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Measuring the’Be solar neutrino flux is crucial towards solving the solar neutrino puzzle. The Borexino
experiment, and possibly the KamLAND experiment, will be capable of studyingReeneutrinos in the near
future. We discusél) how the seasonal variation of the Borexino and KamLAND data can be used to measure
the "Be solar neutrino flux in a background independent way(@htiow anomalous seasonal variations might
be used to discover vacuum neutrino oscillations, independent of the solar model and the measurement of the
background. In particular, we find that, after three years of Borexino or KamLAND running, vacuum neutrino
oscillations can be either established or excluded for almost all values &f2¢sdmr) preferred by the
Homestake, GALLEX, SAGE, and Super-Kamiokande data. We also discuss how well seasonal variations of
the data can be used to measure {8MHAn?) in the case of vacuum oscillations$S0556-282(99)04719-0

PACS numbeps): 14.60.Pq, 13.15:g, 26.65:t

[. INTRODUCTION actions with solar matter. The other scenario assumes that
the neutrino oscillation length is comparable to the Earth-
The question of whether neutrinos have non-zero masSun distance, and simple vacuum oscillations are sufficient.
has been an outstanding issue in particle physics for manyhis scenario is also known as the “just-so” solutifiti].
decades. Recently there have been new exciting develofBoth scenarios allow the electron neutrinos to oscillate into
ments in the indirect search for neutrino masses via neutrinother active species or sterile neutrinos.
oscillations. Major progress has been achieved by studying The solar neutrino energy spectrum is determined by sev-
atmospheric neutrinos, culminating in the announcement oéral nuclear reactions which take place in the Sun’s core
evidence for muon neutrino oscillations by the Super{12], and different experiments are sensitive to neutrinos pro-
Kamiokande CollaboratiofiL]. The most striking signal pre-  duced by different nuclear reactions. Super-Kamiokande, for
sented in[1] is the up-down asymmetry of the atmosphericexample, a very large water Cherenkov detector, is currently
muon neutrino flux. The choice of this particular quantity sensitive to solar neutrinos with energies slightly above 5.5

eliminates many theoretical uncertainties and the final resulfyo\/ Aimost all neutrinos it detects come from the decay of
is very robust. In fact, at present time, this result represents(? ((B—8Be* +e* + 1)L
o)

perhaps the best evidence for physics beyond the standar Another solar reaction that gives rise to neutrinos is the

model. . . process of electron capture by @Be nucleus {Bete~
Another very active area of research is the study of neu*

trinos coming from the Sun. Ever since the Homestake ex: "Li +7e). Neutrin_os from this reaction have energie§ be-
periment 2] reported its first results, there has been disagreel-OW thg_ Suhper-_KaImlokan_de thre|s_|hold, buli arzzclielzs;lble (’;0
ment between theoretical predictions and measurements X Grg ||(?c emica elxperlments homer?ta &, S anh
the solar neutrino flux. For many years, however, it was no =. I one naively assumes that the suppression in the
possible to determine if the observed discrepancy was due feutrino flux is due to the suppression of individual neutrino

7 . . .
problems with the experiment and/or with the modeling of SOUrces ?B’. Be, etc) in th.e Sun, the combmanon (.Jf the
Super-Kamiokande data with that of the radiochemical ex-

the Sun, or if it was, in fact, a sign of new physics. In the last="'" L . o
decade other neutrino experiments, Kamiokan, periments indicates that the flux 6Be neutrinos is virtually

GALLEX [4], SAGE [5], and more recently Super- absent[8,13] (the best fit value of theBe flux is in fact

Kamiokande[é] have also ,measured the solar neutrino flux N€gative. In the case of neutrino oscillations, all solutions to

with different energy thresholds and using very differentf[he solar neutrino puzzle indicate that thBe neutrino flux

techniques. All four experiments confirm a deficit in the ob-IS SUPPressed, in some cases very strongly. Thus, at present,

served number of solar neutrino induced events. Moreover, €€ is great demand for experiments that would accurately

has recently become clear that it is virtually impossible tomeasure the flux of théBe neutrinos. Two upcoming ex-

concoct a solar model which would fit all the d4®&g]. On  Periments, Borexino and KamLAND, may have the capabil-

the other hand, the results of all experiments can be exly to do exactly that. o

plained by assuming that the electron neutrino oscillates into ' this paper, we present a quantitative study of what can

a different flavor state. be accomplished by measuring the seasonal variations of the
There are two neutrino oscillation scenarios that are ca-

pable of faithfully explaining the solar neutrino d§f. One

scenario makes use of the Mikheyev-Smirnov-Wolfenstein There is a small fraction of the neutrinos that can be detected at

(MSW) effect[9,10], where the electron neutrino conversion Super-Kamiokande coming from the reactidHe+p— *He+e*

into another neutrino flavor is due to flavor dependent inter—+ v,
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"Be neutrino flux at Borexino and KamLAND. Seasonal of the data. In Secs. IV and V we describe how the measure-
variations of the solar neutrino flux are of course expectedment of the seasonal variation of tHBe solar neutrino flux
due to the Earth’s eccentric orbit. The number of neutrinos ofmay be used to either measure the neutrino oscillation pa-
all flavors reaching the Earth is larger when the Earth igameters, sifi2d andAm?, or exclude a large portion of the
closer to the Sun than when it is farther away, and shouldsin? 26,An¥) parameter space. In Sec. VI we summarize our
vary as 1L2. In the case of no neutrino oscillations or of the results and conclude.
MSW solution to the solar neutrino puzzle, the number of
"Be solar neutrino induced events is supposed to vary ac-
cording to the 12 law, following the variation of the total
neutrino flux. This will be referred to as the “normal” sea-  As was already pointed out, measuring the flux ‘&fe
sonal variation. neutrinos is crucial towards understanding the solar neutrino
If vacuum oscillations are the solution to the solar neu-puzzle. Borexind18] plans to do this measurement by using
trino puzzle, large, anomalous seasonal variations of th800 tons of organic liquid scintillator to detect recoil elec-
number of ‘Be solar neutrino induced events might be de-trons from elastio-e scattering. Since the scintillator has no
tected[11,14. It is well known that neutrino oscillation ef- directional information, and the signal is characterized only
fects depend on the distance to the neutrino source, and diby the scintillation light produced by the recoil electron, the
ferent Earth-Sun distances may yield very different  background has to be kept under control. This places a very
survival probabilitie§ 15,16. The anomalous seasonal varia- stringent constraint on the radio-purity of the scintillator and
tion effect should be more pronouncediBe neutrinos than  on the activity of the material in the detector. Borexino an-
in 8B neutrinos(the latter was recently studied |h7]). This ticipates 100 tons of fiducial volume for detecting solar neu-
is due to one important feature which distinguisii&& neu-  trinos.
trinos from B and other abundant types of solar neutrinos: KamLAND [19], which was originally conceived as a re-
because they are produced as part of a two-body final statactor neutrino experiment with an unprecedented baseline
the neutrino energy spectrum is mono-energelibe details (170 km on the averagemay also be able to stud{Be solar
will become clear when we discuss the anomalous seasonakutrinos, if rigorous yet attainable requirements on the
variation effect, in Sec. lll. radio-purity and activity are met. We assume throughout the
In the case of no anomalous seasonal variations, if onpaper that KamLAND will use 600 tons of fiducial volume
has enough statistics and a small enough background, tHer detecting solar neutrinaghe size of the fiducial volume
time variation of the data can be used to measure the solavill depend on the background rate, which is currently un-
neutrino flux, given that the number of background events iknown). We concentrate our analysis on Borexino, which is
constant in timé We will analyze how well Borexino and an approved dedicated solar neutrino experiment, and dis-
KamLAND can perform this type of measurement. We arecuss KamLAND, whose uses for solar neutrino studies are at
particularly interested in analyzing the relevance of this techpresent being proposd@0], as a possible higher statistics
nigue when the number of electron neutrinos reaching th@mprovement.
detector is very suppressed with respect to the standard solar It is important to define what is meant by “measuring the
model predictions, as might be the case if there age ’Be solar neutrino flux.” In reality, what the experiments are
— v, , oscillations for the small angle MSW solutién. capable of measuring is the number of recoil electrons in-
The paper is organized as follows. In Sec. Il we discusgluced by solar neutrino interactions in a given recoil electron
how seasonal variations might be used to determine the sol&inetic energy rangéinematic rangg This information can
neutrino flux at Borexino and KamLAND, in such a way that only be converted into a solar neutrino flux measurement if
no separate measurement of the number of backgrounohe knows the flavor composition of the solar neutrifig.
events is required. In Sec. Il we analyze the effect of theExplicitly, assuming that the solar neutrino flux is composed
vacuum oscillation solutions to the solar neutrino puzzle orof v, (with fraction P) andv,, . (with fractionQ=1-P),
the annual variation of the number of detected events at Bor-

Il. MEASURING THE “Be SOLAR NEUTRINO FLUX

exino and KamLAND. In particular we describe the region No. recoil electrons/time
of the (sirf 26,An¥) parameter space where vacuum oscilla-
tions can be discovered by studying the seasonal variations =OX(Po, et (1=P)o, _JNe, (2.0

where ®@ is the neutrino flux,N, is the number of target
2In fact there are two distinct neutrino energies, 0.383 and 0.862lectrons, and
MeV, corresponding to different final states of tAei nucleus.

