
For notation we refer the reader to REF1]. with r.=0.08, rg=0.16.
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T
|- Boron Neutrino Production Spectrum

FIG. 1. Upper panel®B neutrino production
spectrum(in arbitrary unit$ as a function of the
radial coordinate. Lower panel: the three solar
field profiles considered in the main text normal-
ized toB,, the peak field value.

Profile 2 first panel, the values of the peak field are chosen so as to
B(r)=By/cost15r), |r|=0. (12) produce a fixed number of events. In this case the probability
curves differ only slightly in their shapes while their normal-
Profile 3 izations are the same. The curves are in any case similar to
B(r)=Bo[1—(r/ro)?], |r|<r., (120  the SFP survival probability ongd6] in the same energy
range. In the second panel of Fig. 2 the antineutrino prob-
with r.=0.713. abilities for a common value of the peak field and these three
We also show in Fig. Iupper panélthe 8B production different profiles are shown. It is hence apparent from these
distribution spectrum, so that a comparison between thé&wo graphs how the distribution of the magnetic field inten-
strength of the field and the production intensity can be disity is determinant for the magnitude of the antineutrino
rectly made. probability, but not for its shape. One important reason for
The antineutrino production probabilities as a function ofthis behavior is that we have integrated the antineutrino
energy for each of these profiles are given in Fig. 2. In theprobability over the boron production region.
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’ FIG. 2. Antineutrino probabilities for solar
field profiles 1-3. Upper panel: the peak field is
chosen in each case so as to produce the same

1x1G* event rate in KamLAND,(see the main text

Lower panel: the same value of the peak field
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TABLE I. Solar antineutrino event rates, upper bounds on the peak field valye,fed0 2.5 and on
n,Bg for arbitrary ., and By, assuming Gaussian statistics in the whole KamLAND spectrum.

Profile  s% (17 G) By (90% C.L) By (95% CL) 1By (90% CL) 1By (95% C.L.)

(©) (©) (MeV) (MeV)
1 0.006 5.2% 10 5.62x 10° 3.05x 10 18 3.25x 10 18
2 0.137 1.1&10° 1.21x 108 6.60x 107 1° 7.04x 10710
3 0.224 8.9x 10’ 9.50%x 10’ 5.16x 10 1° 5.50x 10 1°
Ill. RESULTS AND DISCUSSION S S Sreacd LMA). (15)

The antineutrino signal for any magnetic field profile
B(r) can be written, taking into account the previous formu-Inserting[14] Syps=54.3t7.5 andS;eac(LMA) =49+1.3,
las and the near invariance of the probability shegee Fig. we obtain Syps— Seact= aS%< 17.8(20.2) at 90%(95%)
2), as C.L. Within each specific profile it is seen from EG4) that
0 the quantitye is simplified toa=(By/10" G)?, so that the
SIB(r)]=eaS,, (13 previous inequality becomes

0 . . . . .
where S -is the antineutrino signal taken at some nominal V“”

reference valu®$ for the field at the solar core for a certain Bj< o (10" G)%. (16)
reference profileB®. This profile dependent parametet v

being a ratio of two event rates given by E@) for different
profiles, can thus be simplified to

In this way we can derive for each given profile an upper
bound onBy. The quantitys% for profiles 1-3 and the re-

B(r;)sir?a(r;) 2 spective upper bounds dB, are shown in Table I. These
f ————| fe(rpdr; upper limits can be cast in a more general way if do not fix
_ 9a(r) (14) the neutrino magnetic moment. To this end we will consider
BO(r;)sirta(r)) | ° ' an arbitrary reference valye’=10"'%u5 . Then within each
() fg(ri)dr profile, a=(u,Bo/u’x 10" G)?, where in the numerator
PARE

and denominator we have, respectively, the peak field value

where the integrals extend over the production region. As w%nd some reference peak field value of the same profile. In

mentioned before, for concreteness we have fixed along thi € same manner as before we can derive the upper bounds
. . . . 12 on u,Bg which are also shown in Table I.
discussion the neutrino magnetic moment=10" “xg . From the definition ofa (14) it follows that the upper
Ve will now obtain bounds on parameterand the peak bounds on the antineutrir?o flux are independent of 51% field
field By for each profile derived from KamLAND data, ap- b

: : o . : rofile. These turn out to beb,;<0.00346(°B) and ¢,
plying Gaussian probabilistic considerations to the globaP a v g v
- = <0.00385(°B) for 90% and 95% C.L., respectively.
rate in the whole energy rangg,,=2.6—-8.125 MeV, and . . ) .
Poissonian considerations to the event content in the higheﬁt We can similarly and independently apply Poisson statis-

: ¢s to the five highest energy bins of the KamLAND experi-
energy bins E.>6 MeV) where KamLAND observes zero ment. No events are observed in this region and the expected

0 .

events. We denote é@?the event rate witfBo=10" G for signal from oscillating neutrinos with LMA parameters is
each given profil§ S =S, (10’ G)]. Taking the number of negligibly small. We use the fact that the sum of Poisson
observed events and subtracting the number of eventgariables of mearu; is itself a Poisson variable of mean
expected from the best-fit oscillation solution 2u;. The backgroundhere the reactor antineutrinoand
[(Am?,sir? 26) ua=(6.9X10"° eV21)] and interpreting the signal(the solar antineutringsare assumed to be inde-
this difference as a hypothetical signal coming from solampendent Poisson random variables with known means. If no
antineutrinos, we have events are observed and in particular no background is ob-

TABLE Il. Same as Table | assuming Poissonian statistics in the KamLAND energy rapge
=(6-8.125) MeV.

