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If sterile neutrinos exist, how can one determine the total solar neutrino fluxes?
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The 8B solar neutrino flux inferred from a global analysis of solar neutrino experiments is within 1&%6 (1
of the predicted standard solar model value if only active neutrinos exist, but could be as large as 1.7 times the
standard prediction if sterile neutrinos exist. We show that the ftBaheutrino flux (active plus sterile
neutrinog can be determined experimentally to about 10% ) by combining charged current measurements
made with the KamLAND reactor experiment and with the SNO CC solar neutrino experiment, provided the
LMA neutrino oscillation solution is correct and the simulated performance of KamLAND is valid. Including
also SNO NC data, the sterile component of & neutrino flux can be measured by this method to an
accuracy of about 12% () of the standard solar model flux. Combining Super-Kamiokande and KamLAND
measurements and assuming the oscillations occur only among active neutrin®B, ribatrino flux can be
measured to 6% (d); the total flux can be measured to an accuracy of about 9%. The'Beasolar neutrino
flux can be determined to an accuracy of about 28%)(by combining measurements made with the
KamLAND, SNO, and gallium neutrino experiments. One can determine the®&aheutrino flux to a &
accuracy of about 11% or better by comparing data from the KamLAND experiment and the BOREXINO solar
neutrino experiment provided both detectors work as expectedppheeutrino flux can be determined to
about 15% using data from the gallium, KamLAND, BOREXINO, and SNO experiments.
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I. INTRODUCTION periments; this method yields results as independent as pos-
sible of uncertainties due to the presence of sterile neutrinos.
We describe in this paper analysis procedures that cawe then describe how similar techniques can be applied to
answer two of the most important questions of neutrino redetermine total solar neutrino fluxes using a CC experiment
search. How can one determine the total solar neutrino fluxgslus a neutrino-electron scattering experimgat a neutral
(®B,"Be, andpp) for comparison with solar model predic- current(NC) measuremeiitwhich yields results that depend
tions? How can one determine the sterile contribution to thenore on the sterile neutrino mix but which can nevertheless
total solar neutrino fluxes? Our answers allow for the possipe relatively accurate.
bility of an arbitrary mixture in solar neutrino oscillations of  The numerical values we estimate for the expected preci-
active and sterile neutrinos, but require the correctness of th§on with which different quantities can be measured rely
LMA ‘solution of the solar neutrino problems and careful y5on simulations of the performance of the relevant experi-
attention to all the sources of err@iheoretical as well as  ments. Therefore the accuracies that we quote are illustra-
experimental tive; the actual accuracies that are obtainable can only be

We focus first on determining total fluxes by comparing getermined once the experimental uncertainties are known.
charged currenfCC) observables measured in different ex-

A. Flavor changes occur

. . . .
Electronic address: jnb@ias.edu Neutrinos change flavors as they travel to the Earth from

¢|IEEI|ectron|.c a?j(;ress'. concepcgn.gonzalez garcia@cern.ch the center of the Sun. This flavor change was seen directly by
1Th(ies(,: t;g;;rawa;ezsri.glci)r?:ﬁ/ya?v)rlitltcéﬁvfnsd posted on the electronicthe comparison of the Sudbury Neutrino ObservalGO)
archive (hep-pbh before the announcements of the recent SNO re_measuremer[t4] of the charged current reaction 188 solar

sults[1,2] and the improved SAGE measurement of the gallium ratenemrlrlos with the Super-Kamiokande measurenjéitof

[3] and also before our paper was submitted for publication. Wethe neutrino-electron scattering rateharged plus neutral

have included in the analysis reported in this version of the papercurren). Even more clearly, flavor change has been demon-

which we are submitting for publication, the recent SNO and SAGEStrated by comparing the neutral current measurement by

measurements. The ideas with respect to’Be and®B neutrinos SNO With the SNO CC measuremefit]. The conclusion
are unchanged and the numerical results have not been affecté@@t flavor changes occur among solar neutrinos, if based
significantly, but the present version is more up-to-date with respecgolely upon the comparison of the SNO and Super-
to the input data. We have also added, inspired by the SAGE diskamiokande event rates, is valid statistically at about the
cussion, a detailed analysis of what one can learn apputeutri-  3.20° confidence leve[4,6—-9. The neutral current measure-
nos before there is a dedicated experiment to measure jugithe ment of SNO increases the significance level for flavor
neutrino flux. changes among solar neutrinos to thesScdnfidence level.
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The SNO and Super-Kamiokande results demonstrate TABLE I. The allowed range of the tot&B neutrino flux. The
simply that new physics is required to resolve the long-table presents the allowed rangefgf[defined by Eq(7)] that was
standing solar neutrino problefd0], i.e., to understand the found in a global solution of all the currently available solar and
origin of the discrepancy between the predictions of the stanactor neutrino data. The second column gives the allowed range
dard solar model11] and the observed solar neutrino eventOf fg for an arbitrary mixture of active and sterile neutrinos and the
rates[4,5,12—18. If one includes the results of the Chlorine third column gives the range for the case where only active neutri-
[12], Kamiokande[13], SAGE [14], GALLEX [15], and nos are considered. The results shown were obtained usin@Eqg.
GNO [16] experiments together with the SN@C) and

Super-Kamiokande results, then the combined measurements < fe (active + sterilg fg (active

require[9] new physics at 48 and, if the relative tempera- 1o 0.99-1.25 0.99-1.15
ture scaling of theBe and®B neutrino production reactions 20 0.92-1.47 0.92-1.22
is taken into account, at 704 Helioseismological measure- 30 0.84—-1.67 0.84-1.29

ments confirm the predicted sound speeds of the Standard
Solar Model to better than 0.1% and show that stellar physics

cannot account for the discrepancies between standard pre- Gacivd ®B) =5.09x 10° cn? s 1(1+0.12). ®)
dictions and the observed solar neutrino rdtes.

Global neutrino oscillation analysisee Table | this paper
B. Current knowledge of the 8B solar neutrino flux if only and Ref.[22]):

active neutrinos exist 8 1
o G aciivd 8B) =5.40x 1P cm? s~ 1(1+0.075. (4
The combination of the charged curref@C) and the

charged plus neutral-current measurement with Super- The agreement, summarized in E¢B—(4), between the
Kamiokande has been used by several grouh6—8 to  SSM calculated flux and the measured active flux suggests
determine the flux of activeB neutrinos independent of the that the sterile neutrino contribution to ti¥8 neutrino flux
solar model. These model-independent determinations of theay be small. In this paper, we ignore this tempting sugges-
active flux exploit the similarity between the response func-+ion and instead concentrate on developing methods to deter-
tions in the SNO and Super-Kamiokande detectorsmine experimentally the totafB and ‘Be neutrino fluxes
[4,6,18,19. In addition, if one includes all the experimental emitted by the Sun, independent of the active-sterile mixture
data in a global oscillation solution in which tf8 fluxisa  (for a discussion of earlier investigations of sterile neutrinos
free parameter, one obtains a similaut slightly smaller  see Refs[24,25).

allowed range for théB neutrino flux[20—-27. The mea- If we want to understand the particle physics implications
surement of the NC rate by SN@] provides an independent of solar neutrino research, we must determine if sterile neu-
determination of the activéB neutrino flux. trinos are present in the solar neutrino flux . Moreover, the

All of the analyses yield the same result: if electron neu-original—and still valid—goal of solar neutrino research was
trinos oscillate into only active neutrinos, then the tdtBl  [10] to compare solar model predicted and experimentally
neutrino flux is in excellent agreement with the flux pre- measuredtotal) solar neutrino fluxes.
dicted by the standard solar model.

This close agreement of the actif& neutrino flux with C. What can one do if sterile neutrinos exist?
the total flux predicted by the standard solar mo@&sM)
[11,27 is, if the flux of sterile neutrinos is small, an impor-
tant confirmation of the quantitative theory of stellar evolu-
tion. We summarize below the current best-estimates and t
associated & uncertainties for the activEB neutrino flux
¢active(88)-

Standard solar modéBP00 prediction[11]:?

What is the situation if sterile neutrinos exist? The total
flux of B neutrinos could in this case be much larger than
tge standard solar model prediction; a major fraction of the
otal flux that reaches the Earth could arrive in a form that is
not detected in solar neutrino experiments. The existing data
disfavor (at 5.4r C.L.) oscillation into purely sterile neutri-
nos. Nevertheless, a large sterile component is allowed
bacivd ®B) =5.05x 10° cnPs™1(17929). (1)  [22,2¢if oscillations occur into a combination of active and
sterile neutrino statesee Refs[27,28 for a description of
the formalism adopted hereThe flux of sterile neutrinos
Zould in principle be large enough to destroy the apparently
excellent agreement between the flux predicted by the SSM
and the true flux of®B neutrinos[which is assumed to be

Comparison of SNO and Super-Kamiokande event rate
(see Ref[4)):

bacinvd °B)=5.44x10° cn¥ s71(1+0.18). (20 pure active neutrinos in the comparison shown above in Egs.
(D-@4)]
SNO neutral current measuremdassuming undistorted A measurement of the tot4B solar neutrino flux, includ-
spectrum [1]: ing the sterile componeritf any), will provide information

that is important for astrophysics and for particle physics.

The motivation for investigating sterile neutrinos is not de-

2The recently measured low-energy cross section factor reportegendent upon the LSNIPR9] results that might suggest the
by Junghanet al.[23] is currently being reinvestigated. existence of sterile neutrinos. Of course, the LSND results
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are not supported by other experimental res(ise Ref. 107
[30]) nor by theoretical predictions that have been precisely j
confirmed(such as the helioseismological verifications of the [ 3¢
standard solar modglas is the case for the inference of
flavor change based upon the SNO-Super-Kamiokande com- - 20
parison.