Borexino and KamLAND are only sensitive to the higher energy oo do
component. Ty o= f T( _) , (2.2
3Actually, a time-dependent background is also acceptable, as X T min ar Ve

long as it can be monitored and understood well enough.

4If v, oscillates into sterile neutrinos, the suppression is even ith (do/d bei he diff ial ion f
more pronounced, due to the absence of neutral currgnte elas- with (do T)Vx'e eing the differential cross section iof-e

tic scattering. We do not consider oscillations into sterile neutrinosscattering for a given kinetic energyof the recoil electron.
in this paper. Tmin @nd T o define the kinematic range. In the case of
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FIG. 1. The simulated seasonal variation of fie flux for the case of the small angle MSW solution, for three years of Bord}eftd
and KamLAND (right) running. The inset shows the measured fluxB& neutrinos from the fit to the seasonal variation of the event rate
(point with error bar and the SSM predictiofshaded band

neutrino oscillationsP is the survival probability for elec- around January first. The eccentricity of the Earth’s orbit is

tron neutrinos, while P is the probability thatv, will €=0.017, and hence the distance varies as
oscillate intov,, ;.
If the flavor composition of the flux is not known, all that L=Lo[1—ecog2mt/yr)], (2.4

can be quoted is the effective neutrino fluikey, which is . . _ . _
calculated from the number of measured recoil electrons ad0 the first order ine. Here,t is the time measured in years
suming that there are only electron neutrinos coming fronfrom the perihelion, and.o=1.496<10° km is one astro-

the Sun. Explicitly, nomical unit. The neutrino flux varies asL? and hence
shows a seasonal variation of about 7% from minimum to
No. recoil electrons/time maximum. The change in the Earth-Sun distance between the
Deii= 7, eNe aphelion and the perihelion is given by
o) AL=L pax— Lmin=2€Lo=5.1x10° km. (2.5
=dx|P+(1-P)—= (2.3 » -
ve-e By fitting the event rate to the seasonal variation expected

due to the eccentricity,
Clearly, if P=1, ®4=®. It is important to remember that

oy, T_e/aye_e<1 and therefored 4<®. The ratio of the

neutrino elastic cross sections depends on the energy of the
incoming neutrino and the kinematic range to which each
particular experiment is sensitive. FBr,=0.862 MeV and one can extract the background event fatand the signal
the Borexino(KamLAND) kinematic range 250—-800 keV event rateSindependently. As long as the detector is moni-
(280-800 ke, Ty, T-elgve-e:0'213(0'214)' It is this ef- tored well and its performance is sufficiently stable, this
fective electron neutrino flux®., that is referred to, Method will be only limited by statistics.
throughout this papefand in genera) as the’Be solar neu- BoreX|r_10 expects 53 events/dagccording to the 1995
trino flux. Bahcall-PinsonneaultBP95 [22] standard solar model

In order to determine the number of recoil electrons in-(SSM), together with 19 background events/dd], after
duced by solar neutrino interactions, it is crucial to determingn€ Statistical subtraction of the known background sources.
the number of background events. The number of back]NiS i done by pulse shape discrimination against the
ground events can be estimated by various techniques, whickParticle background and the measurement of Bi-Po pairs
we do not address in this paper. It is worthwhile to point out,¥!a @4 coincidence. This in turn allows the statistical sub-
however, that this is a very difficult process and it would betraction of processes in th€U and ***Th chains which are
highly desirable to have an independent way to determine thi§ €quilibrium. It is also ass%med that the experiment can
"Be solar neutrino flux in order to make the final resultsachieve a radio-purity of 10%l/g for U/Th, 10 *%g/g for
more convincing. This may be possible if one looks at the' K, **C/*?C=10"*% and no Rn diffusion. For KamLAND
seasonal variation of the number of detected events.

In the following, we study the seasonal variation of the
event rate as a means to measure ‘e solar neutrino flux.  Sror simplicity, we neglect the contribution of solar neutrino
The distance between the Earth and the Sun varies slightlburces other thariBe electron capture throughout the paper. In
over seasons because of the eccentricity of the Earth’s orbiparticular we neglect the contribution of neutrinos produced in the
The perihelion(when the Earth is closest to the Swtcurs  CNO cycle, which is about 10% of that from tH8e neutrinos.

B+S

Lo\2
L) 25
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FIG. 2. The expected & statistical accuracy of théBe neutrino flux measurement, together with the central value normalized by the
flux predicted by the SSM, as a function of thg survival probability at Borexindleft) and KamLAND (right), after three years of data
taking.

we use 466 events/kt/day for the signal and 217 events/kt/ A similar analysis can be performed in order to determine
day [20] for the background under similar assumptions buthow many background events each experiment can tolerate
with larger cosmogenic backgroun@specially 'C) and  in order to claim a solar neutrino flux measurement which is
some Rn diffusion. Assuming 600 t of fiducial volume, we 3 ¢ away from zero. Figure 3 depicts the maximum number
expect 280 signal events/day and 130 background eventsf background events per day allowed for 3 years of Bor-
day. Throughout the paper, we will assume that the numbegxino or KamLAND running. It is worthwhile to comment
of background events is either constant in time or its timethat, in the case of Borexino and the small angle MSW so-
dependence is sufficiently well understood by monitoringlution (P=0), a 3 sigma-away-from-zero measurement of
We neglect systematic effects and assume that there are ortlye neutrino flux is not attainable in three years, even in the
statistical uncertainties. case of no backgrounthote that forP=<0.05 the required
Under these assumptions, Fig. 1 depicts a simulation ofmaximum background to achieve a thieemeasurement of
the seasonal variation of the “data” for both Borexino andthe flux is negative, i.e., impossible to achigv€&herefore,
KamLAND, after three years of running. The plots are forfor Borexino, this simple, background independent analysis
the case of the small angle MSW solution to the solar neuusing the seasonal variation of the data is not particularly
trino puzzle, where the,’s produced by’Be electron cap- powerful in the case of the small angle MSW solution, due to
ture inside the Sun have almost completely oscillated into  statistical limitations.
or v, and the event rate is reduced to 21.8%4.4% of the

SSM prediction at BorexingkamLAND). In the fit to the . SENSITIVITY TO VACUUM OSCILLATIONS
data, both the background and thBe flux are allowed to . . _ ]
float. In this section we study the discovery potential of the

This analysis can be repeated for different values of théorexino and KamLAND experiments in the region i’
"Be flux, or, equivalently, for different survival probabilities corresponding to the vacuum oscillation solution to the solar
for v,. Figure 2 depicts the expectedristatistical accuracy Neutrino problem. In this case, the pattern of seasonal varia-
of the "Be flux measurement, together with the central valudions can be very distinct from the normal pattern discussed
normalized by the SSM prediction, as a function of the suri" the previous section. _ . _
vival probability for v,. We emphasize that this measure-  1he basic idea is the following. The survival probabily
ment technique assumes no knowledge of the background.fc_’r an electron neutrino in the case qf neutrino vacuum 0s-