Profile  s% (107 G) By (90% C.L) By (95% CL) 1By (90% CL) By (95% C.L.)

(©)] (©) (MeV) (MeV)
1 0.004 2.5%10° 2.85x 10 1.47x 10718 1.65x 1018
2 0.079 5.56 10" 6.25x 10 3.22x10°1° 3.62x10°1°
3 0.130 4.3%10 4.88x< 10" 2.51x 107 1° 2.82x10°1°
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20 The differences in magnitude among the boundsBgn
and u,B, presented in Tables | and Il for the different pro-
% 150 "= files are easy to understand. In fact, recalling that ¥Be
= - production zone peaks at 5% of the solar radius and becomes
é’ 10 + n_egligible at~15% (Fig. 1), then in _oro_ler to generate a
S + % s_,lzeablg antineutrino f!ux, the_magn(_atlc field intensity should
] " lie relatively close to its maximum in the range where the
s 5 + neutrino production is peaked. Thus for profile 1 the value of
S L N B, required to produce the same signal is considerably larger
W ol sa*" i e than for the other two, while profile 3 is the most efficient

one for antineutrino production.

As referred to above, for different field profiles the prob-
ability curves will differ only slightly in their shape if they
lead to the same number of events. In other words, for a

iven number of events the probability curves are essentially
KamLAND positron spectrum from reactor antineutrinos with no h.e same, regardless of the field profile, a fact illustrated in
oscillations and the points with error bars represent the measure'(:j'g' 2. As a Consequ_ence' the_ energy spectrum of the ex-
spectrum(from Fig. 5 in Ref.[1]). Solid triangles represent the Pected solar antineutrino flux will be nearly the same for any
positron spectrum from solar antineutrin@sultiplied by 5 assum-  Profile. In Fig. 4 we plot this profile independent spectrum
ing profile 3 with peak field given by its 95% C.L. upper limit together with the’B one[13], so that a comparison can be
(By=4.88x 10’ G). All curves refer to the same time exposure of made ShOWing the shift in the peak and the distortion intro-
145 days. duced.

FIG. 3. The solid squares represent the MC expectation of th

served, the unified intervald7,18 [0,ec, ] are[0,2.44 at

90% C.L. and 0,3.09 at 95% C.L. IV. CONCLUSIONS
. 0 0
From here, we obtainS,<ec ora<ec, /S,. Hence, To conclude, now that the SFP is ruled out as a dominant
as in the previous case, we have effect for the solar neutrino deficit, it is important to inves-

tigate its still remaining possible signature in the solar neu-
trino signal, namely an observahilg flux. Our main conclu-

2 C.L. . ; ' A g
Bo<—&o (10" G)*. (17 sion is that, from the antineutrino production model expound
v here, an upper bound on the solar antineutrino flux can be

derived, namely ¢;<3.8x10 3¢(®B) and ¢,<5.5
Using the expected number of events in the first 145 days ok 10 3¢(8B) at 95% C.L., assuming, respectively, Gaussian
data taking and in this energy range 6—8.125 MeV, we haver Poissonian statistics. For 90% C.L. we fousd<3.4
derived upper bounds 0B, (90% and 95% C.L.for all ~ x10 34(®B) and ¢,<4.9x10 34(®B) which shows an
three profiles. They are shown in Table Il along with theimprovement relative to previously existing bounds from
upper bounds o, B, taking u, as a free parameter. The LSD [19] by a factor of 3-5. These are independent of the
antineutrino  flux upper bounds are nowg,  detailed magnetic field profile in the core and radiative zone
<0.00495(®B) ¢,<0.00555(®B) at 90% and 95% C.L., re- and the energy spectrum of this flux is also found to be
spectively. The KamLAND expected signal for an arbitrary profile independent. We also derive upper bounds on the
field profile corresponding to 95% C.L. is shown in Fig. 3. peak field value which are uniquely determined for a fixed
solar field profile. In the most efficient antineutrino produc-
ing case(profile 3), we get(95% C.L) an upper limit on the
0.16 product of the neutrino magnetic moment by the solar field
w,B<2.8x10"MeV or By=4.9x10'G for pu,
0.12 =10 5. A recent study of the magnetic field in the ra-
S diative zone of the sun has provided upper bounds of 3-7
0.08 MG [20] in that region in the vicinity of 0.2Rg, which are
independent of any neutrino magnetic moment. Therefore we
0.04 can use them in conjunction with our results to obtain a limit
on w,. Using By~3—7 MG, we get from the results for
profiles 1-3:u<(0.7—9.6)X 10 w5 . Moreover, from the
2 4 6 8 10 12 14 limits obtained in this work, if the “true” solar profile re-
E, (MeV) sembles either a profile such as 1 or 3, this criterion implies
that SFP cannot be experimentally traced in the next few
FIG. 4. The expected solar antineutrino spectrum and®e Yyears, since the peak field value must be substantially re-
neutrino ong13], both normalized to unity, showing the peak shift duced in order to comply with this upper bound, thus leading
and the distortion introduced by the antineutrino probability. to a much too small antineutrino probability to provide an

Flux
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