Fortunately, the KamLAND reactor neutrino experiment
[31], when combined with the SNO measurement of the CC
flux, is capable of providing a precise determination of the
total, i.e., the active plus the steril€B neutrino flux. We
assume throughout this paper the correctness of the currently
favored large mixing angld.MA ) solution to the solar neu- 10° o
trino problem. If the LMA solution is not correct, then all 10" 1 10'
global analyses of the available solar and reactor data indi- tan’0
cate that either the mass differenten’ or the vacuum mix- FIG. 1. Solar neutrino allowed region compared with simulated

ing angled will be too small to produce a measurable effectxamLAND allowed region. The figure shows the currently allowed
in the KamLAND experiment (see, e.g., Refs. regions of the solar neutrino oscillation parameters; the contours of
[6—8,20,21,31,3p. In this case, KamLAND will be unable equal CL are labeled atd, 2o, and 3. This global solution was

to provide the information required to determine the t§l  obtained assuming pure active neutrino oscillations and using all
neutrino flux. the available solar and reactor data. We include the recent SNO

Here is the basic physical idea of the method we proposgesults[1,2]. The rates from the GALLEX/GNQ15,16 and SAGE

for measuring the totafB solar neutrino flux. For the Kam- [3,14 experiments have been averaged to provide a unique data
LAND [31] experiment, one will know accurately the flux of p0|nt_(72.4t 4.7 SNU). Some techn_lcal improvements _regardlng_
antineutrinos from the 17 reactors that contribute Signiﬁ_neutrlno cross sections and correlations of errors were included in
cantly to the measured antineutrino events. From measurdl€ @nalysis(see the Appendix The two much smaller allowed
ments of the total event rate and the energy spectrum inducdf9/0ns: placed symmetrically with respect to the line a dan

R . . 1, represent the allowed regions, at,120, and 3, that are
by the survivingv,, the KamLAND experimentalists can gpained from a simulation of what may be achievable with the

determine with precisiofi31,33-33 the antineutrino propa-  kamLAND reactor experiment. The best-it point for the Kam-
gation parameterdm? and tadd. Both the KamLAND LAND simulation is assumed to be the same as the best-fit point for
measurement and the CC SNO measurements are disappeidie global solar neutrino oscillation solution, namely, purely active
ance experiments for neutringsr antineutrinos of similar ~ neutrinos withAm?=5.0x 10> eV?, tarf§=0.42.

energies. For the CC measurement made with SNO, one does

not know the total®B neutrino flux created in the Sun. But, Kamiokande data samp[&7] as well as the SNO CC, NC,
assuming conservation of CPT, one can use the propagatiof},j gay_night observatiorid,?]. We have also made some
parametersAm® and tari¢ determined by KamLAND and improvements(see the Appendixin the treatment of the
the measuredby SNO CC rate to solve for the flux that yncertainties in the neutrino cross sections and in the corre-
gives the observed result. Summarizing, for the KamLAND |ation of errors.

experiment one knows the total flux but not the propagation ., comparison, we also show in Fig. 1 the small size of

paratmeters, .:’l\’EiCh afre mliasulii(lj\.lDFotL the SNO t(':C exper{he expected allowed region for KamLAND if this reactor
ment, one will know(from Kam ) the propagation pa- antineutrino experiment observes a signal corresponding to

3
ramgters and therefore can measure.the totalflux. . the current best-fit point of the solar neutrino analysis. In
Figure 1 shows the results of a refined global solution for

the solar neutrino oscillation parameters that was n{ade calculatlng the KgmLAND allowed region, we have m_ade a
Sec. Il and the Appendjxusing all the available solar and cpnserv.atlve estl_mat(asee Sec. _”I g, following the prin-
reactor data. The figure displays the allowed solar neutrin&/PI€S discussed in Ref§38,39. Figure 1 shows clearly that
oscillation contours at &, 2o, and 3. The results are ob- K@MLAND has the potential for making a precise measure-
tained by the procedures described most recently in Refnent of the s_olar neutrino osc_|llat_|on parameters, provided
[22], where we have used in the present paper the analysf§at the LMA is the correct oscillation solution.

strategy(a) (of Ref. [36]) including the 1496 day Super- _ The only complication involved in determining the total
8B flux from a comparison of the KamLAND and SNO CC

measurements results from the fact that for the favored large

3The method described here is of course more general than tH&1XINg angle(LMA) solar neutrino oscillation solution mat-
specific application to the KamLAND and SNO experiments. Inter effects in the Sun and the Earth can be significant. Matter
order to determine the total flu, it is sufficient that one measure £ffects are unimportant for the KamLAND reactor experi-
set of observables that do not depend upon the solar neutrino fluiént. The role of matter effects in solar neutrino experiments
(in this paper, the measured quantities in the KamLAND experi-depends somewhat upon tagoriori unknown active-sterile
mend and a quantity that does depend upon the solar neutrino flusnixture, which introduces a calculable uncertainty in the in-
(here, the CC rate in SNO ferred total®B neutrino flux.

Am%(eV?)
o#
T
]
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In summary, the combination of the SNO CC neutrinooscillations. We show in Sec. Ill how one can use the CC
measurement and the KamLAND antineutrino measuremenneasurements with SNO and KamLAND to determine an
will determine the totalactive plus sterilpflux ¢,,(3B) of  accurate totaPB solar neutrino flux including experimental
8B solar neutrinos. By subtracting the previously determinecand theoretical uncertainties and the possibility of an appre-
flux (see above ¢acid ®B), from ém(®B), one can deter- Ciable active-sterile admixture. We switch to thee flux in
mine the flux of sterile solar neutrinos. Sec. IV and evaluate how well one can determine the total

Using similar reasoning, we shall also show that the Com_TBe solar neutrino flux by also using the resullts of the gal-
bined Super-Kamiokande and KamLAND measurements calum (GALLEX, SAGE, and GNQ solar neutrino experi-
be analyzed to yield an accurate value for the t8lflux, ments or the chlorine experiment. In Sec. V, we investigate

8 7 ;
although in this case the results are somewhat more sensiti\n.QW well _the total”B aT‘d Be neutrino fluxes can be deter-
to the active-sterile admixture. mined using the combined measurements of KamLAND and

v-e scattering observed in the Super-Kamiokaf@ec. V A
and BOREXINO(Sec. V B detectors. We show that even in
the presence of active-sterile admixtures the téB¢ solar

The flux of 'Be solar neutrinos, which in the SSM is neutrino flux may be measured with relatively high accuracy
predicted [11] to be ¢("Beyvd=4.77<10° cnPs 3(1 by comparing results from the KamLAND and the BOR-
+0.10), can be determined in a model independent wafXINO experiments. We describe and analyze in Sec. VI
from a global analysis of the solar neutrino data assuminghree strategies for determining the tofgb solar neutrino
only active neutrino oscillations. For example, the latesfflux in the absence of a dedicated experiment that measures
analysis by Garzelli and Giunti[7] vyields 0.02 separately thep neutrinos. We summarize and discuss our
< ¢('Be)/¢('Be,SSM)<1.15 at 99% C.L. principal conclusions in Sec. VII.

We shall also show in this paper that one can extract the We urge the reader to turn first to Sec. VIl and read the
value of the 'Be neutrino flux from measurements of the summary and discussion of our main results and their impli-
gallium solar neutrino experiments GALLEX, SAGE, and cations. The rest of the paper can then be understood more
GNO and the results of the SNO and KamLAND measure-asily.
ments. The value of théBe flux that will be derived in this
way is relatively insensitive to the assumed neutrino oscilla- |I. PRESENT KNOWLEDGE OF THE 8B NEUTRINO
tion parameters, although it does depend somewhat on the FLUX
assumed contributions of the CN@gp, and pp neutrino o ) ) o
fluxes which we adopt from the standard solar model. The Ve generalize in this section the determination of tBe
constraint provided by the Chlorine experiment is not Veryneutr.lno fl.ux to the case in wh|che' oscillates |nto' a state
useful for determining the totdiBe neutrino flux. that is a linear combination of activer{) and sterile ¢s)

One can obtain an independent measurement of the totAEULnNo states
"Be solar neutrino flux by comparing data from the Kam-

LAND experiment with data from BOREXINQ40] solar

neutrino experiment. If both the KamLAND and the BOR- where 7 is the parameter that describes the active-sterile
EXINO detectors work as expected, then this method will be 7 b

. , ) dmixture. This admixture arises naturally in the framework
more accurate than the methods involving the gallium an L 8 . .
. ; . of 4-v mixing [28]. The total®B neutrino flux can be written
chlorine radiochemical detectors.

¢(8B)totalz D(ve) + d(vy) + b(vy), (6)

D. "Be solar neutrinos

Ve— COS7 vy +SiN 7 vg, (5)

E. Appendix: just for aficionados

The determination of the total solar neutrino fluxes, andvhere ¢(vs) =tarf X ¢(v,). Clearly, the larger the sterile
even more so the determination of the sterile components diomponent, the larger the value ${°B) o that is inferred
these neutrino fluxes, requires precision in both the experiffom the experimental data. _ _
mental measurements and the theoretical calculations and We have performed a global analysis of the solar neutrino
analyses. We present a refined discussion of the theoreticélfta treating the totaB neutrino flux as a free parameter.
errors, and their correlations, for the absorption cross for thd he details of the analysis procedure are the same as those

gallium and Chlorine solar neutrino experiments in the Ap-used in Ref[22] except where we explicitly state otherwise.
pendix. We concentrate here on the LMA region &.tarf6<10,

10 °<Am?/eV?<10 3.

To take account of the possibility of oscillations into ster-
ile neutrinos, we determine the allowed regions in the param-
The outline of this paper is as follows. In Sec. Il, we eter space defined byxm?, tarfd, and a third parameter,

describe the current experimental knowledge of #Besolar cogy, that is defined by Eq5). It is convenient to introduce
neutrino flux. Our results are summarized in Table | both forne dimensionless parameter

the special case of oscillations between purely active neutri-

F. Outline and suggested reading strategy

nos and for the general case of oscillations between electron S(®B) o
neutrinos and an active-sterile neutrino admixture. We limit fB=8—t°ta, (7)
our analysis to the allowed LMA region of solar neutrino #(°B)ssm
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sterile admixture cds that is obtained from Eq11) for the

lo, 20, and 3 allowed regions. The allowed regions are
] defined respect to the global minimum, which corresponds to
1 purely active oscillations witlAm?=5.0x 10"° eV?, tarfé
=0.42, andfg=1.07.

Although pure sterile oscillations are forbidden at the3
C.L. (see Fig. 2, a large sterile admixture in the solar oscil-
] lations is still allowed. In fact, with the currently available
1 data, the largest allowed value atr ®f the sterile®B neu-
trino flux corresponds tog = 2.2 and co$y=0.3 (for 2Npp).
For this extreme case, we find

L] fB,steriIe mac 1.1. (12

25 3
The quantityfg gerile max that appears in Eq12) is de-
fined, analogous tég in Eq. (7), by the relationf i
FIG. 2. The dependence of the inferr8B flux on the active- :¢(BB) . _Ig aJd’(SBB)SSMq (12hey maximum %gfag magf
sterile m .

sterile admixture. The figure shows, as a function of the active- . . .
sterile admixture, i.e cga the allowed range of théB solar &,sterile maxIS @S large as the sum of the acti¥8 neutrino

neutrino flux at Ir, 20, and 3 C.L. The star indicates the global quxe§ I(fx+ fﬁz 1.1, wheref=0.348, see Re{4]) for this

best fit point for all the currently available solar and reactor data;Sp?ISIr‘;Jl Caseh' . I d i o f

the star lies afg=1.07 andz= 0.0 (purely active neutrings 3 at Is the ma?(lmum a Owe_ _S_terlez contamination o
the °B solar neutrino flux? Minimizingy~ for the global

. . 2 .
where fg is the total 8B neutrino flux in units of the pre- Solution with respect tdm®, tarf¢, andfg, we find that the

dicted standard solar model flux. The allowed rangégin  allowed range of cdy satisfies
the three-dimensional space of neutrino parameters, 750.40 < <1 1
tar9, and co$y, is determined by the equation 0.750.40<cosy=1.0 (13

at 1o (or 30).
X(fe)<x2.,+Ax%(1,C.L). (8)

8
Here A x?(1,C.L.) is the change i that corresponds to a lil. HOW CAN WE DETERMINE THE TOTAL R B
specified confidence limifC.L.) for one degree of freedom. NEUTRINO FLUX USING CC REACTIONS?