The important information one should obtain from this Cillations between two flavor stafeis given by
analysis is if one can indeed measure a nonZd&e solar
neutrino flux. For example, in the case of the small angle P=1—sir? 203in2<1.27Am2E>, (3.2
MSW solution, thev, survival probability is very close to E
zero and, assuming the expected number of background ) o ) )
events, Borexino's measured neutrino flux is less thany1.5 Where the neutrino enerdyis in GeV, th% Q|stan2(:e in km,
away from zero. The situation at KamLAND is much better,@nd the difference of masses-squadeai® in eV*. Model-
and in the case of the small angle MSW solution a healthy {ndependent analyses of all solar neutrino data show the need
sigma-away-from-zero measurement of the flux is obtained,
if the background is as low as expected. The significance of
the measured flux increases for larger survival probabilities, 50ne can assume the more complicated case of oscillations be-
as in the case of the large angle and the lam> MSW  tween three neutrino flavor states. In this paper we limit our studies
solutions. to the case of oscillations between two flavor states.
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FIG. 3. The maximum number of background events allowed per day at Boré&ftjoor KamLAND (right), for 3 years of running, in
order to measure a solar neutrino flux which iso3away from zero. The dashed lines indicate the currently anticipated number of
background events per day.

for an energy-dependent suppression of iheflux. The the “just-so” parameter spaé@and compute the correspond-
“just-so” solution achieves this by choosinym? such that ing seasonal distribution of the neutrino events at Borexino
the corresponding neutrino oscillation length after 3 years of running. We use the number of background
events and the expected number of signal evérgfore the
effect of neutrino oscillationsquoted in Sec. Il. The results
are shown in Fig. 4 by the set of “data” points with error
bars; each point represents the number of events expected in
a given month and the vertical error bars show the corre-
(3.2 sponding statistical uncertainties. The histogram in Fig) 4
shows “theoretical” event rates expected for non-oscillating
neutrinos, provided the background rate is known accurately
and the SSM prediction for the neutrino flux is trusted. One
can see that under these assumptions vacuum neutrino oscil-
lations with Am?=3x10"1° eV?, sirf26=1 would be
trivial to discover.

10710 eV?

Am?

L e 2.47x 10° kmx
=———=2. m
°¢ 1 27Am?

E
10 MeV

is of the order of one astronomical unit a.u. = 1.496
x 108 km); hence the name “just-so.” More specifically, the
oscillation length is assumed comparable to 1 a.u.%Br
neutrinos E,~10 MeV); at the same time, the oscillation

length of ‘Be neutrinos E,=0.862 Me\j is an order of More importantly. the experiment would be able to claim
magnitude smaller and, for sufficiently largem”, can be he gis?:ovgro <r;ve)rl; Wi(tah((a)u?erel ii orcl)uan eesfilmgteo gfathe
comparable to the seasonal variation of the Earth—Sun di Sackaround ?/ate or the value ofyingomin neUtrinG flux bre-
tance due to the eccentricity of the Earth’s orhit, [see Eq. dicteg by the SSM. It is intuitivel obviogs from the fi li)re
(2.5]. As a consequence, the flux 6Be neutrinos detected hat theyvacuum oécillation “data)ll” oints cannot be f?t b
on the Earth may exhibit an anomalous seasonal variatio o i . P y

. . : he “theoretical” curve even if the background and the solar
beyond the normal 17 effect discussed in the previous sec- . . :

neutrino flux are varied freely, unless one assumes neutrino

tion. oscillations. This can be quantified as follows. For a given

Such anomalous variation could serve as a unique Sign%'ack round ratd and sianal event rats we define thev2
ture of vacuum oscillation§11,14]. Moreover, as we will 9 . b 9 . 8 X &
value of the fit for an “average” experiment:

show in this section, both Borexino and KamLAND will be
able to cover a large portion of the “just-so” parameter
space, even without relying on a particular solar model or NbinS(d__b_S,h_)z
estimate of the background rate, just by analyzingsthepe x2(s,0)=Nggs+ > —————,
of their data. In this sense the discovery of an anomalous i di
seasonal variation at one of these experiments would be as
robust a result as the Super-Kamiokande measurement of the
up-down asymmetry for the atmospheric muon neutrinos.  "Based on the analysis of the total rates in the Homestake,

To illustrate the main idea, we choose a particular pointGALLEX, SAGE, and Super-Kamiokande experiments. See Fig. 5
(Am?=3x10 1 eV? sirf2¢=1) in the allowed region of in [7].

(3.3
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FIG. 4. lllustration of the effect of vacuum oscillations on the shape of the seasonal variation of the solar neutrino data. The points with
statistical error bars represent the number of events/month expected at Borexino after 3 years of rudning=fdix 10 °eV?, sirf 20
=1. The histogram ifa) shows the number of events predicted by the SSM without neutrino oscillations, plus the number of anticipated
background events. The histogram(b) shows the same quantity after adjusting the solar neutrino flux and the background rate so as to
minimize the value o}?, as explained in the text. The difference between the case with oscillations and the one without oscillations is still
apparent.

where Ny Is the number of binsNy s is the number of compared to the “theoretical” predictions for the case of no
degrees of freedond; is the averageexpected number of oscillations. They? is computed according to E¢3.3) and
neutrino events in theth bin, and h; is given by h; minimized with respect to both the signas)(and back-

= [1_1[1— e cos(2mx/Nyird 1°dx. The constant termiy,; in  ground ). The confidence leveél.L.) corresponding to the
Eq. (3.3 is added to take into account the effect of statisticalminimal value ofy? andNg , = Npins— 2 degrees of freedom
fluctuations in the data. In a single experiment, statisticals then determined, and the region in which the C.L. is less
fluctuations make the number of neutrino events inithe than a given number is isolated. This case, when both the
bin slightly different fromd;, and x? is computed by an number of background events and the incoming solar neu-
expression similar to Eq3.3), with d; replaced by the num-  trino flux are considered unknown in the fit, is the most
ber of events measured in thth bin andwithoutthe con-  conservative one, and yields the smallest sensitivity region.
stant termNg o 1. In our analysis, however, we are interested| ater we also study less conservative cases, where we as-
in the sensitivity of an “average™ experiment. As proven in syme in the “data” analysis that the incoming neutrino flux
Appendix A, averaging over many experiments results in thgs the one predicted by the SSM and/or that the background
definition of x* given in Eq.(3.3), with the constant term a6 is known.

Ng.of.- This agrees with the conventional wisdom that, if & \ye now apply this most conservative procedure to study
function describes data correctly, the average expected valygq experimental reach of Borexino after 3 years of opera-

of x* should be equal to the number of degrees of freedomyy, | Fig. 5 we show the results of the scan for 95% and 5
Given this definition, we can choose valuessadndb that '~ | Ag one can see from the figure, even ar T.L. a

minimize they?; the only restriction imposed is that bash large portion of the parameter space abovem?
and b be non-negative. For the case at hand the minimum_ 10" %e\2 is covered(white region. In this region the
occurs wherb is zero andsis 0.95 times the SSM prediction o, ing oscillation length ... is smaller than the seasonal

‘[‘see ’I,:ig.. D). As expected, even after.this changg thevariation of the Earth—Sun distandd_. On the other hand,
data” points and the histogram are very differefflumeri- below Am?~10-1%eV2 one can see a series of spikes pro-

2_ . . .
cally, y“=2935 which for 10 degrees of freedom implies atruding through the sensitivity region. It is important to un-

