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What can be learned by measuring the fluxes of th¢ Be and the pep solar neutrino lines?

J. N. Bahcall and P. I. Krastev
School of Natural Sciences, Institute for Advanced Study, Princeton, New Jersey 08540
(Received 27 June 1996

Measurements of the interaction rates of the solar neutrino linéBefandpep can be used, independent
of solar models, to test whether electron flavor is conserved, to determine survival probabilities of electron-type
neutrinos at specific energies, and to test for the existence of sterile neutrinos. We present analytic descriptions
of these tests. We also illustrate by numerical simulations, assuming matter-enhanced and vacuum neutrino
oscillations, what measurements of solar neutrino lines can teach us about neutrino masses and mixing angles.
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I. INTRODUCTION ferent from unity. In contrast, the survival probability is
equal to unity in the simplest version of standard electroweak

Figure 1 shows the electron recoil spectrum that we caltheory[8].
culate for neutrino-electron scattering. Although, as Fig. 1 Two new experiments, SNO and Superkamiokande, were
makes clear, the sun is predicted to produce importandesigned with the goal in mind of establishing definitively if
sources of low-energy neutrinos with energies of the order ophysics beyond the standard electroweak model is required
an MeV or less, there are no operating detectors that cai® explain the results of solar neutrino experiments. More-
measure individual neutrino energies in this low-energyover, these new experiments will have the potential to deter-
range. In particular, there is currently no way to isolate ex-
perimentally the fluxes of the predicted strong solar neutrino
lines.

We urge readers who are familiar with solar neutrino re-
search to turn immediately to Sec. VII, which contains a 10®
concise summary and discussion of our analysis of what can
be learned about neutrino properties from studying solar neu- 100
trino lines. We do not discuss here what can be learned about
the solar interior from studying neutrino linés.

Continuum neutrino sources, principally neutrinos from
8B decay and from th@p reaction, are believed to be the
major contributors to the four pioneering solar neutrino ex-
periments: chloring2], Kamiokandg 3], GALLEX [4], and
SAGE [5]. Moreover, the two next-generation experiments,
Superkamiokandgs] and SNQ 7], are both sensitive only to
the neutrino continuum froniB decay.

The four pioneering detectors have established experi- 10-3
mentally that the sun shines by nuclear fusion reactions ppAiBe "Be 1*Npep 10
among light elements. Table | summarizes the results of ;5. ik el 0 B AR
these experiments. 10~ 1 10!

Because the observed rates are lower than the predicted T (MeV)
rates, the results from the operating experiments have led to _ _
a number of suggestions for new particle physics. In these FIG. 1. Recoil electron energy spectrgm. The computed rec_0|I
particle physics scenarios, something causes a fraction GIECton energy spectrum is shown for different assumed neutrino
electron-type neutrinos to disappear, or change their ﬂavo'productlon and oscillation scenarios. The vertical arrows indicate

after they are created in the center of the sun. All of thethe maximum electron energy produced by each solar neutrino

: : . . source. For the standard solar model with no oscillati@#, the
particle physics solutions of the solar neutrino problem pre- is indicated b id i ing th dard model
dict a survival probability, the probability that an electron- spectrum Is indicated by a solid line. Assuming the standard mode

i tri . lect i tri that i d.ffluxes are modified by neutrino oscillations, the SMA MSW solu-
ype neutrind remains an electron-typé neutrino, that 1S ail;,, is indicated by the dotted lines, the LMA MSW solution by the

line with short dashes, and the VAC oscillation solution is indicated
o _ by long dashes. The dot-dashed line labeled CNO corresponds to
Yin Ref.[1], it is shown that a measurement of the energy shift ofthe hypothetical case in which solar energy is derived almost com-
the "Be solar neutrino line is equivalent to a measurement of thepletely by CNO reactions and the neutrino fluxes are modified by a
central temperature of the sun, and a measurement of the ener@MA MSW solution[32]. In actual experiments, the sharp features
profile of the "Be line will determine the temperature profile of the due to individual lines will be made somewhat smoother by finite
solar interior. See also: http://www.sns.ias.€gnb energy resolution.
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TABLE I. Experimental results for four operating experiments. The experimental results are given in
SNU for all of the experiments except Kamiokande, for which the result is expressed as the méadined
in units of cm2s™! at the earth, assuming the standard model neutrino shape. The ratios of the measured
values to the corresponding predictions in the standard solar model of Rgfare also given. The result
cited for the Kamiokande experiment assumes that the shape 8Btheutrino spectrum is not affected by
physics beyond the standard electroweak model. Here 1 SNU is defined &sriteractions per target atom

per sed41].