The computed values of are minimized for each value of | this section, we will show how one can determine the
fg with respect taAm?, tarf, and co$y. allowed range of the totdlB neutrino flux using the results
Table | shows the currently allowed range fesfor both  of the KamLAND reactor neutrino experiment and the SNO
the more general case where a mixture of active and sterilec solar neutrino experiment. We shall also estimate the
neutrinos is assumed and for the more conventional case ﬁbcuracy with which one can determine the tdtalflux.
which only active neutrinos are considered. For purely active sjnce we consider here only CC reactions that result from
neutrinos, the & range is disappearance experiments, the only difference between the
f 1074008 ) role of active neutrinog,, andv, and sterile neutrinO8gerie
B.active™ =+=1— M- H arises from matter effects in the Earth and in the Sun. Since
sterile neutrinos do not interact with matter, the effective
potential for thevg-vg evolution in matter isVes=Ve— Vg
=Vt Ve, sinceVg=0. The effective potentid¥ is ap-
f&. active sterilée 1.07°918 (10) proximately haIf_ the potential forve-vg, Vea=Ve—V,
=Vcc, WhereV, is the potential for the active neutrineg,
The result shown earlier in E¢) for purely active neutrinos and v,. (The difference is exactly half for a medium with
is taken from Table |I. equal number of neutrons, protons, and electrons because
How does the possible existence of sterile neutrinos affecVa=Vnc= —GgN,/\2~—Ved2 with Vee=2GeN,.)
the allowed range ofB neutrino fluxes? We can calculate We shall evaluate the expected dependence of the inferred
the dependence of the allowed rangef gfupon coéy with  total ®B flux on the admixture of sterile neutringsee Eg.

the aid of the inequality 5]
In Sec. Il A we present the formulas that are used to

x2(fg,con)<xz..+Ax*2,C.L). (1)  determine the®B flux with the aid of the KamLAND and
SNO CC experiments and in Sec. Ill B we illustrate the ef-

and for an arbitrary mixture of active and sterile neutrinos,
the 1o range is

Here Ax?(2,C.L.) is the change iry? for a specified C.L.

that corresponds to two degrees of freedom ; the computed———

values of x* are minimized at each point with respect to 4ror 2Ny, the maximum allowed value df is 2.2 at 3r, but is

Am? and také. 1.7 for INpg, see Table I. We have given the maximum value for
Figure 2 shows the range 6f as a function of the active- 1Ny in the abstract.
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10°- ; e — A. Relations that determine the total flux

Suppose KamLAND observes a signal that corresponds to

LMA v, oscillations with parametersA(n?,targ?). We as-
sume the validity of the CPT theorem so that constraints on
antineutrino oscillation parameters obtained from the Kam-
1 LAND experiment apply to solar neutrino experiments. We
& can then extract théB neutrino flux from the following

Am*(eV?)
5

relation:
RSNS™® 1
B~ Sssm < 2 ' (14
RN (Ped Am?tarfd))sno
107 : ¥/ A S— where
10" 1

2
tan"0
RNo= f dE,¢**M°B,E,)0e(E,) = 28RS (19)
FIG. 3. Isocontours for the totdlB neutrino flux. The figure
compares isocontours for tf8 flux assuming purely active neu- is the CC rate for the SNO experimejd] that is predicted
trino oscillations(thicker lineg with the flux that would be inferred [11,22 by the standard solar model in the absence of oscil-

for a 75% active-25% sterile admixtutéhinner lines. The results lations and(P (Am2 tanZ0)> is the average survival
refer to a hypothetical comparison of measurements from the Kam- - ee ’ SNO ™= ge
robability for electron-flavor neutrinos created in the Sun.

LAND reactor experiment and the SNO CC experiment. We alsd . . . .
is the neutrino energy ang, is the weighted aver-

show (dotted contourthe 30 allowed region obtained by a global Also, E, ) - . € ) .
fit to all of the allowed solar and reactor datee Fig. 1 ageve-d interaction cross-section, including the experimen-

tal energy resolution function ReB(T’), whereT(T') is

) ) the measuredtrue) recoil kinetic energy of the electron.
fect on the inferredB flux of the maximum allowedat 10) Thus

sterile admixture. We estimate in Sec. Il C the precision
with which the 8B flux can be determined including all the

. . o Tmax Tmax'(EV) dO’e(Ev,T,)
principal known sources of uncertainties. oe(E,)= dT dT'ResT,T') ———.
The reader who is interested in how well we can deter- Tmin 0 dT
mine the B flux, but does not need to know the details of (16)

the procedure, can get the main results by glancing at Fig. 25 |oyer limit T, in the integral in Eq(16) is taken here

{ahnd tF'f-I%g”f? Table ”bln getc. VA, \c/jve |nvestll<gat?_2<,)\lvl\:/)vyellto be the threshold used by the SNO Collaboration in Ref.
€ total ux can be determined using ram N [4] (T,;»=5MeV). The calculated value for the CC rate is
compmatlon with the v-e scattering experiment Super- not sensitive to the assumed valueTof,,, as long asT
Kamiokande. ~17 MeV e max
The energy-averaged survival probability
TABLE II. Values of f5 and associated uncertainties obtainable(p_ (Am?,tar? ) )gyo for v, at SNO can be computed using

from the SNO CC and KamLAND experiments. The table present . ~ N _
the best-fit values fofg (the total ®B neutrino flux divided by the %LTN%OPF?]?Jztlon parametera f ,tan"H) observed at Kam

predicted standard solar mod&B neutrino fluy and associated
uncertainties for a representative set of possible oscillation param- P. (Am?2

m?,tarf 6
eters. We have used(fg)sno ex=6-15% andd(fg)snocs=2%. (Ped ))sno

We consider active-sterile neutrino admixtures permitted by the cur- ssw s —, _
rently allowed global oscillation solutiojsee Eq(12)]. f dE,¢>M®B,E,) 0e(E,)Ped E, ,AM? tarf )
— — - SSM
Am? tarf 0 fse 0((Peesno, kamiano)  Total Rsno
% % (17
5.0x10°°  4.2x10°' 1.09 & a1 _
OB i 3 S eve serle acmixare
5.0 10 251x10°t 151 85 ol
7.94<10°° 4.2x10°!  1.02 ree 32 How much does a sterile neutrino admixture affect the
7.94<10°° 5.01x10°* 0.94 53 e inferred total®B neutrino flux? The dominant dependence on
7.94<10°° 251x10°' 1.30 s o the sterile admixture arises from matter effects within the
3.16x10°° 4.2x10°! 1.01 a3 75 Sun for largerAm? and within the Earth for smallekm? .
3.16<10°° 5.01x10°' 0.98 el 8l Figure 3 shows the isocontours Bf in the LMA region
3.16x10°5 2.51x10°! 157 e o2 for the pure active caséhicker lines and for the active-

sterile case c6%=0.75 (thinner lineg. The isocontours are
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not very different for the two cases. Moreover, the depenobserved in the SNO CC experiment as will be determined
dence on Earth matter effects can be avoided experimentallyy future KamLAND measurements. Here is how we esti-
by using only the daytime CC measurement, once sufficienmate this uncertainty. We generate the expected KamLAND
statistics are available. The robustness of the infefBd signal for a fine grid of pointsAm? tarf6) that spans the
solar neutrino flux can be tested by comparing fiBflux  space of the allowed oscillation parameters determined from
inferred using only daytime CC measurements with the fluxsolar neutrino experiments. For each grid point, we obtain
that is inferred when nighttime datavith corrections for the allowed region by &’ analysis. We use statistical errors
Earth matter effecisare added to the daytime data. corresponding to three years of data taking at KamLAND,
In Fig. 3, we also show the® LMA contour (the dotted ~ 0bserving antineutrinos from reactors working at a constant
contoul obtained by the global analysis of the solar neutrino/8% of the maximal power. To be conservative, we also
data for the purely active case . Within thee 3MA region, ~ assumed a neutrino energy threshold of 3.5 MeV, in order to
the maximum difference between the value fgf inferred ~ €nsure that the effects of natural radioactivity would be
allowing for possible sterile neutrinos and the value obtainegmall. More details on the KamLAND experiment can be
assuming only active neutrino oscillations 0.9 and found in Ref.[31]; details regarding the neutrino cross sec-
—3.5%. The dependence upon the active-sterile mixturdons, statistical procedures, and reactor fluxes used in the
could become negligible if the corream? lies in the lower ~ Present paper are described in R¢&8,39.
part of the LMA region and only daytime data is used from In computing the inferred values df, we take account
the SNO CC measurements. We conclude from Fig. 3 tha@f the fact that there could be a significant component of

existence of sterile neutrinos will not prevent an accuratéterile neutrinos in the inciderit solar neutrino flux. We
measurement of the totdB neutrino flux. therefore consider all active-sterile admixtures permitted by

the global oscillation solution shown in Fig. 1. The numeri-
cal constraint on the currently allowed admixture is given in
: - : __Eq.(13).

- What is the %Vera” precision eXpeCted in the d-etermlna- In princip]e, for each simulated point there are two al-
tion of the total °B flux? From Eq.(14) we can derive the lowed KamLAND regions, one aroundim? and taRé and

anticipated precision as — — .
P P another aroundAm? and tad(m/2—#). We discuss here

C. How accurately can the total ®B flux be determined?

o(fg))2 a(Rgﬁgx 2 o Rgﬁ 2 only the range pf parameters within thg first octant for the
- = Con <o mixing angle since glob'al solar ngutrlno solutions show
B Rsno Rsno [6—8,20—22,3P that the first octant is preferred. For each
(P 0 simulated KamLAND allowed region centered on a specific

+( ee/ SNO, KamLAN ))2 (Am? tarfg), we computes({Pee)kamianp)- We repeated

{Peesno, kamtanp this procedure for a grid of 8441 points in the range 0.1

= 8(T8) Eno,expt O(F8)ENO, cross section <tarf<10, 10 °<Am?<1x10 3. The estimated uncer-

5 tainty in (Pee)sno, kamLanp Varies with the grid point

+ 8(f8) SN0, KamLAND (18 (Am?, tart6).

Table Il presents the best-fit value ©f, the uncertainty

where the r errors are combined quadratically. in o((Pee)sno, kamLanp)» and the total expected uncertainty

The current value of the first term in EL9), the 1o in inferring f'B from the combined SNO CC and the Kam-
uncertainty(statistical and systemajiof the measured cC LAND neutrino reactor measurements for a representative
rate in SNO, is[1] 8(fg)snoex6-15%. This uncertainty set of possible results fakm? and tafé. In all the cases
will undoubtedly decrease as the results of analyzing morehown in Table Il, we have used(fg)sno ex=6.15% and
SNO CC data are reported. 6(fg)sno.cs= 2% (see previous discussipriThe uncertainty

The second term in Eq18) represents the uncertainty in contributed by the possibility that sterile neutrinos exist, i.e.,
the v¢-2H absorption cross section. Much progress has beem#0, is rather modesty({Pee) sno, kamiand IS typically
made recently in evaluating this cross section, see, e.g., Refeduced by~1% from the value shown in Table II.