5 — 62
cor\lllz;dence Ievélof;—ag 10°°%). h d h . derstand the origin of these spikes. Since we adjust the level
-nze nowz extend this approach, and scan the _ent|r%f signal and background in the fit, we are not sensitive to
(sin"26, Am®) plane (for an earlier work with a more sim- s apsoiute event rate, only to its variation during the year.
plified analysis which does not consider the presence o or Am?= 10~ eV the oscillation length is larger thakl

background, set{?l?]). I'n rt]heugnalysis bglowl, W% foIIow(}he and the amplitude of the variation of the event rate is roughly
same steps as before: the “data” are simu gte according t roportional to the first derivative of E¢3.1) with respect to
the expected number of background and signal events, plys

he eff f . ilat ; h val ¢ 2 . In the regions where this derivative nearly vanishes, the
tAeze ect of neutrino oscillations, for efag vaiue o Ehﬂ, amplitude of the variations is small and the signal is indis-
m®), binned into a certain number of bi;s, and then  in 4 ishable from the case of no oscillations. This explains

why the loss of sensitivity occurs not only when the neutri-
nos undergo approximately an integer number of oscillations
8This number is, of course, unrealistic, and the true confidenc@s they travel to the EarthAm?=nx0.143x10 Ye\?),
level in this case will be dominated by systematic effects. but also when the number of oscillations is close tohadf-
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FIG. 5. The sensitivity region of the Borexino experiment in 3
years, if the analysis does not assume any knowledge of the back- FIG. 6. The sensitivity reach of the Borexino experiment after 3
ground rate or the incoming solar neutrino flux. In the unshaded/ears of runnindat 95% confidence levelThe three cases consid-
region the “data” is at least & away from the best no-oscillations ered are: no knowledge of either the background rate or the incom-
fit. In the lightly shaded region the discrepancy is greater than 95%ng solar neutrino fluxthe covered region is whiteassumption
C.L. but less than & C.L. that the incoming solar neutrino flux is the one predicted by the
SSM, with 9% uncertaintythe covered region is white- light
integer[Am?=(n+1/2)x0.143x10 1% eV?]. In the lat-  gray); assumption that the background rate is known with 10%
ter case the absolute neutrino flux is maximally suppressedincertainty and the incoming neutrino flux agrees with the SSM,
but the magnitude of the seasonal variation is srhall. with 9% uncertainty(the covered region is white- light gray +
Given this explanation, one would expect that the spikegnedium gray.
corresponding to a half-integer number of oscillations should
become shorter if in the analysis we choose to rely on théPikes do become shorter. The one possibility not shown in
SSM prediction of the incoming neutrino flux and/or on the the plot is the situation when one only assumes knowledge of
anticipated background rate. It is straightforward to incorpoihe background rate. In this case the spikes become signifi-
rate the knowledge of both quantities and their uncertaintie§antly thinner, although their length remains virtually un-
in our procedure. For example, to impose the value of thé&hanged.
incoming neutrino flux predicted by the SSM, we modify the In order to extend this analysis to values afm?

expression of? in Eq. (3.3 by adding an extra term: >10"%eV?, several issues must be confronted. We will next
address these issues one by one, and illustrate the discussion
) ) (s—sp)? in Fig. 7.
x“(s,b)—x"(s,b)+ 0—2 (3.4 The first and the most obvious point is that the number of
So

7
ET

wheres andb are the values of the signal and background e

with respect to which we later minimizg?, s, is the SSM
prediction for the signal, andrSO is the uncertainty irsy.

The rest of the analysis is carried out unchanged, except thal
the number of degrees of freedom is increased by one to
Ng.0+=Npins— 1. To use both the incoming flux predicted by
the SSM and the anticipated background rate, two terms are
added to Eq(3.3) and the number of degrees of freedom is
increased by two t®Ng o 1= Npins- L
The results of the calculation are shown in Fig. 6. The X1 L
uncertainty on the solar model prediction of thHge neutrino i
flux is taken to be 99 23], while the uncertainty on the i —

background is 109420]. As expected, the odd-numbered PO N I R T R
0 0.2 0.4 0.6 0.8 1

sin2(260)

1x708 |

)

2 (evz

1x10°% |

Am

Notice that the regions preferred from the global fits have the FIG. 7. The relative roles of the binning effect, the linewidth
absolute’Be neutrino flux suppressed. See Figs. 9 and 10. effect, and the matter effect, as explained in the text.
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bins needs to be changed. The reason is that the frequency « = 1x707 e A e s N e
the seasonal variations increases witm?, and above some 1
value Am?=8x10"1° eV?, for 12 bing integration over
the bin size washes out the effect. To avoid this, we change
the number of bins from 12 to 365. After the change, the
effect of binning kicks in akm?=2.4x10 8eV?, as curve
1in Fig. 7 illustrates.

Next, there are two physical effects one must take into
account: one is the interaction of the neutrinos with solar <
matter(the MSW effect, and the other is the finite width of X107 ¢
the "Be solar neutrino line. One may worry about the wash- F
out of the seasonal variation effect due to the finite size of
Sun’s core. However, matter effects make the core size effec
irrelevant because the mixing angle in the Sun’s coreissmall fxgpo Lo o o 1o A 10 0V BV L L L
and the oscillations effectively start at the level-crossing 0 0.2 0'4_ R 0.6 0.8 !
point [see Eq.(3.6)].1° sin®(26)

When av, is created by the electron capture process in  FIG. 8. The contour plot of the hopping probabiliti,
the core of the Sun, its Hamiltonian is dominated by the=0.1,0.2...,0.9, for the ’Be neutrino energy, using the
matter effecty2Ggn, (N, is the electron number densitif exponential-profile approximation for the electron number density
Am2<10°° eV? for 'Be neutrinos. We restrict ourselves to and Eq.(3.9).

Am?<10 "eV? in the following discussions, as the final

sensitivity due to the anomalous seasonal variation is limitedince|B,|? is the hopping probability between two Hamil-
by =10 ®eV? as will be seen later in this section. Then the tonian eigenstates in the S&q, one can rewrite the formula
mass mixing effect can be completely ignored at the time ofising P, and an additional phase factorA? B,

the neutrino production, and one can safely take the pro= P (1-P.e '’
duced neutrino to be in a Hamiltonian eigenstétee one

1x108 |

(ev?)

which corresponds to the larger energy in the Sun’s)cée P=P.cos 6+ (1-P)sir? §

it propagates through the Sun, the neutrino follows the in- Am2L
stantaneous Hamiltonian eigenstétethe adiabatic approxi- +2P.(1—P,)sin6 coso co{ +5]. (3.9
mation, and exits in the heavier mass eigenstatg, 2E,

=veSin6+v,cos6. It also has a finite amplituda, for hop-
ping to the other Hamiltonian eigenstate. The neutrino stat
that exits the Sun can therefore be written as

@n approximate formula foP; was given in[25] using the
éxponential density profile of the Sun,

efysin2 6__ e 7

Vexit=Acv1t Bevy, (3.5 P.= (3.9
1-e7
with the unitarity constraintA.|2+ |B.|2= 1. Out of the Sun,
the two mass eigenstaztes develop different phases due to tHéth
mass differenceg™'A™V2E, Therefore the neutrino state
that arrives at the Earth is given by yzzerAmz :1_22< Am? (0'862 Me\/)
ZEV 1079 eV2 EV '
Variva™ AcvV1T BcVZe_iAmZLIZEVa (3.6 (3.10

where we consider the exponential-profile approximation for
|the electron number density in the Sogecexp(—r/rg), with
ro=Ro/10.54=6.60x 10* km, given in[26]. Figure 8 shows
the contours ofP; on the (siR26,An¥) plane for the’Be
neutrino energye,=0.862 MeV.
The most important consequence of the matter effect is
that the vacuum oscillation is suppressed wRegr-0 (adia-
5 5 . batic limit). The origin of the suppression is simple. When
=|Ac|*cos 6+B|?sir? 0 P. is small, the neutrino state that exits the Sun is nearly a
% A2 . pure v, state. Since it is a mass eigenstate, only its phase
T2RAIBe MTHEsingcost. (37 gyoives in time and no oscillations take place. Thesur-
vival probability then is simply given by the., content of
v,, which is nothing but sif, without anomalous seasonal
19e thank E. Lisi and L. Wolfenstein for pointing this out to us. variations. Therefore, the sensitivity to the anomalous sea-
For earlier papers on this particular point, 488, [11], and in  Sonal variation is reduced in the region with snigll. When
particular,[24]. Am? is small, on the other hand, the situation is in the ex-

up to an overall phase factor. The distaces between the
point of level crossing and the Earth. Finally, the surviva
probability of the electron neutrino is determined by the
component ofv 4, @and hence

. i 2
P=|A.cos6+ B.sinfe 'AML/2E,|2
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treme non-adiabatic limit, ané&.— co< 6. Then Eq.(3.9
reduces to Eq(3.1). As Am? increasesP,. becomes smaller 1x10°°
than co$ 6, which enhances the vacuum oscillation effect in

the small mixing angle region. Curve 2 in Fig. 7 includes the 5x10°°
matter effect and indeed indicates a reduced sensitivity for
large sirf 20 (smallP,) and an enhanced sensitivity for small
sir? 260 (whereP,, starts deviating from cdg).!*

The second effect is the finite width of th@e line. To o
give some preliminary idea about the relative size of this, 5x10"
effect, we first consider a simplified model. We assume for ag
moment that the only source of the line broadening is the
Doppler shift of neutrino energies arising from the thermal
motion of the ‘Be nuclei. Since the energy is shifted Fo
—E(1+v,/c) and the probability distribution of the veloc- 5x10°"
ity along the line of sightv, is proportional to
exp(—mv2/2kT), the resulting line profile will be a Gaussian
exd —mc(E—Ey)%/(2kTE)]. Taking the temperature to be
15.6 million Kelvin (the temperature in the center of the $un 1x10°"
and integrating over the line profile, we obtain curve 3 in
Fig. 7. The sensitivity loss now occurs akm?=1
x10 ®eV?, demonstrating that this effect is more important FIG. 9. The final sensitivity plot for three years of Borexino
than the matter effect. _ _ running, after the inclusion of all effects limiting the reach of the

This naive model is actually incomplete; there exists aneyperiment for largeAm?. The white region corresponds to the
other very important source of line broadening. Because thgensitivity at more than 95% confidence level with both the incom-
incoming electron in the proces&Be+e” —'Li+ v, has  ing neutrino flux and background rate assumed to be unknown, and
nonzero thermal kinetic energy, the center of mass energy afe dark region to the additional coverage when the S&d flux
the reaction is greater than the one measured in the laborand the background rate estimated elsewhere are used. Also shown
tory, and so the neutrino has a greater energy. The phasee the regions preferred by the analysis of the total rates in the
space distribution of electrons is governed by the Maxwell-Homestake, GALLEX, SAGE, and Super-Kamiokande experiments
ian factor expfE.-/kT). This distribution has to be multi- [7].
plied by the energy-dependent cross section, integrated over
the phase space, and finally convoluted with the Gaussiaphysical effects mentioned above affect the sensitivity region
arising from the Doppler effect. The resulting line shape be{curve 1 versus curve 5, in Fig).7
comes asymmetric, with a Gaussian profile on the(bife to We need to consider one last ingredient in the analysis.
the Doppler effegtand an exponential tail on the rigidue ~ We again return to the issue of the number of bins. While
to the Maxwellian distribution of the electron eneygfhe  choosing more bins is necessary for larger valuesmf, it
issue was studied in detail [27], where the precise form of simultaneously leads to a loss of sensitivity for smalen?.
the profile was computetf. Repeating the calculation with A better procedure is to use an optimum number of bl
this profile we generate curve 4 in Fig. 7. for eachAm?. It can be shown that for our method of analy-

One can see that for this curve the cut-off occurs atis (minimizing x? by varying the signal and background
smaller Am?. This behavior is expected, because the line-and sufficiently largeAm? an approximate formula holds:
width is now greater than when only the Doppler effect wasN,,~2x 10!%(Am?/1eV?). Of course, this formula should
included(curve 3 in Fig. 7. It is also worth noting that the not be used when the optimal number of bins it predicts is
cut-off sets in more gradually. This feature can be underioo small. We choose to use 12 bins fom?<6x 10~ 10 e\?
stood analytically by considering the Fourier transform of anand a variable number of binsy;,=2x 10'(Am?/1 e\?)
exponential tail vs. a Gaussian tail. The details can be foungbr Am2>6x 10 0e\2 13
in Appendix B. In Fig. 9 we show the entire sensitivity reach of Borexino

Finally, we can combine both the linewidth and the matterafter three years of running. The unshaded region will be
effects. The result is curve 5 in Fig. 7. As expected, thecovered at least at 95% C.L., if in the analysis one allows the
inclusion of the matter effect on top of the linewidth effect
introduces only a small distortion to the sensitivity region. It
is important to note that fokm?<5x 10" *°eV? none of the

S 1x10°
()

1x10°"°

0 0.2 0.4 0.6 0.8 1
sin2(26)

BAn alternative technique, which can be considered more rigor-
ous but which would also be more computer intensive, is to Fourier
transform the simulated data for every value of {@@AnY) in the
in the numerical scan, we ignored the additional phase fattor scan. One can then compare the intensities of the harmonics to

because its effects are negligif@4]. those expected for the case of no oscillations. A description of this
121t turns out that other effects, such as collisional line broadeningmethod can be found if29]. For our purposes varying the number
[28] or gravitational energy shif27], are unimportant. of bins is sufficient.
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of the incoming neutrino flux or on the knowledge of the
background rate.

1x 10°% As mentioned earlier, the sensitivity to anomalous sea-
5x10°° sonal variations is completely lost faxm?=10"8eV?. In
this case the seasonal variation of the data is consistent with
an average suppression of the incoming neutrino flux. In par-
- ticular, in the case of the MSW solutions (10eV?<Am?
‘% 1x10°° <10 “eV?), no anomalous seasonal variations can be de-
g tected, as was implicitly assumed in Sec. Il.
&

—— At last, it is worth mentioning that the experiments will
—_—

;
E still be sensitive to a significant part of the preferred region
' even if the background rate or the incomidge neutrino
1x10°10 = flux (for all flavorg turns out to be significantly different.
T For example, if the background rate at Borexifiéam-
5x10°" ———— LAND) turns out to be 3@100) times higher than expected,
D

the part of the preferred region withm?>10"°eV? will

?— still be within the reach of the experiment, after three years

I —— of running. The sensitivity will be completely lost only if the
1x10°"

5 53 3 55 == : background rate turns out to be thrdeur) orders of mag-
’ i 2 om ) nitude higher than anticipated at BorexititamLAND). The
sin2(26) .
consequences of &e solar neutrino flux smaller than pre-
FIG. 10. The same as Fig. 9, but for three years of KamLANDdiCted by the SSM can also be studied. If tfige neutrino
running. flux is for some reason suppressed by a factor of 5,
KamLAND is still sensitive to the part of the preferred re-
background and the incoming solar neutrino flux to float.gion with Am?>10 '°eV?, after 3 years of running.
The dark shading marks the additional portion of the param-
eter space that will be covered at least at 95% C.L., if in the
analysis one assumes both the anticipated background rate
(10% uncertaintyand the SSM prediction of théBe solar In this section, we address the issue of how well the two-
neutrino flux(9% uncertainty. ForAm*=5x10"° eV?, the  neutrino oscillation parameters, $29 andAm?, can be ex-
sensitivity to the anomalous seasonal variation gets lost baracted if the data collected at future solar neutrino experi-
cause of the smearing due to the linewidth effect. Howeverments exhibit an anomalous seasonal variation. In order to
there is an overall suppression of the flux due to the MSWo this, we simulate “data,” according to the procedure de-
effect in this region. To be sensitive to this overall suppresveloped in Sec. IlI, for two distinct points in the parameter
sion, we should return to a smaller number of bins to enspace, sih26=0.7, Am2=8x10"1eV2 (“low point” ) and
hance the statistical accuracy. We therefore use 12 bins igir’ 2=0.9, Am?=4.5x 10" °eV? (“high point” ). The low
this region:* point is close to the best fit point presented 7, while the
For comparison, we also superimpose the “just-so” pre-high point is close to the point preferred by the Super-
ferred regions obtained by analyzing the total event rates ikamiokande analysis of the recoil electron energy spectrum
the Homestake, GALLEX, SAGE, and Super-Kamiokande[30]. The data are binned into montk%2 bins per yeabs
experiments(Fig. 5 in [7]). The plot shows that Borexino and Fig. 11 depicts the annual variations for both the high
will be sensitive to almost all of the preferred region, evenand the low points, assuming three years of Borexino run-
without relying on the SSM prediction of the incoming neu- ning. The no-oscillation case is also shown.
trino flux or on the knowledge of the background rate. Only  |n order to measure the oscillation parameters, we per-
two thin spikes protrude through the lower “islands.” This form a 4 parameters( b, sir?26, and Am?) fit to the
overlap disappears completely when the anticipated backwata.” The fit is performed by minimizing? with respect
ground rate and the SSM prediction for the incoming neu+o the incoming neutrino fluxs) and the background rate
trino flux are used in the “data” analysis, in which case the(b), as in Sec. Ill, and computing it for fixed i and
entire preferred region is covered. Am?. Figure 12 depicts the values of ($29,An?) and the
Figure 10 contains a similar plot for three years of Kam-g50, C.L. contourgfor two degrees of freedomextracted
LAND running. Because KamLAND will have more statis- from the “data’ consistent with the lowlight) and high
tiCS, it will be sensitive at 95% C.L. to the entire preferred (dark) points_ Note that this is very different from what was
region without relying in the analysis on the SSM predictiondone in the previous section. There, for each point in the
(sir? 26,An) plane there was a different “data” set, and the
“data” were fitted by a non-oscillation theoretical function.
140ne can cover a slightly larger portion of the parameter spacéiere the “data” are fixedeither the low or the high point
by using yet fewer bins. We chose 12 bins such that one can stifind are fitted by a theoretical function which assumes neu-