[41,42, which has led to an estimate 1% for the cross Figure 4 shows the 9 and 14 % contours for the maximum
section uncertainties other than radiative corrections. No depercentage deviation from the bestffit value. To provide a
finitive calculation has yet been made of the radiative correceontext, the figure also displays the-12¢, and 3 allowed

tion for the CC reaction, but a reasonable estinjdtf is  LMA regions obtained by a global fit to the available solar
that the cross sections given in Rpf1] might be increased and reactor data. Within almost all of the currenrlLMA

by 2%. We adopt here a conservative uncertainty ofallowed region, the comparison of the KamLAND and the
6(fg) sno.c.s=2% ; the precise value chosen #8(fg)snocs.  SNO CC data will determine the totdB flux with an un-

is not very important at this stage since other uncertaintiesertainty that is less than 14%; the uncertainty can be less
are dominant. Théep neutrino flux contribution taAfg is  than 10% over a significant fraction of the current &l-
negligible for our purposeigt,5,11]. lowed domain. About-6% of the current estimated uncer-

A detailed simulation is required to estimate tainty is due to the experimental error in the SNO CC mea-
0((Peesno, kamLanD)» 1-€., the uncertainty in the average surement, which hopefully will be reduced as more CC data
electron neutrino survival probability fdtB solar neutrinos  are accumulated.
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SAGE [14] gallium solar neutrino experiments with the Ka-
mMLAND and SNO CC measurements. We shall also explore
the extent to which the chlorine experimé¢t®,43 can pro-
vide independent information about tH8e solar neutrino
flux.

We limit ourselves in this section to detectors that only

observev, or v, specifically, we consider here only the
radiochemical gallium and chlorine experiments and the re-
actor antineutrino experiment KamLAND. This limitation
simplifies the calculations with respect to the role of the ster-
ile neutrinos. However, the radiochemical experiments suffer
from the disadvantage of a lack of energy discrimination,
which introduces uncertainties involving the roles of g

5 ' 1 pep and CNO neutrinos.

tan“0 We begin by describing in Sec. IV A the general proce-
dure for determining théBe neutrino flux. We then evaluate
in Sec. IV B the principal sources of error, taking account of
experimental and theoretical uncertainties as well as the pos-
sibility of an appreciable sterile neutrino component in the

107

Am%(eV?)

1070
10

FIG. 4. Accuracy of determining the tot&B neutrino flux. The
figure displays & contours for the percentage accuracy in deter-
mining the 8B flux that can be obtained from the combined SNO

CC and KamLAND data. The uncertainties were calculated from: id | . fl W in s IV C th
Eq. (18) and the currently allowed regions for the neutrino oscilla- Inc er_1t solar neutrino flux. e_ present in .ec. the
tion parameters were obtained by a global fit to all of the allowegnumerical results for the uncertainties due to different factors

solar and reactor datsee Fig. 1 and evaluate the overall accuracy with which the tdiaée
flux can be determined.

For some purposes, it is convenient to know what is the Using data from either the gallium or the chlorifie2]
average expected accuracy in the determinatiofigof We exp(?rlments,.the same procedure can be applied for inferring
have computed this average with the aid of a Monte Carldhe "Be neutrino flux. For simplicity, we describe the proce-
sampling of the currently allowed solar neutrino oscillationdure in Secs. IV A—IV C with reference to the more promis-
parameters shown in Fig. 1. The average positive and negd19 case provided by the gallium experiments. In Sec. IV D,
tive uncertainties are approximately eq(ste Table ). We  We investigate how accurately one can determine Be

find an average & uncertainty of flux using data from the chlorine experiment instead of the
gallium experiment. In Sec. V B, we use the techniques de-
o(fg)=9.6%. (190  veloped in this section to explore the accuracy with which

KamLAND and BOREXINO can determinfs,.
A very significant component ofo(fg) comes from
(]T((r< Zg%?NﬁéE?ﬁ;gNgéci\(l\;eﬁ;I:(:ég?gﬁraged over the current A. Procedure for determining the total 7Be solar neutrino flux
Table 11l shows the neutrino fluxes and the event rates in
0 ({Pee) sno, kamLanD) = 7 %. (200 the gallium solar neutrino experiments that are predicted by
] ) o ) the standard solar modEl1,22 . The table also shows the
The sterile neutrino contribution to th&8 neutrino flux event rate predicted by the best-fit LMA solution. From
can be determined by subtracting the active neutrino fluxapie |1 it is clear that one must make a strong assumption
from the total neutrino flux. Thus, about thepp neutrino flux in order to determine th&e
flux. One must also make assumptions regarding the best-
RENS ™~ RENS A Peo A2, tarf 6)) sno value and the uncertainties in the (F:)NO amigfluxeg. This
= 2 @D sitwation is different than the purely empirical procedure de-
RISV P Am?,tarf6))sno situation is different than the purely empirical procedure de
scribed in Sec. lll for determining th&B neutrino flux; the
Using, as described above, the &rrors for the total and the B solar neutrino flux can be determined independent of all
active fluxes of 9.7 and 8 %assumed for the SNO NC mea- considerations regarding the standard solar model.
surement respectively, we estimate that the sterile compo- We assume throughout this section the correctness of the
nent of the®B neutrino flux can be determined to a precision calculated standard solar modéll] values for the neutrino
of about 12.5%. fluxes and their uncertainties, except for thBe and éB
fluxes which we want to determine from solar neutrino

IV. HOW WELL CAN WE DETERMINE THE TOTAL  Be experiments.
FLUX USING CC (RADIOCHEMICAL ) EXPERIMENTS?

f B, sterile™

We show in this section how the totdBe solar neutrino  SThe ultimate astronomical goal of solar neutrino experiments is
flux can be determined, with the judicial aid of other neutrinoto determine all of the solar neutrino fluxes directly from experi-
fluxes predicted by the standard solar moddl], by com-  ment, but there are too few experimental constraints to make this
bining the results of the GALLEX15],GNO [16], and possible at the present time.
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TABLE lll. Gallium neutrino capture rates and solar neutrino
fluxes. The table presents the predicted standard solar rmbdel
neutrino fluxes and the calculated gallium neutrino capture rates,
with 1o uncertainties from all source€ombined quadratically
The neutrino fluxes are the same as in the original BPOO niadgl
The last column of the table presents the capture rate for gallium
predicted by the best fit LMA solution. The total rates were calcu-
lated using the neutrino absorption cross sections and their uncer-
tainties that are given in Reff44].

Source Flux G4SSM)  Ga(LMA)
(10 cm™?s7Y) (SNU) (SNU)
pp 5.95x 10°(1.00" 359 69.7 40.4
pep 1.40<1072(1.00° 33} 2.8 1.51
hep 9.3x10° 7 0.1 0.023 tan0
7 —1 0.1
Be 4.77<10°1(1.00 57 34.2 18.6
ég 5.05% 10*4(1_00’:8-% 12.2 4.35 FIG. 5. Isocontours for the totdiBe flux. The figure compares
13, 5.48% 1072(1-00F8:§% 3.4 1.79 isocontours for the totafBe flux assuming oscillations betweep
15 4.80X 1072(1-0&8:% 55 283 and purely active neutrinoghicker lineg or oscillations between
17 4 02 ve and a 75% active-25% sterile admixtuféninner lineg. The
F 5.63x 10 4(1.00° 95 0.1 0.03 ) ; L
- 9 results were obtained by solving E@3) as described in the text.
Total 12877 69.6

The differences between the pure active contours and the 75-25 %

admixtures are less than 2% within the currently alloweds®lu-
Fortunately, as we shall see, if we assume the SSM prelion space, which is shown by the dotted line in the figisee Fig.

dictions and their uncertainties for all but tH8e and B 1). The dotted curve represents the &llowed regions from the

fluxes, then we can infer an interesting range for the totapnalysis of the solar data.

solar “Be neutrino flux if we use data from the gallium ex-

periments. The situation is less promising if we use data

from the chlorine experiment rather than the gallium experi- foo— 1

ments. Be™  7Be,SSM s TBe
Suppose that KamLAND observes a signal that corre- RGa (Ped Am®, tart 6) kamtano)

sponds  to v, oscillations with parameters

(Am?,tand?) amann, then the expected event rate in the 4 SSM - "

gallium experiments is a sum of the contributions from the X R?;?‘Z Ren (Ped AM tart 0) kam anp) G

different neutrino fluxes, namely,

Ga

_ _ 8B
8B,SSM _ _ 8B 2
Rea=feRg, (Ped AM? tarf6)yamiann) s, _ _B.ssm RSSP (Pee(ALn vtanz_g)KamLAND>Ga |
7Be,SSM — 7Be Ga  RESM(Ped AP, tart ) amiann) sno
+fgRy,  (Ped AM? tarf 6)kamiann) o, (23)

. .SSM — s i

+Z fiRé'a (Pee(Amz-tanze)KamLAND>gla _ _
' Figure 5 shows that for théBe neutrino flux the uncer-

(22 tainty due to the potential effect of sterile neutrinos is small.

In the last term in Eq(22), we include the contributions The figure shows the isocontours &, in the LMA region
from hep, pep, CNO, andpp neutrinos. By analogy with for the case of purely active casthicker lineg and for the
Eq. (7), we have defined the factofs as the ratios between mixture of active and sterile neutrinos with égs=0.75
the “true” solar neutrino fluxes and the fluxes predicted by (thinner lineg. Within the 1o (30) parameter region, the
the standard solar model. difference in the value ofg between the two oscillation

We can solve Eq(22) for the 'Be solar neutrino flux as scenarios is less than 108%).
follows. We substitute into Eq22) the value offg deter-
mined, independent of the solar model, from the KamLAND
and SNO CC measurements, as discussed in the previousB. Principal sources of uncertainty in determining the "Be
section(Sec. Il). We also assume as a first approximation total flux
that all the solar neutrino fluxes but tf® and 'Be fluxes
are equal to the values predicted by the SSM; we investigate The uncertainty in the inferred totdlBe solar neutrino
later the accuracy of this approximation. With these assumpfux can be estimated from E3). Including just the largest
tions, we can then solve fofg, by equatingRg,=Rgs  contributions, we can write the fractional uncertainty in the

=72.4+ 4.7 SNU. Thus total ‘Be neutrino flux as
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o(fge) 2_5 FO2 b s(fu)? (Am?,tarf6) in the allowed regiorisee Fig. 1 We consider
fge | (Tae)Gaexp™ O Tee)Ga crosssection active-sterile neutrino admixtures permitted by the currently
) ) allowed global oscillation solutiopsee Eq.(13)]. The solu-
+ 6(fge)kamiann T 8(fe)cnotSmaller terms,  tion of Eq. (23) determinesfgo(best fit) for that particular
(24) point in oscillation parameter space. Then we construara 1
allowed region, a set of pointa\(n?,tarf§), around the cho-
sen point using the simulated characteristics of the Kam-

where 6(fge) gaexpis the uncertainty from the experimental LAND experiment(see Sec. Il C and Ref§31,38,39). We
f th [li f iois the th ical . — —
error of the gallium rateo(fee) oa, cross sectiofd the theoretica define 8(fge) kamLanp fOF the chosen Am? tarf6) to be the

uncertainty from the calculated,-Ga absorption cross sec- _ D | e (A2 tar?
tions[44], 5(fBe)ﬁam,_AND is the uncertainty arising from the m?xmum '(or m|n|murr) valué - 0 [ae( m ,ta. 9)
allowed range of neutrino parameters determined by Kam-, B.E(beSt f'F)]/fBE(beSt f.'t)' In practice, the inclusion of
LAND and SNO[which affects all of the averaged survival sterile neutrinos only slightly affects the computed range of
probabilities in Eq.(23)], and 8(fge)ano is the uncertainty 6(f|:B<§)rKngTI1Lgt,\|hDe'r uantities, we estimate the associated uncer-
due to the quoted errors in the standard solar model calcula- . q = — _

tion of the CNO fluxegsee Table Il and Ref11]). We have ~t@inty at a particular point Am? tarf¢) in the following
omitted from Eq.(24) a number of sources of error that W& Given a source of uncertainityfor example, the mea-
contribute only relatively small uncertainties. The omittedSUred capture rate for the gallium experimgmigh 1o error
sources of errofand their range of contributed uncertainties 7i» W€ 0btains(fge); from the relation
for a representative set of oscillation paramétersiude the

experimental error in the SNO CC measuremej(ts.2 feeli= o) —faeli)
+0.6)%], the uncertainty in the theoretical absorption cross (Tge)i= foeli)
section for the SNO CC experimeln(t0.7+0.2) %], and the
uncertainty in standard solar model calculation of the