verify the expected 12 behavior of the signal even with a reduced trino oscillations.
flux, as we discussed in Sec. Il. One should easily note that the extracted 95% C.L. con-

IV. MEASURING THE OSCILLATION PARAMETERS
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coming flux are varied in the fit procedure.

WhenAm?~severak 10 **eV?, the oscillation length is
larger thanAL, and the effect of seasonal variations is less
pronounced. There is a collection Afm?’s that yields the
same qualitative behavior. Because our fit procedure allows
for the background rate and the neutrino flux to float freely,
a good agreement with the “data” is met for a large portion
of the parameter space. In order to make this discussion
clearer, it is useful to describe in detail what happens to the
number of electron neutrinos reaching the detector as a func-
tion of time.

In the case of the low point: initially, when the Earth is at
the perihelion, thev, survival probability is small and, as
time progresses, monotonically increases until the Earth
reaches the apheligafter six months The process happens
in reverse order in the next six months, as expected. There
are many other values of the oscillation length, i%m?,
such that the survival probability monotonically increases for
increasing Earth-Sun distance and therefore a similar quali-

FIG. 11. Number of recoil electrons detected in a given month,ative behavior is to be expected. The main quantitative dif-

for the low point, the high pointsee text for descriptionand the

ference is in the ratio of the number of events detected in the

case of no neutrino oscillations, after three years of Borexino runperihelion and in the aphelion, which may be accounted for

ning.

by varying the background rate and the incoming neutrino
flux. This explains the existence of islands. For values of

tour for the high point consists of only two “islands,” while Am? in between islands, the survival probability either in-
for the low point one extracts a collection of “islands.” The Creasesand decreases for varying Earth-Sun distance, or

reason for this is simple. Whehm?~fewx 10" %eV?, the
oscillation length is slightly smaller thakL [see Eq(2.5)].

monotonicallydecreasesThe exact location of the islands
and their widths can only be understood by analyzing the fit

This means that the seasonal variation of the “data” has @rocedure, in particular the minimization gf with respect
very particular shapéas one may easily confirm by looking t0 the background rate and the incoming neutrino flux. Note

at Figs. 4,11, which cannot be easily mimicked by other that there are no “islands” abovam?=2.5x10"%eV?,
values OfAmz, even when the background rate and the in_Th|S is because when the oscillation Iength is small enough

1x 1077

5x 1010

2x 1019

Am? (eV?)

1x10°1°

5x 10"

2 x10°7

1x10°"7

0 0.2 0.4

FIG. 12. Measurement of the neutrino oscillations parameters
sir? 20 andAm?, assuming no knowledge of the SSM and the num-€

0.6
sin?(26)

0.8

(or Am? large enough the survival probabiliticannotonly
increase for increasing Earth-Sun distance, but necessarily
reaches a maximum before the aphelion, and then decreases,
independent of what the survival probability at the perihelion
is. This situation is qualitatively different from the low point.

In the case of the high point: initially the survival prob-
ability is close to unity, decreases sharply as the Earth moves
further from the Sun, and then grows rapidly, reaching a
maximum when the Earth is close to its aphelion, because
the oscillation length is smaller thakL. In this case, little
variations in the oscillation length, i.eAm?, produce big
qualitative changes, including the position and number of
maxima and minima. There is still a small ambiguitye.,
two “islands”) in determiningAm? for the high point. This
happens when the oscillation length is such that the mini-
mum of the survival probability happens in March or Octo-
ber and the survival probability is large enough at the peri-
helion and the aphelion. The fact that the absolute values of
the number of recoil electrons detected are different is taken
care of by varying the signal and the background.

In conclusion, if Nature chose neutrino oscillation param-
ters such that st is large andAm?~fewx 10~ %eV?,

ber of background events. The regions represent the 95% confBorexino should be able to measure these parameters inde-

dence level contours, for data consistent with the Hidgrk and

pendent of the SSM and any knowledge of the number of

low points(light). The input points are indicated in the figure by the background events, with good precisi@specially inAm?).
two crosses. See text for details. We assume 3 years of Borexinh Am?~severak 10" *'eV?, the determination of oscilla-

running.

tion parameters is not as precise. Better precision can be
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1x10°° . 1x10°°
Borexino - 3 years KamLAND - 3 years
5x10-10 5x10-19
S = >
% - 3 -10
- 2x101° ~ 2x10
1x10-19 | 1x10-1°
5x10-1" 5x101
2x10-1 2x10-1
1x10-11 X 1x10-11 .
[ 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
sin? (20) ’ sin? (20)

FIG. 13. Region of the two neutrino oscillation parameter space excluded in the case of no neutrino oscillations if one assumes no
knowledge of the background and no knowledge of the S@&kite) or knowledge of the SSMlight+white), after 3 years of Borexino
(right) and KamLAND (left) running.

achieved at KamLAND, but the ambiguity of solutions in the and one tried to fit a non-oscillation prediction to the “data”

“low” Am? region still remains. by varying the incoming flux and/or the background. Here,
the “data” are consistent with no oscillations, and one tries
V. EXCLUSION OF VACUUM OSCILLATIONS to fit the “data” with a prediction which includes the effect

. ) ] of neutrino oscillations for fixed (sh26,An?), by varying
In this section, we address the issue of what the experie incoming flux and/or the background. If both the back-
ments can conclude about vacuum oscillations if no discreps,ound and the incoming flux are fixed, i.e., not allowed to
ancy from the normal seasonal variation effect is detected. | ary in the fit procedure, the exclusion and the sensitivity
this case, one may be able to measure the ".‘C.O.”.“”g neUtrir}%gions are the same. O,n the other hand, if both the back-
flux, as outlined in Sec. Il. Two distinct possibilities will be ground rate and the incoming flux are allowed to float, the

considered(1) the measured flux is consistent with the SSM . S o
prediction; (2) the measured flux is suppressed with respecFXClus'on region is expected to be smaller than the sensitivity
X region presented in Sec. I, especially in the regibm?

to the SSM prediction. 1102 Thic i
In the first case, one would be inclined to trust the SsM=10 ~ €V~ This is due to the fact that a large number of

prediction of the’Be neutrino flux and use it in the analysis PCINtS in the parameter space yield an annual variation of the
to exclude vacuum oscillations. This will be discussed in”e flux which is much larger than 7%, but agrees with the
Sec. VA. On the other hand, in the second case, it is no%hapg of thg normal seasonal variation. If in the f|t procedure
clear if the reduced flux is due to MSW neutrino oscillations,the signal is scaled down to reduce the amplitude of the
an incorrect SSM prediction of the neutrino flux, etc. ThisVarniation and the background scaled up to increase the num-
will be discussed in Sec. VB. ber of events, a good fit to the no oscillation case can be
attained.
) ) ) - Figure 13 shows, for three years of Borexino and Kam-
A. If the flux is consistent with the SSM prediction LAND running, the region of the (sk26,Am?) parameter
We simulate “data” consistent with the SSM and the space excluded at 95% C.L., if one allows the solar neutrino
expected number of background events. The relevant nunflux and the background rate to float within the positive num-
bers are quoted in Sec. Il. The “data” are binned intobers(in white), and if one assumes the solar neutrino flux
months (12 bins per year and are illustrated in Fig. 11, calculated in the SSM within theoretical errdis light plus
assuming three years of Borexino running. We then fit to thevhite).
“data” annual distributions that include neutrino oscillations A few comments are in order. First, one notices that the
for a given choice of (sif6,AnY), plus a constant back- KamLAND exclusion region is larger than the one excluded
ground. The background rate and the incoming neutrino flwby Borexino. This is, of course, expected because of
may be allowed to float in the fit, constrained to a positiveKamLAND’s larger fiducial volume and therefore higher sta-

number. tistics. Second, when the solar neutrino flux is allowed to
It is important to note that this is the opposite of what wasvary in the fit, the excluded region of the parameter space
done in Sec. lll, where the sensitivity of Borexino and shrinks, as expected and discussed earlier. Third, one can

KamLAND to vacuum oscillations was studied. There, thesafely claim that, if no discrepancies are detected in the sea-
simulated “data” were consistent with vacuum oscillations, sonal variation spectrum, the ‘“large’Am? (several
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%10 1%\?) set of vacuum solutionsee Figs. 9 and 20 “high” Am? region and a significant portion of the “low”
will be excluded, even at Borexino. Even when no knowl-Am? region.
edge of the incoming neutrino flux is used, a reasonable por- In order to go beyond the most conservative analysis dis-
tion of the “small” Am? (severalx 10‘11eV2) set of solu- cussed above, one would have to look at the overall situation
tions is also excluded. When one assumes knowledge of th@f the solar neutrino puzzle at the time of the data analysis. It
incoming neutrino flux, the entire allowed region is ex-is likely that one will be able to do much better. For ex-
cluded. ample, solar neutrino oscillations might have already been
If the background rate is larger than expected, the exestablished by the SNO experimdil], and perhaps it is
cluded region diminishes accordingly. This is because whefeasonable to assume the incoming solar neutrino flux pre-
the constant background is enhanced with respect to the oglicted by the SSM. Then it would be possible to exclude a
cillation signal it is easier to achieve a reasongpldor the  region of the parameter space as large as the one in Sec. VA
fit even when the seasonal variations due to vacuum oscillavhere one assumes the SSM flux. Another possibility is that
tions are significantly different from the no-oscillation case.Super-Kamiokande or SNO rules out the small angle MSW
In particular, when the background rate is large enough thatolution by studying the distortions of the electron energy
the seasonal distribution of the data is statistically consisteriPectrum[30,31, and a large suppression of tH&e solar
with a flat one, a reasonablg? for the fit can always be neutrino flux would indicate that there is something wrong
achieved simply by scaling the signal to zero and scaling u;yvith the SSM. In this case, it is not clear how to proceed. We
the background appropriately. Explicitly, after three years ofdo not go into further discussions on all logical possibilities.
Borexino (KamLAND) running the exclusion region van-
ishes if the background rate is 8 (40) times larger than VI. CONCLUSIONS

anticipated, when both the background rate and the incoming We have studied possible uses of the seasonal variation of

r?e“”'”o flux are a”O\.N.Ed to float in the fit, er 500 (3000 _the "Be solar neutrino flux at Borexino and KamLAND. Our
times larger than anticipated when one assumes the neutring It be summarized as follows. Once the experiments
flux predicted by the SSM. results can : 1e exp .
accumulate enough data to see seasonal variations, the first

step will be to determine if the observed pattern is consistent
with the normal 1L? flux suppression. If a discrepancy is

If there is an overall, i.e., time-independent suppression ofound, it will be a sign of vacuum oscillations. In this case,
the flux (which is the case for the MSW solutionshe way the seasonal variation of the data can be used to determine
to proceed towards excluding part of the vacuum oscillatiorthe oscillation parameters $ig¢ and Am?. On the other
parameter space is less clear. This is because such an expdvand, if the data are consistent with the normal pattern, the
mental result neither agrees with the SSM prediction nomamplitude of the variation can be used to measure e
does it represent any “smoking gun” signature for neutrinosolar neutrino flux and to exclude a significant portion of the
oscillations, as is the case of anomalous seasonal variationgacuum oscillation parameter space.
One does not know if the SSM prediction of the flux is If the observed seasonal variations are consistent with the
simply wrong, or if there are neutrino oscillations consistennormal 1L? flux suppression, one can use the amplitude of
with one of the MSW solutions or both. Anyway, it is clear the variation to determine what fraction of the observed re-
that (in general the incoming neutrino flux should be con- coil electrons are induced by the neutrinos coming from the
sidered unknown in the data analysis. Sun. This method is limited by statistics, and the accuracy is

The most conservative option is to follow the same analyworse when the/Be solar neutrino flux is suppressed, as in
sis done in the previous subsection, and allow both the inthe case of the small angle MSW solution. In fact, in Sec. Il
coming neutrino flux and the background rate to float in thewe found that in the case of a large suppression only
fit. In this case, the excluded region of the two-neutrino osKamLAND should be able to perform such a measurement,
cillation parameter space is reduced significantly, and magfter 3 years of data taking. It is important to emphasize that
completely disappear. This is because when the number afe assumed the oscillation of electron neutrinos into other
signal events is reduced the annual distribution is closer tactive flavors. In the case of oscillations into sterile neutri-
flat and a good fit is obtained even when the would-be annualos, the’Be solar neutrino flux might be almost absent, and
variations are very different. This is very similar to what wasin this case neither Borexino nor KamLAND are able to
previously discussed at the end of the last subsection, whegerform a measurement of the flux using this technique.
we discussed what happens if the background rate turns out An important advantage of this technique is that it does
to be much larger than anticipated. Explicitly, after threenot require a separate estimate of the background rate, which
years of Borexino running and a signal rate which is 21.3%may be a very difficult task. If the background rate can be
of the SSM predictiortas one would obtain in the case of the reliably measured by some other means, one can obtain an-
small angle MSW solution) Borexino is unable to exclude other measurement of the neutrino flux. In this case, the two
any portion of the vacuum oscillation parameter space, whileesults can then be compared for consistency, thus making
KamLAND can still exclude about one half of the “high” the final result on théBe neutrino flux much more trustwor-
and “low” Am? preferred regions. If the background rate thy.
can be estimated by other means with 10% uncertainty, Bor- We also studied in great detail the effect of vacuum neu-
exino and KamLAND will be able to exclude the entire trino oscillations on seasonal variations. Our analysis shows

B. If there is an overall suppression of the flux
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lous seasonal variations for almost all values of

(sir?26,An¥) preferred by the analysis of the neutrino flux APPENDIX A: x2 ANALYSIS

data from Homestake, GALLEX, SAGE, and Super-

Kamiokande, as illustrated in Fig. 9. The sensitivity region Inthe analyses in Secs. lIl, IV, and V, we are interested in
should be larger at KamLANDFig. 10. Results obtained in the capability of an “average™ experiment. It is possible to
this way would be very robust. Both experiments are SensiSimulate “data” with statistical ﬂ!JCtuationS inClUd.ed, but
tive to an even larger portion of the parameter space if thdhen the value of* would vary slightly between different

background rate can be reliably estimated by auxiliary meal€Petitions of the samezsimulation. A better approach is to
surements. find an expression fo“ “averaged” over many simula-

If anomalous seasonal variations are discovered, thEOES' '?‘ri v;/eIshgwtbetlr?w,ina\ller?grllngfover r?t?tlr?tufarlr;luir?utjr?_
data can be used to measure the oscillation paramete s simply feads 1o the inclusion of a constant te €

i 2
(sir26, Am?). This issue was studied in Sec. IV. It was efinition ofy°. , , :
found that forAm?=10"°eV? the experiments will be able Suppose we have some solar neutrino data binned into

. . . . Npins bins. Let the average expected value inittiebin bed;
to determineAm? with good precision. At the same time, for , oS ; . !
. o with corresponding random fluctuatiofd;. Suppose we
Am?<10 *%eV? there would be many “candidate islands” s g ! Pb