(25

Here we denote byg(i) the value off g, obtained from Eq.

neutrino flux[(0.4+0.1)%]. o (23) when all the parameters are assigned their best-estimate
We now discuss how we estimate the uncertaintifgin | 5 es. The quantitfe(i = o) is calculated from Eq(23)

Because they require special treatment, we first discuss thfsing the best-estimate values of all variables exéefite

uncertainty arising from the theoretical neutrino Capture,jape; i set equal to its best-fit value the correspond-
cross sections for gallium and then discuss the uncertalnt|>,(1g 1o uncertainty. In calculating(f e)2 we shift the
. Be/CNO»

e A 3 St e PAATELTS $lee CNO et fluces by L simufaneousy and i
Y i the same direction, reflecting the correlation between the

ing from the gallium absorption cross sections for neutrlnoCI\IO fluxes in the standard solar model.

sources with continuous energy distributions, we use TableS The uncertaintyd(fgg); that is calculated from Eq25)

2-4 of Ref.[44]; these tables give the best-estimate and th?/vill in oeneral depend upon the assumed value for
+ 30 limits for the theoretical cross sections. For the neu- 9 P P

trino lines from ’Be andpep, we have checked that the (AM? tarf6) within the KamLAND allowed region. This de-
shape of the ling45] does not affect significantly the error pendence persists evendf is independent of Am?, tarf 9)
estimate. Therefore, we use for tiBe andpep lines the (which is true, e.g., for the measured gallium capture)rate
error estimates given in Eq41) and Eq.(42) of Ref.[44].  fact, the positive and negative values #(fge); will gener-
We have adopted the conservative procedure described ily not be equal.

Sec. XIl A4 of Ref.[44], in which the uncertainties in all of
the low energy €2 MeV) cross sections are fully corre-
lated, while the uncertainties for th&R) neutrinos above

2 MeV are treated separately. All of the cross sections for o
low energy neutrinos move up or down together, reflectin Table IV presents the calculateq uncerta|nt|e§ and the
the fact that the dominant uncertainties for low energy neuPest-fit values of g, for a representative set of possible neu-
trinos are common to all sources. For higher-energy neutritrino oscillation parametersA(m? tarf), that may be ob-
nos, a number of excited states dominate the calculated atained from the KamLAND measurements. The largest un-
sorption cross sectiofFor a more explicit description of certainty ~22% is due to the experimental error on the
how the cross section errors are treated, see the Appgndixmeasured gallium ratgl4—16. The two next largest uncer-

To calculate the uncertainty associated with the range offainties, both~12%, arise from the theoretical calculation of
allowed neutrino parameters determined by KamLAND, wethe gallium absorption cross sections and the simulated er-
first solve Eq.(23) with the appropriate average survival rors in the KamLAND measurements. The rather large un-
probabilities computed for each neutrino oscillation pointcertainty due to the gallium cross sections requires explana-

tion since the uncertainties on the individual cross sections
are much smallef44] [e.g., 2.3% forpp neutrinos and 5%
The SNO CC results are used to select the first quadrané for (average for ‘Be neutrino The amplification in the error
(see Fig. 1, but for brevity we refer to the range of neutrino pa- due to the cross sections arises because all of the low energy
rameters determined by KamLAND. cross section errors are fully correlated. The gallium cross

C. The accuracy with which the total "Be flux can
be determined
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TABLE IV. Best-fit values off g, and associated uncertaintiggllium based simulationThe table shows
the best-fit values and associated uncertainties that are obtained by solvi@@HEqr a representative set of
oscillation parameters within the expected KamLAND and SNO allowed regiea Fig. 1

Uncertaintiess(fge); (%)

Am? tarfo fae Ga, exp Ga, C.s. KamLAND CN@lux) Total
5.0x10°5 42x10°Y  1.15 22 3 % 4.5 %
5.0x10°° 501x10°t  1.31 20 A : 4.0 T
5.0<10°° 251x10°'  0.63 24 3 N 8.1 3
7.94x10°°  4.2x10°'  1.09 23 e i 4.8 3
7.94<10°° 501x10°'  1.25 20 2 T 4.2 28
7.94<10°° 251x10°' 0.8 36 t1e 3 9.1 e
3.16x10°°  42x10°'  1.26 21 2 8 4.0 %2
3.16x10°° 5.01x10°'  1.40 19 8 e 3.6 iy
3.16x10°° 251x10' 0.73 31 BT R 6.6 it

section errors are added linearly in calculatiffg, [see Eq. D. Can one use the chlorine experiment to determine théBe
(23)] rather than being combined quadratically. solar neutrino flux?

We have also computed a representatasxeragg error in We can derive an expression fb, in terms of the mea-
the determination of the totalBe flux by a Monte Carlo sured event rate in the chlorifd2,43 solar experiment.
sampling of the allowed KamLAND oscillation region Replacing “gallium” by “chlorine” everywhere in Secs.

shown in Fig. 1. We find IV A-IV C, we find
foe= fe pest £ 1.00°534]- (26) 1
fpe= 7Be,SSM —, — "Be
Ry (Ped Am? tarf 6)amiann)

Figure 6 shows the contours of the maximum percentage
deviation(in absolute valuefrom the local best-fit value of
fge- The figure shows that within the currently allowed 1 « | RexP R%SSM P (Am2 tarfe) ¥
; o . S — ,tarfo
solar neutrino oscillation region the expected uncertainty in cl 2.: cl (Ped kamtanD)ci
the determination of théBe flux is of the order of 25-35 %

[in agreement with Eq26)]. °8

8g,55M RSP (Ped Am? tarf ) KamLAND)
c RSNS “M(Ped AM?,tarf 0) kamianp) sno

(27)

] whereRgP=2.56=0.23 SNU[12]. Equation(27) is the ana-
L 3g . log for the chlorine experiment of the previously derived Eq.
o (23) that was used in the discussion of extractfpg for the
gallium experiments.

Table V lists the best-fit values df, that were obtained
by solving Eq.(27) for different pairs of oscillation param-

eters Am? tarf ). The best-fit values of g, obtained from
the the chlorine experiment are smaller than the best-fit val-
ues inferred using the gallium dataee Tables IV and
B Using the chlorine data, one can even get negdtiee, un-

. 1 physica) solutions forf ge.
tan"® The basic reason for the difficulty in determinirfig, is

FIG. 6. Percentage error in determining the otk flux. The that the Iarg_e expected rate_ from tF_'B r_'eumno flux, even
figure shows two contour@n %) for the uncertainty in determining &fter reduction due to neutrino oscillations, can account for
the total’Be flux. The uncertainties were calculated as described ill the observed rate in the chlorine experimg#6]. The
Sec. IV A and Sec. IV B, using a combined analysis of SNO cccontribution from the’Be neutrinos is obtained by subtract-
and gallium data together with simulated KamLAND data. Theing the large and somewhat uncertain expected contribution
curves labeled &, 20, and 3r represent allowed regions from a from 8B neutrinos(and the contributions from CNO and
global analysis of the available solar and reactor ds¢® Fig. L pep neutrinos that are expected to be much less important

103,

35%
/25%

107
10
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TABLE V. Best-fit values off g, and associated uncertaintishlorine based simulatignThis table is
similar to Table IV except that for Table V data from the chlorine experiment were used instead of data from
the gallium experiment. Because the inferred valuefgpfare small and very uncertain using data from the
chlorine experiment, Table V presents uncertainties as the numerical shift in the best-fit (raltes
percentage uncertainties, which are given in Tablg IV

UncertaintiesA (fge);

Am? tarfo fge Cl,exp Cl,cs. SNO,exp SNO,cs. CNO,flux Total
5.0¢10°° 4.2x10°1 0.17 0.37 0.25 0.26 0.07 0.08 0.50
5.0<10°° 5.01x10°' 0.20 0.38 0.29 0.21 0.07 0.08 0.53
5.0x10°° 251x10°'  0.07 0.32 0.10 0.18 0.06 0.08 0.39
7.94x10°° 4.2x10°t 0.12 0.36 0.17 0.20 0.07 0.08 0.46
7.94x10°°% 5.01x10°' 0.16 0.38 0.22 0.21 0.07 0.08 0.49
7.94<10°5 251x10°' -0.10 0.31 0.10 0.17 0.06 0.08 0.37
3.16x10°° 4.2x10°*t 0.25 0.39 0.34 0.21 0.07 0.07 0.57
3.16x10°° 5.01x10' 0.26 0.40 0.37 0.22 0.07 0.07 0.60
3.16x10°° 251x10' 0.16 0.36 0.25 0.18 0.06 0.07 0.46

from the total measure chlorine rate. The result is a rather For the chlorine based determination, we have computed

small and uncertain remainder, which can be attributed t@ representativéaveragg shift in f g, by a Monte Carlo sam-

’Be neutrinos. pling of the allowed KamLAND oscillation region shown in
Table V also presents the most important sources of unFig. 1. We find

certainty for inferring the value ofg, using the chlorine,

rather than the gallium, data. Since the inferred best-fit val- Afge=0.49,15. (29

ues forfg, that are obtained using the chlorine data are very

small (or even negative we show in Table V the associated g ncertainty is so large as to render not very useful the

shifts in the prediction offg.. For the much more reliable yoermination off 5, with the aid of chiorine data.
inferences from gallium data, we show instead in Table IV

the percentage shifts, not the actual numerical shifts.
The largest uncertainties in determinirfg, using the V. HOW WELL CAN KamLAND PLUS »-e SCATTERING

chlorine data are caused by the experimental errors in the EXPERIMENTS DETERMINE THE TOTAL °B

chlorine absorption rate~0.35) and the SNO CC absorp- AND 'Be FLUXES?

tion rate (~0.25). The uncertainty in the chlorine neutrino

absorption cross sections are also signifid@®3 to 0.35,

depending upon the neutrino oscillation parametefs be

In this section, we show how data from KamLAND can
be combined withv-e scattering data obtained with the
Super-Kamiokande and BOREXINO experiments in order to
determine, respectively, the totdB (Sec. VA and 'Be
) : . ?Sec. V B solar neutrino fluxes. As discussed before, the
sections that were u_sed in co.nst.ructmg Table V were evaluédvantage of using purely CC measurements to determine
ated from the following equation: the fluxes is that the answers depend only mildly on the
active-sterile admixture. On the other hande scattering
measurements have the advantage of smaller uncertainties in