: . o want to fit these data with a functidhwhich can depend on
in the (sirf 26,An) plane, and it will not be easy to resolve gy, parameters: the signaland the background. Then the

the ambiguity. x° of the fit can be defined as follows:
On the other hand, the absence of anomalous seasonal
variations of the’Be solar neutrino flux data can be used to Npins . ot 2
. o ) [di+Ad;—fi(s,b)]
exclude regions of the vacuum oscillation parameter space. x°(s,b)= Z > , (A1)
In Sec. V we presented the exclusion plots for both Borexino : 04,

and KamLAND, after three years of running. An important
lesson from that section is that in order to exclude a largavhere 0q,= vd;+Ad;. Because, in the case of interest, the

portion of the preferred region, the experiments will need tonumber of events per bin is sufficiently large, we can ap-
either measure the background rate or rely on the SSM preyroximately sef® oy = \/d;.
|

diction for the neutrino flux. In the absence of both, the First consider the case wherandb are fixed numbers.
results are rather weak. This is to be contrasted with thepe average value of the? one would obtain after simulat-

situation in Sec. IIl. o _ ing the data many times is
It is important to keep in mind that the simulated “data”

are most of the time based on the SSM prediction for'tBe N 5 )

solar neutrino flux and the anticipated number of background (%)= §s (Ad)) N 2Adi(di—f)) N (di—f;)

events at Borexino and KamLAND. Ounumericalresults, X7\ 4 d; d; d; '
therefore, even in the cases when we do not use the knowl- (A2)
edge of the incoming neutrino flux or the background edte

the analysis stageare not to be regarded as SSM and back-Using (Ad;)=0,(Ad;)®=d;, we find

ground rate independent. We would like to draw attention to

our comments at the end of Secs. Il and Ill on how our Npins (di—f.)2 Nb"‘s(d-—f-)z
results might change if these inputs are changed. We also  (,2)= > 1+ ;}:Nbinﬁ P E——
assume only statistical errors in the data analysis, neglecting [ d [ d;

systematic uncertainties due to the lack of knowledge in the (A3)
seasonal variation of the background rate. The inclusion
such effects is beyond the scope of this paper.

Overall our results indicate that the future Borexino re-
sults can lead to significant progress towards solving the so-
lar neutrino puzzle. Furthermore, if KamLAND is also able
to study solar neutrinos, one would have access to a largert®one can easily estimate the resulting relative errgféio be of
data set, and more powerful results can be obtained. O(1(d;)).

0 L .
ﬁ'herefore, in this simplest case it is enough to use the aver-
age valuesl; and the number of bins to computg?).
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Next, consider the case whéfs,b)=b+g(s) and y? is
minimized with respect td:

Ix(sb) _“2 2[di+Adi—b-gi(s)] _
(9b B i di B

Nbins [ . . Nbins -1
:>b=(2 [di+Ad, g'(s)])<2 3) |

i d; T d
(A4)

Introducing A;=[d;+Ad;—g;(s)]/d; and substituting Eq.

(A4) in Eq. (A1), we obtain
Nbins AZ A Nbins A Npins 1 -1
2 _ o1 ! -
Xmin_Ei |:dI Zdl(z dl)(z dl)
Nbins 2 [ Npins -2
A, 1
+ — — —
d; Z o] 2. d ) }

Nbins A2 Nbins A 2 [ Npins 1 -1
= _t_ ! -
-2 di (Edi)(zdi) '

_ _ (A5)
I | I
Now plugging back in the definition of;, we perform the
averaging usingAd;)=0,(Ad)?) =d;, and((Ad;)(Ad)))
=0 fori#j:

Nbins Ai2 Nbins di_fi 2
< Z d_|> =Npins+ > % (A6)
NbinsAi 2 Nbins 1 Nbins di—g; 2
(TR R A

Substituting Eq(A6) in Eq. (A5), we find

Npins 2
(di~1)
<Xﬁ1in>: Npins— 1+ Z : d I
[

Nbins di_ i 2 Nbinsl -1

i d i i

- 1
P(L)=NJ dEP(E,L)f(E)

1

N

2 g,

1 sif26

Si26\ (= Sirf 26 (=
1- dEe aE*bJr—j dEco§ 2———
2 Jg E

PHYSICAL REVIEW D 60 093011

The last two terms are exactly what one would find after
minimizing EiNb‘"S[di—b—gi(s)]Zldi with respect tab, and
hence in this case random fluctuations can be accounted for
by replacingNy;s in Eq. (A3) by Npj.s— 1.

One can easily show that, ff(s,b);=b+s-h; and one
minimizesy? with respect tcs, the effect of random fluctua-
tions is also to substitut;,s— 1 for Ny;,s in Eq. (A3). The
proof is completely analogous to the case we just studied.
Moreover, it is straightforward to combine the two results
and consider minimization with respect to bditands, in
which case one should repladg;,s in EQ. (A3) by Nyins
-2.

In general, one should use the number of degrees of free-
dom Ny s when computing x?):

Nbins (d _ f)2
I I
(X*)=Naost 2 —g— (R9)
1
APPENDIX B: ANALYTIC ESTIMATE OF THE
SENSITIVITY CUTOFF
In Sec. Ill we showed that the sensitivity region for

anomalous seasonal variations is limited by the finite line-
width of the 'Be line. In this appendix we show how one can
analytically estimate the location and the shape of the sensi-
tivity cutoff.

As was mentioned in Sec. llI, the true shape of fie
line is rather complicated, with a Gaussian profile on the low
end and an exponential tail on the high end. For the purpose
of this estimate we choose to approximate the Gaussian part
by a sharp cutoff:

0 if E<E,

HE)=1g-aesb E>E,.

R (B1)

To determine the fraction of neutrinos reaching the Earth
we integrate the oscillation probabili§(E,L) given by Eq.
(3.1) over the line profile Eq(B1) and divide by the normal-
ization constani:

1.27Am°L
(EO_ E)) eaE+k;|

0

1

g 2B thb L sinf 26
N 2

2
0

1.27Am?L 1.27Am?L
Xcos 2———(Eyg—E;)—arctan 2————

+
a 2 \Ja?+(1.27Am?L/E2)?

2
0

] : (B2)
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Since the width of the line is only several keV whil,  are completely analogous: the new normalization constant is
=0.862 MeV, we can sdf,— E;=E, inthe argument of the N'=[*_ dEe E~E0o°= /7o, andP(L) is given by

cosine. Substituting the value of the normalization constant

N:ff;ldEe*aE”’:(1/a)e*aEl+b and introducing ¢

=arctafi2x1.27Am?L/(aE3)], we obtain
5(21.27Am2L ¢>)
co —_— —
_ Eo 1
2 V1+[1.27Am2L/(E2a)?) N
(B3)

_ 1 (=
P(L)=Wf dEP(E,L)e E7o°

(1_ sin220)J°C .
2 — 0

Sit 26 (= 1.27Am?L
+ J dEcoy 2———
» E

0

- sif 26
P(L)=1-

From this equation we can read off the shape of the cut-
off. Viewed as a function ofAm?, for small values of the 2
mixing angle the cutoff profile is approximately given by

><(E0—E))e—52’<f2

SINP 20,0 V1 +[1.27AmPL/(E3a) ]2 (B4)

l._Js_ing the _numeri(_:al _value cxizQ.?S ke\f_l, obtained 2by ik 26 ALy 1.27Am2L
fitting the line profile in[27], we find that SiA26,,,( AmM?) =1- 1— e~ (1:2AMLo/EY ¢ ——|
should increase by/2 with respect to the smallest value of 0

SIr? 20,0 When Am2=2.9x 10" ° eV2. The actual number (B5)

from curve 4 in Fig. 7 isAm?=1.5x 10 °eV2. The actual

value is smaller, which is expected, because, for the purpose

of this estimate, we neglected the contribution of the GaussFhus, the cutoff for this model sets in faster and the profile

ian part of the line profile, effectively making the line nar- for small values of sifi2d is Gaussian. Numerically,

rower. Sir? 260.0( AM?) is expected to increase B2 with respect
One can also estimate the location of the cutoff if the lineto the smallest value of IR0, when Am?=4.2

profile were purely Gaussiafturve 3 in Fig. 7. The steps X 10 °eV?, which agrees with curve 3 in Fig. 7.
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