2
2 .
A(fge)Cics™ > [fBe(C-Sji10—0.31)]_f8e(|)} the interaction cross sections. Moreover, for the determina-

j=pep.'Be,CNO tion of the "Be flux, BOREXINO depends less strongly on
2 other neutrino fluxes predicted by the standard solar model
+ > [fBe(c.sjtlcrc_s].)—fBe(i)]} : than do the radiochemical experiments chlorine, GALLEX,
j=%B.,hep SAGE, and GNO.
(28)
A. How well can KamLAND and Super-Kamiokande
(See the Appendix for more details regarding the treatment determine the total °B flux?
of the cross section errojsEven the CNO fluxes0.08) In this section, we show how data from the Super-

and the SNO CC absorption cross sectien0(10) contrib- Kamiokande and KamLAND experiments can be combined
ute non-negligible errors. The uncertainty from sterile neuto measure the totdlB neutrino flux. We shall see that the

trinos is small ¢~0.04) and does not significantly affect the determination using Super-Kamiokande and KamLAND
total uncertainty. Remarkably, the individual uncertainties inyields, on average, a value for the total flux than is compa-
fge Which arise from several different sources are larger thamable in precision to what is expected to be obtained using
the current best-fit values d§, (see Table V. SNO and KamLAND. The systematic uncertainties are dif-
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ferent in the two experiments, SNO and Super-Kamiokande. o (f active ) = 0.06. (33
Therefore, it will be important to compare the tof neu-
trino flux that is inferred using Super-Kamiokande and Ka- For purely active neutrinos, Super-Kamiokande and Kam-
mLAND with the value that is obtained using SNO and Ka- LAND may provide us with a more accurate determination
mLAND. If the uncertainties are correctly estimated, then theof the total 8B neutrino flux than SNO CC and KamLAND
two methods should agree within their quoted errors. [see Eqs(19) and(33)].

The advantage of using purely charged current measure- Allowing for the currently allowed & (25%) sterile ad-
ments with SNO and KamLAND to determine the tof8  mixture, we find for the best fit point
flux is that the answer depends only very slightly upon the
unknown active-sterile mixtur@s discussed in Sec. JllThe frota 5= 1.0 10056 Gop-000 COSn=0.75. (34)
principal advantages of the Super-Kamiokande experiment in :
the present context is that the neutrino interaction cross sec- The last error in Eq(34) corresponds to the presentr1

tion is accurately knowif47] and the statistical and system- _Llj_?]certa'my from th? .ai:tn/.e-st;]erlle a%m'xg“rs %@I:EA(\)NE ' d
atic errors have already been extensively investigafgd € average uncertainly (n theé combined mam an

However, as we shall see below, when using Super_Super-Kamiokande measurement fg, g is expected to be
Kamiokande there is a significant uncertainty7 and 2%, within the 1o LMA region and if the sterile admixture
—0%) in the total ®B flux due to the active-sterile mixture, 'S @S large as currently allowed.

at least with our present knowledge pf

The average survival probability fofB solar neutrinos B. How well can KamLAND and BOREXINO determine
can be written in the form the total "Be flux?
. _ In this section, we show how data from the KamLAND
(P(Am?,tarf 6, 77) kamLAND) Super-Kamiokande and BOREXINO experiments can be combined to measure
B 2 tarfe the total ‘Be neutrino flux. The principal advantage of using
= (Ped AM*,tarr 6, 1) kamLanb) super-kamiokande the BOREXINO experiment for this purpose is that the sig-

n — — _ nal i_n the BOREXINO gxperimerﬁ40] is predicted to be
(rPex( AM® tar? 6, 7) camtano) super kaiokande dominated by’Be neutrinos, wherea$Be solar neutrinos
(30) are expected to contribute only a relatively smalhd unla-
) N S ) ) beled fraction to the observed event rate in the gallium and
whereP is the probability of oscillating into active neutrinos :piorine radiochemical measuremergse Table 1.’
andr=o,/0=0.15 is the ratio of the thee-e and v,-e However, unlike the cases involving the gallium and chlo-
elastic scattering cross sections. The expected sensitivity ¢fe experiments that were discussed in Sec. IV, which in-
fg to the principal sources of errors can be calculated fron,ge only v, (CC) absorption, the BOREXINO experiment

the following equation: detects bothwe-e scattering andv,-e and v,-e scattering.
5 One must consider in the present case the extent to which the
o(fg)|? [ o(RS{erkamiokan active-sterile neutrino admixture influences the detected
fg N REP , event rate for each set of oscillation parameters
Super-Kamiokande

(Am? tarnd?)  anp determined by KamLAND. As we shall
see quantitatively in the following discussion, this uncer-
tainty regarding the sterile admixture does not decrease sig-
nificantly the overall accuracy of the inferred tot@Be neu-

We suppose that KamLAND will observevith associated trino flux.

uncertainties that we simulate with a Monte Cartloe rate The average survival probability for active neutrinos can
predicted for the global best-fit point shown in Fig. 1. Forbe written conveniently in the form

purely active oscillations, we find that

( 0'(( P>Super—Kamiokande,KamLANb 2. (31)

(< P>Super-Kamiokande,KamLANb

(P(AMZ,tarf 6, 1) kamiano) b
Facive 5= 1.OTL 8635 G0l = 1[1+0.054,  co$=L10, e

(32) = ( Pee(AEZ-taan 77) KamLAND> gbRExn\jo

where the first error corresponds to the Super-Kamiokande +{rPo(Am? tarf 6, 77)KamLAND>§6REX|No- (35)
experimental uncertainty and the second error is caused by

the finite size of the allowed KamLAND region in oscillation whereP?i is the oscillation probability of neutrino fluxes of
parameter space. The combined KamLAND and Supersource¢; into active neutrinos and=o,/0,=0.15 is the
Kamiokande measurement will, for purely active neutrinosyratio of the thev,-e and v,-€ elastic scattering cross sec-
yield a determination for the totdB flux that is more accu- tions.

rate than can be obtained with the SNO CC measurement

and KamLAND. Within the 1o LMA region, the average

uncertainty in the combined KamLAND and Super- 7The BOREXINO detector can measure the energy of the recoil
Kamiokande measurement for the total actf® neutrino  electrons produced by-e scattering. The radiochemical detectors
flux is expected to be do not have energy resolution, only an energy threshold.
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The expression fof g, has the same form for the case in combined KamLAND and BOREXINO measurement for the
which the KamLAND and BOREXINO experiments are total active ‘Be neutrino flux is expected to be
considered together as for the previously discussed cases in-

volving the gallium experimenisee Eq(23)] and the chlo- 0 (f active B9 = 0.06(0.105. (39
rine experimen{see Eq.(27)]. Using the average survival
probability defined in Eq(35), we can write If we allow for a 25% sterile admixture, we find
1 f ot 8= 1.00 1+0.050.1) +0.02+ 0.020° 3%,  (40)
e RoSM  (pAmE tarfd.y) yoe The | in Eq(40) ds to th 1
m<,tarf 0, 7) kamLAND e last error in Eq: corresponds to the presentr
BOREXING BOREXING uncertainty from the active-sterile admixture €9%0.75.
«|rew _2 RYi:SSM The numbers in parentheses in E§8) and Eq.(40) corre-
BOREXINO & ""BOREXINO spond to assuming the larger systematic uncertainiy)%,
for the BOREXINO measured rate.
— — & For fioa ge, the average uncertainty in the combined Ka-
X(P(Am ’tar?aﬂ)KamLAND)BbREXINO ’ (36 MLAND and BOREXINO measurement is expected to be

“8(*19p, within the 10 LMA region and if the sterile

In the last term of Eq(36), we include the contributions admixture is as large as currently allowed.
from pp, and CNO neutrinos. The contribution frof8 neu-

trinos is negligible because the obsenf®&ineutrino flux is VI. DETERMINATION OF THE pp NEUTRINO FLUX
about a factor of 1Dsmaller than the predicted SSNBe ) ) ) o
neutrino flux and becausB neutrinos primarily produce In this section, we analyze three strategies for determining

high energy recoils electrons that the BOREXINO detectorthe totalpp solar neutrino flux without requiring a dedicated
can distinguish from the low energy recoil electrons pro-€xperiment that measures only tig neutrinos. We first

duced by’Be neutrinos. describe in Sec. VI A how one can make a crude determina-
The expected sensitivity dfs. to different sources of er- tion (_)f the pp neutrino flux using the measured Gallium,
rors is given by chlorine, and SNO(CC) event rateq3,12,15,16 and the

standard solar model predictions for all but f##, “Be, and

o(fge) |2 , , pp solar neutrjno ﬂuxgs. This part of the discussion is similar
( - ) = 0(fge)BorexiNg,exp™ O(fBe)kamLanD to the analysis described in RéB], although we evaluate

Be explicitly the uncertainty caused by the finite size of the

+ 8(fge)2no+ smaller terms. (37)  allowed region in oscillation parameter space. We then de-

termine in Sec. VI B how well one can infer thep flux
In order to estimate the accuracy of this method for deUSing just the gallium and the SNO measurements and the
termining fg., We suppose that KamLAND will observe BPOO predictions for the other neutrino fluxes, especially the
A C 1 X N N X 7 . . . .
(with associated uncertainties that we simulate with a Monte B€ neutrino flux. The unknown sterile-active mixture con-

Carlo) the rate predicted for the global best-fit pSishown  tributes only a negligible error using the strategies described
in Fig. 1 and that BOREXINO also will observe a signal in S€cs. VI Aand VI B. Next, we show in Sec. VI C how the

corresponding to this best-fit poiritvith associated uncer- Precision of the determination of thep flux can be im-
tainties. In the absence of any published data, we estimate—Rroved by using, in the future, the results from KamLAND
based upon experience in previous solar neutrino experﬂo constrain the neutrino oscillation paramelaad from
ments [4,5,12,14—1—that BOREXINO will achieve a BOREXINO (to constrain the’Be neutrino flux. The prin-
systematic uncertainty of between 5 and 10 % . We estimatgliPIe of this strategy has also been discussed by the SAGE
in this way that the combined experiments will yield a deter-Collaboration[3].

mination of f g, that is, for purely active oscillations, The theoretical error on thep neutrino flux is= 1% (see
Ref. [11]), which is an order of magnitude smaller than the
f active 5= 1.00 1+ 0.050.1) = 0.020+ 0.020 estimated errors that we find in this section on the empiri-

cally derived values of ,,. To achieve a precision of 10%
=1[1+0.0571+0.103], cogy=1.0, (38)  or better in the determination of the solar neutrimp flux
will require a dedicated and accurate experiment devoted to
where the first error corresponds to the BOREXINO experi-measuring thep flux.
mental uncertainty, the second to the uncertainty in the re- Throughout this section, we treat thg flux and thepep
constructed KamLAND region, and the last error is due toflux as a single variable because they are so closely linked
the theoretical uncertainty in the predicted CNO fluxes.physically [48]. The two reactions are linked because the
Within the 1 o LMA region, the average uncertainty in the pepreaction is obtained from thep reaction by exchanging
a positron in the final state with an electron in the initial
state. Thus the rates for the two reactions are proportional to
8The predicted rate in units of the expected SSM rate iseach other to high accura¢y9]. For convenience, we de-
Redrexino=0.64, see Ref.36]. note the sum of thep and pep fluxes as simplypp.
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A. Using chlorine, gallium, and SNO data and BPOO the calculated neutrino absorption cross sections for chlorine
predictions [48,50. The physical constrainftz;=0 was imposed in ob-
taining these errors.

In this subsection, we show how data from the chlorine, 9 ) i
gallium, and SNO experiments can be combined with the Within the 1o LMA allowed region, we find that the cen-

BPOO predictions for the CNO arftep fluxes to determine tral value off,, can vary in the range 1.32f,,<1.50 and
the total pp neutrino flux. The reducegp solar neutrino the best-fit value can be determined with an average uncer-

flux, f,, defined(by analogy withfg) with respect to the tainty of “37%. The range of central values 6f, always
predicted standard solar model sum of thp and pep ©xceeds the BPOO value because the observed chlorine rate

fluxes, can be written as implies a low value off7g, Since the largest contributions to
the gallium rate are fronpp neutrino and’Be neutrinos, a
1 low ’Be flux implies a relatively highpp flux.

We can summarize the results of the simulations carried
out within the 1o allowed LMA region for thepp flux as
follows:

f =
PP RERSSMp (A, tar?h))R,

exp__ p®i SSM 2 bi
K| RE&- 20 fiRGy(Ped A tarf ), fop=1411+0.06"33)=1.41173%). (44

Be,

SSM “Be i i
B fBeRGa <Pee(Am21tar?0)>Ga The first error in Eq(44) results from the allowed range of

neutrino oscillation parameters and the second error results
8g from the uncertainties in all other recognized sources of er-
88, SRS (Pee(Amz,tanZ@))G51 rors, combined quadratically. The result given in Ed44)
- RGa oC.55M 55 |- (4D should be compared with the quoted estimate by the SAGE
RSNO™ (P o AM2, tarf6)) Collaboration[3], f,,=1.29(1+0.23). This agreement is
very welcome since the SAGE paper points out that they
Here the sum over in Eq. (41) refers to the three CNO Made “Several approximatien..whose nature cannot be
neutrino sources and thee p neutrinos(see Table 1I). easily quantified.”
We insert in Eq(41) the expression fofg in terms of the
Chlorine and SNO rates and'the standard solar model CNO g Using gallium and SNO data and BPOO predictions
andhep neutrino fluxes. Explicitly,

SNO.

In this subsection, we determine the range of allowed val-

1 ues forf ,, using the BPOO predictior@nd uncertaintigsfor
fee™ 7Bosom TBe the “Be neutrinos as well as the CNO ahdpneutrinos. We
RCI ’ <|:>ee(Amz,tarﬁg»cI use in this subsection data only from the gallium and SNO

solar neutrino experiments.

Following the same line of reasoning as in section VI A,
v Rgp_E fiRﬁi ,SSM< P, A tar?s) é’; we _flnd for the best fit point in the LMA allowed oscillation

i region
8g fop=1.051+0.1173%"%92+0.007"3%). (45

88, SSMRSN P (Pee(Amz,tar?H)>c| 42 PP poemoe oo
-R .4
C RELSSM(P(AM? tarf6))sno Just as in Eq(43), the first error in Eq(45), (+0.11), is the

_ _ o experimental error from the weighted average event rate in
For the special case of the best fit point in the LMA so-the gallium experiments, the second err6p gy is due to
lution region, we find the neutrino absorption cross section on gallium, the third
0.02 Cbae ;
_ +£0.03+0.009 £0.06+0.04 error (1399 is due to the uncertainties in the BPOO predic-
fpp=1.41(120.08"0 056,007+ 0-06"0.19-0.17)- (43) tions of the CNO neutrino fluxes, the fourth eriar0.007
contains the uncertainty in the SNO CC experimental rate

The first error in Eq.(_43), (+0.08), results f_rom the .and the calculated absorption cross sections on deuterium.
weighted average experimental error for the Gallium eXPeri=p o Lncertainty in the BPOO prediction for thBe neutrino
ment[3,15,16. The second error’(5) reflects the uncer- Y P

tainties in the calculated neutrino absorption cross sectionfsl‘ux contributes the last errorf@;g‘g‘) in Eq. (45).
b Within the 1o allowed LMA region, we find the central

; i 0.009
on gallium [44]. The third error (g is caused by the alue off,,, varies in the range 0.93f ,,<1.16; the best-fit

;;S;ggfallT]tle'?h;nfézfthczlr(r:g:a(ieg Osfstfr(ﬁ?i:;je:?rlg& Thoed?rie(a:\!\l alue off,[,p can be determined with an average uncertainty
) . . . of £14%. We can summarize the determinationfgf as
surement errors in the SNO CC experimental ddfpand follows:

neutrino absorption cross sectipft]. The fifth error ("39
results from the experimental error for the chlorine event rate 0105
[12] and the sixth error {599 reflects the uncertainties in fop=1.0517571;£0.14=1.051+0.18, (46
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where the first error is the uncertainty due to the neutrinanents. We describe three strategiesking use of existing
oscillation parameters and the second error contains the uand future solar neutrino measurements and guidance from
certainties from all other sources. the BPOO solar modgfor determining thepp solar neutrino
flux without the help of an experiment that measures sepa-
C. Using BOREXINO, KamLAND, Gallium, and SNO data rately thepp neutrinos. We point out in Sec. VIl Eand in
and BP0O predictions the Appendix that in order to determine the tot&B or 'Be
. . . . neutrino flux, anda fortiori to determine the sterile contribu-
In this subsection, we show how the uncertaintyfjiy  ong to these fluxes, the correlations among theoretical er-
could be improved by using the KamLAND data to deter-q s o neutrino absorption cross sections and for solar neu-

mine the neutrino oscillation parameters and the BORying fiyxes must be treated more accurately than in previous
EXINO data, togethgr with the Kam_LAND oscillation pa- gigeyssions. Section VIl F summarizes the main focus of the
rameters, to constraifrg, We start with Eq.(41) but now present paper.

use fg, as determined from BOREXINO and KamLAND "~ \ve concentrate on procedures to determine experimen-

data[Eg. (36)]. , _ _ tally the total solar®B neutrino flux and the total solaiBe
We find that for the best-fit LMA solutiofassuming that e yring flux in a universe in which sterile neutrinos might

BOREXINO finds the rate expected for this best fit ppint  yist Our methods can work only if the LMA solution of the

_ + +0.05+0.01 solar neutrino problem is correct.
fop=21.091+0.11" 55 5o+ 0.007+0.05 The numerical values given here for the precision with
+0.020.04 *559. (47)  Wwhich different quantities can be determined are obtained

using simulations of how well different experiments may

The first error shown in Eq47) (£0.11) is the experimental perform. Therefore, the numerical values are intended only
error on the measured gallium event rate, the second err@s illustrative guides to what may be possible.

399 represents the uncertainties from the calculated gal-

lium cross sections. The third errof -8%) is from the pre- A. The currently allowed ?B solar neutrino flux if sterile

dicted CNO fluxes, and the fourth errot-(0.007) contains neutrinos exist

the uncertainties from the SNO experimental data and calcu- The combined SNO CC data and the Super-Kamiokande
lated deuterium absorption cross sections. The range of 0$.-e scattering data together yield a widely acclaimed agree-
cillation parameters within the KamLAND reconstructed re-ment between théB solar neutrino flux that is predicted by
gion gives the fifth error £0.05) and the sixth error  the standard solar model and the empirically inferfi&i
(+0.02 =0.04]) results from the uncertainty in the mea- neutrino flux. However, this agreement between solar model
sured BOREXINO event ratgwhich we take to be 5% prediction and solar neutrino measurement is not a unique
(10%9]. The unknown active-sterile admixtuterhich goes interpretation of the existing measurements if one allows for
in the direction of loweringf,,) contributes the last error the possibility that the incident solar neutrino flux could con-

shown in Eq.(47). tain a significant component of sterile neutrinos. We show in

On average, the the precision expected using the Galliumpaple | and in Sec. Il that if one takes account of the possi-
KamLAND, and SNO experiments is bility that sterile neutrinos may exist then the total soigr

neutrino flux could be as large as 2.3 times the flux predicted

fpp=1.091.0+0.140.19]. (48) by the standard solar model. In principle, the existing solar

) ) ) neutrino data could be inconsistent with the standard solar
The dominant sources of error in E¢8) are the experimen- 1,5 4e| predictions.

tal error in the gallium rate and the uncertainties in the cal-

culated gallium absorption cross section. B. Determining the total ®B solar neutrino flux including

sterile neutrinos

VII. DISCUSSION AND CONCLUSIONS . . . .
The total ®B solar neutrino flux, active plus sterile neutri-

In this section, we review and discuss our principal con-nos, can be determined with a typicad laccuracy of about
clusions. We begin in Sec. VII A by summarizing the experi-10% by comparing the charged current measurements from
mentallyallowed range that currently exists for the totBl ~ the KamLAND reactor experiment and the SNO experiments
solar neutrino flux, taking account of the possibility that ster-(see Sec. I). The active®B neutrino flux has been measured
ile neutrinos exist. We then summarize in Sec. VIl B howby comparing the SNO CC flugwhich measures,) with
well the total 8B neutrino flux, and separately the sterfiB the Super-Kamiokande neutrino-electron scattering rate
neutrino flux, can be obtained by combining KamLAND and (which measures. plus, with less sensitivityy,,+ v,). The
SNO measurements. Next we describe in Sec. VIl C howSNO neutral current measurement will provide an additional
well the total ‘Be flux can be determined using data from theand, ultimately, more accurate measurement of the total ac-
KamLAND, gallium (GALLEX, SAGE, and GNQ, and tive 8B solar neutrino flux.

SNO experiments, i.e., using only CC disappearance experi- By subtracting the independently measured actig
ments. In this same subsection, we summarize the measuneeutrino flux from the totalactive plus sterile 8B neutrino
ment accuracy that can be obtained using data from just thi#ux, one can determine empirically the sterile component of
KamLAND and the BOREXINO f-e scattering experi- the solar neutrino flux. The acti#B neutrino flux will even-
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tually be determined accurately by the SNO neutral currenéstimate will be possible with the gallium and chlorine ra-
measuremenf4,51]. We estimate therefore that the proce- diochemical experiments.
dure described here has the potential of measuring, or setting One can determine an upper limit to the sterile component
an upper limit on, the sterile component of tAB neutrino  of the "Be solar neutrino flux by combining the measured
flux that is as small as 12% of the totB solar neutrino rate in the neutrino-electron scattering experiment BOR-
flux. EXINO with the “Be total flux inferred from measurements

The measurement of the totdB neutrino flux, and the of the KamLAND, SNO, and gallium experiments. If one
sterile component of this flux, are independent of solarassumes that the entire signal measured in BOREXINO is
model considerations. In order to establish the quantitativelue tov,, then one obtains a minimum value for the active
conclusions, we have performed detailed simulations of theomponent of the’Be neutrino flux. Subtracting this mini-
accuracy of the KamLAND reactor experiment in determin-mum value from the totalBe flux, one will obtain an upper
ing neutrino oscillation parametefsee Fig. 1 and have limit to the sterile component of the flux. It seems unlikely
evaluated the theoretical and experimental uncertainties thatat the procedure described here has the sensitivity to mea-
affect the different flux determinatiorisee Sec. Il C and the sure a value for the sterile component unless the sterile flux
Appendix. is larger than 30% of the totdlBe neutrino flux. However,

The combined measurements of the Super-Kamiokandimits on the sterile neutrino admixture can be obtained from
and KamLAND experiments can be used to determine indethe analysis of®B and KamLAND neutrino measurements
pendently a value for the tot&B neutrino flux. This deter- described in Sec. VII B.
mination may be as accurate as 6% for purely active neutri- In order to make a direct and precise measurement of the
nos. With the current limits on the active-sterile admixture,sterile component of théBe solar neutrino flux, we need a
the total ®B neutrino flux could be inferred to an accuracy of charged current measurement of thge flux. A "Be solar
9% or better, as described in Sec. V A. It will be importantneutrino absorption experiment, e.g., with a lithium target
to compare the value of the tot3B neutrino flux inferred by  [52] or with LENS [53], would make possible an accurate
combining the KamLAND and SNO charged current mea-determination of the steriléBe neutrino flux by providing a
surements with the value obtained using the KamLAND andset of experimental constraints that is analogous to what will
Super-Kamiokande experiments. This comparison will be argxist for the SNO, Super-Kamiokande, and KamLAND ex-
important test of whether the systematic uncertainties in th@eriments.
experiment and in the analyses are understood.

D. Determining the pp neutrino flux

C. Determining the total “Be solar neutrino flux including The theoretical uncertainty in the calculageg solar neu-
sterile neutrinos trino flux is estimated to be only 19d1]. Therefore, a pre-

cise determination of th@p solar neutrino flux will be of

The total ‘Be solar neutrino flux, active plus sterile neu- ) _
trinos, can be determined to arlaccuracy of about 30% by great interest as a crucial test of the theory of stellar evolu-
: tion. The measurement of thep neutrino flux will also pro-

combining measurements from KamLAND, SNO, and the". . : o
. . . . vide a critical test of whether the neutrino oscillation theory,
gallium experimentgsee Sec. Y. Unlike the purely empiri- ) . :
L . ; which works well at energies above 5 MeV, also describes
cal determination that is possible for ti8 flux, the mea-

t of the totalB | trino fl ) accurately the lower energy neutrino phenoméeergies
surement ot the tolalbe solar neutrino TiuX requires SOme oqq than 0.4 MeV). We show in Sec. VI that {hp flux can
assumption regarding the CNO solar neutrino fluxes. In ou

timat h d that the standard sol determined with modest accuracy, of order 18 to 20 %,
es |gja;_es, \;ve thavgNasz?me adthe' stan atr_ ts_o ar mo ing a combination of existing experimental data and some
predictions for the ) TlUXes, and their uncertainties, are ay ijance from the BPOO standard solar model. In the future,
least approximately valid. Table IV shows that as long as the

should be possible to determine th@ neutrino flux to an
CNO fluxes are not a fact_or_ of 3 or more Iar_ger thal_n t.h.eaccuracy of 15% using experimental data from the BOR-
standard solar model predictions, then they will not signifi-

tv limit th ith which the tot3B i EXINO, KamLAND, and SNO solar neutrino experiments
cantly imit the accuracy with which the totdbe neutrino = 5,4 predictiongin a noncritical way from the standard solar

flux can be determined. The measured capture rate in thﬁ] : ;
. . odel[see Eq(48)]. The unknown flux of sterile neutrinos
gallium experiment§GALLEX, SAGE, and GNQ currently does not significantly affect the quoted estimates on the ac-

constitutes the largest recognized uncertainty in the determEuraey with which thepp flux can be determined. To mea-

. 7 .
nation of the total‘Be flux by the method described here sure thepp flux with an accuracy sufficient to test stringently

(Se‘? Table IY. The constraints prowc_ie_d by the chlorine ex- the standard solar model prediction will require a dedicated
periment are not very useful in providing an accurate deter-

L : n rate experiment that m r ratel

mination of the’Be neutrino flu{see Table V and Eq29)]. and accurate experime at measures separatelyphe
) neutrino flux.

One can also determine the allowed range of the ttal
solar neutrino flux using the data from the KamLAND reac-
tor experiment and the BOREXINO solar neutrino experi-
ment. We show in Sec. V B that with this method one may
hope to obtain a & accuracy of 11% or better for the total In order to determine the totdB or 'Be solar neutrino
’Be solar neutrino flux, which is more accurate than weflux, and their sterile components, one must evaluate care-

E. Correlation of errors, especially for neutrino absorption
cross sections
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fully all known sources of error. In the course of this inves- probability of v, for a given energ\e, at a specified point,
tigation, we realized that the evaluations of the neutrino abAm?, 6, in neutrino oscillation space.

sorption cross section uncertainties in previous neutrino The error matrix for the neutrino absorption cross sections
oscillation studies, including our own, have not properlycan be derived using E@gA1). Since the errors are uncorre-
taken account of the correlations among the theoretical urlated between different experiments, we need to evaluate the
certainties in the cross section calculati¢f an insightful  following expression for a specified experiment:

discussion of this point, see Rdb4]). We discuss in the

Appendix how the cross section errors can be treated more o%(c.s)=((R-R%?), (A2)
correctly. We also emphasize here that it is necessary to treat 0. _ _ .

as fully correlated the uncertainties in the principal CNOWhereR™ is the best estimate for thigallium or chloring
neutrino fluxes that are obtained from standard solar modéiXPerimental capture rate and the brackets indicate an aver-
predictions. These effects are small compared to other uncefg€ over the probability distribution of uncertainties in the
tainties in determining solar neutrino oscillation parameterd!€utrino cross sections. Writing out the various terms in Eq.
(the principal goal of nearly all previous oscillation studies (A2), we find

The correlations among cross section uncertainties become

importf_;mt only when one wants to make accurate inferences 0'2(C.S.)=2 ¢i(Ex1) #;(Ex2) Pi(Exa) Pj(Ex2)
regarding the neutrino fluxes themselves. i klk2

X{AC(E;)AC(E . A
F. Focus: total fluxes and sterile neutrino fluxes < C(E)AC( k2)> (A3)

The main focus in this paper is on determining experi-In the standard Re{55], the cross section error matrix for

mentally the total®B, “Be, andpp solar neutrino fluxes in €ach experiment is given as

order to make possible more precise tests of solar model

.predlctlolns. We have also shown that the contribution of ster- UZ(C.S)” _ 5i1yi22 E Riy; RiszIncflAlnC{Z
ile neutrinos to the total flux can be measured, or a useful i1 2

upper limit can be set, foPB solar neutrinos and fofBe

solar neutrinos. = R3(AInC)H?, (A4)
i
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cross section errors for different neutrino sources are
APPENDIX strongly correlated.

We determine, as is conventional for many analyses of For all but the®B andhep neutrino fluxes, either ground
solar neutrino data, the allowed regions in the neutrino oscilState to ground state transitions are the only energetically
lation space using 2 function that includes all the relevant Possible transitiongwhich is the case for the chlorine detec-
data. In the construction of thg? function, we have fol- tor) or the ground state to grour_1d state transitions dominate
lowed closely the prescription of Ref55] (see also Ref. (Which is the case for the gallium detectohus all the
[54]), but we have included some modifications to this pre-Cfoss sections for the lower energy neutrinos move up or
scription in order to account in more detail for the energydown together, proportional to the square of the dominant
dependence and the correlation of the cross section errors fgatrix element.

the chlorine and gallium solar neutrino experiments. When considering the gallium experiments, we include
For a given experimerjt (for example, gallium, or chlo- the energy dependence of the cross section errors and assume

rine), the expected number of events can be written as  full correlations among the cross section errors of the differ-
ent neutrino sources that contribute at a specific energy. Spe-
cifically, we use the results from Rg66] for the cross sec-

) tion errors. For continuum sources, we take the fractional
R; 2 2 #i(E)Ci(El)Peei(Ex,Am 19)521 Rij, error of the interaction cross section in the energykiio be

=1 k
(A1)

8

%The survival probability depends upon the neutrino speictes
wherei=1,8 labels the solar neutrino fluxeg;, andk la-  cause different neutrino species have different probability distribu-
bels the energy bins of enerd . The quantityC;(Ey) is tions for the location of their production within the Sun. For matter
the cross section for the interaction of a neutrino of energyscillations, the survival probability obviously depends upon where
E, in the experiment; Pgqi(E(,Am? 6) is the survival inthe Sun the neutrino was produced.
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1[ | omax. mid Ex) — Tpest Ex)| For chlorine, we take as fully correlated the cross section
AInCgai=7 ' : (A5)  errors for thepp, pep, 'Be, and CNO neutrinos. The cross
3 Thest Ex) : ;
section errors for théB andhep neutrinos are uncorrelated
where o, milEx) are the 3 upper and lower limit cross with the errors for the lower energy neutrinos but are fully
sections given in Tables Il and IV of Rd6]. For the line  correlated with each other. We can neglect for chlorine the
sources’Be andpep we use the errors given in Eqgtl) energy dependence of the chlorine to argon cross section
and(42) of Ref.[56]. To be complete, we have checked thaterrors because the uncertainty for the lower energy neutrinos
the shapes of these neutrino lirlese Ref[45]) do not affect  is determined almost entirely from the ground-state to
significantly the error estimates. The gallium contribution toground-state matrix elemeniForbidden corrections are un-
the cross section error matrix is therefore given by important for these low energy neutrinp&or the 8B and
IR JR hep neutrinog, the absprption cross ;ectipns are also domi-
02, 64C8)=>, >, nated by a singlébut differen} transition, in this case the
’ ki %2 dINC(Exy) dInC(Ey,) superallowed transitiofil0], and therefore we can also ne-
glect the energy dependence for the higher energy neutrinos.
We adopt the values of the averaged chlorine cross section
where pi, is the correlation matrix for the cross section €Mors given in Refs[48,50. To be explicit, the chlorine
errors of the different energy bins. For low energy neutrinotontribution to the cross section error matrix is given by
sources, the dominant process is the transition to the germa-
nium ground state and for higher energy neutrino sources
(E=2 MeV) transitions to excited states dominate. There- 2 _ cl cl
fore, we assume the cross section errors to be fully correlated UC"C'(C'S)_% % RireRizcAINC1AINC2pisiz,
between energy bins either below or aboke=2 MeV (A7)
(prike=1 for Eyq,E,<2 MeV or Eyq,Exo>2 MeV). We
take the errors to be uncorrelated between one energy bin
below 2 MeV and one energy bin abo#e=2 MeV (py»  Where pj;i,=1 for ili2=pep, CNO,’Be or il1,2
=0 for E,;<2 MeV andE,,>2 MeV, orE,;<2 MeV and =2B,hep. Also, pj;;,=0 for il=pep,CNO,’Be andi2

X AINC(K1)AINC(K2) praa,  (AB)

Ewo>2 MeV). =8B,hep.
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