Experiment Result£ 10) Reference
HOMESTAKE 2.55+0.17(staty-0.18(syst) SNU [2]
GALLEX 77.1*+8.5(staty- “24(syst) SNU [4]
SAGE 69+ 11(stat) 5(syst) SNU [5]
KAMIOKANDE [2.89+ 322 (stah =0.35(sysd] X 1(Pcm 2s7* (3]

mine the total flux(independent of flavgrof B solar neu- 89.7% of the neutrinos having, in the laboratory, an energy
trinos, thereby testing the prediction by solar models of theof E,=0.862 MeV and the other 10.3% hae,=0.384
flux for this rare mode of neutrino production. MeV . The branching ratio of 9:1 is determined by nuclear

The most plausible particle physics explanations, resonarghysics and is the same in the laboratory and in the solar
matter oscillations [9-11 (the Mikheyev-Smirnov- interior. The two’Be lines can, in principle, be used to per-
Wolfenstein, or MSW, effe¢tand vacuum neutrino oscilla- form a unique test of the existence of sterile neutrifsee
tions[12], both predict a strong energy dependence for theSec. VIB).
survival probability. The form of the energy dependence is The pep neutrinos are created by the reaction
determined by the specific parameters used in the adopted
oscillation scenario. Other suggested new particle physics p+e +p—2H+r,. 2)
explanations that predict a strong energy dependence for the
survival probability include neutrino decajl3,14], non-
standard electromagnetic propertj@$—17), neutrino viola-
tion of the equivalence principlgl8], and supersymmetric
flavor-changing neutral currenfd9,20. Many of the rel-
evant papersand further reference¢sre reprinted if21].

We explore in this paper what can be learned about ne
trino physics by performing experiments with solar neutrino reduced, or in some cases, enhanced.
lines. . Lo So far, BOREXINO[25], which will observe neutrino-

Measurements with solar neutrino lines have the advan;

. : : electron scattering, is the only detector in an advanced stage
tage that the predictions of particle physics models are morgg development that is being constructed with a goal of iso-

specific for a line source than they are for. a Contlr‘uumlating events from a solar neutrino line. Two other experi-
source. Measurements of continuum interaction rates detef- . .o oo being developed, HELLAZ6] and HERON27]

mine a welght_ed average of_what ha_pperys t0 Neutrinos Qfnich have the potential to detect solar neutrino lines via
different energies. Moreover, if a neutrino line is detected in,,ing_ejectron scattering. Most recently, a Ga-As detector
:VYO wa:)ys(e.?., bt?: nel:rt]rmo—elgctrlon sgagﬁ_ilng tand by 'f]f?u'of low-energy neutrinos has been propo§28]|. This detec-
rino absorptioh then the survival probability at a specific tor could potentially measure thgep and the ‘Be neutrino

energy can be determined empirically, independent of aMfnes by neutrino-electron scattering and, very importantly,
solar physics. At any energy, a measured value for the sur:

) . A . - ““also by neutrino absorptiofwhich would determine the
vival probabﬂny thqt is significantly different from unity charged current rateFor all of these experiments, good en-
would constitute evidence for electron flavor nonconserva

tion ergy resolution will be required in order to separate the solar

. . neutrino lines from continuum solar neutrino sourdes
There are two nuclear reactions that are predicted to em

; . o .'Fig. 1) and from background events.
detectable numbers of solar neutrinos with specific energies, %\, begin, in Sec. II, by discussing neutrino-electron scat-
i.e., neutrino lines. The more frequent of these reactions ’ Are

7 . . tering experiments. We calculate the predicted electron recoll
produces’Be neutrinos via spectrum in neutrino-electron scattering experiments for four
Bete —TLi+v,. (1)  different neutrino oscillation scenarios and for the standard
model(no oscillations, standard solar modalNe then show
Reaction(1) produces, according to the standard solar modeto what extent measurements of the scattering rate for neu-
[23,24), a total neutrino flux at earth of»610° cm 2s %, trino lines can be used to help determine neutrino masses and
mixing angles. We calculate how much additional informa-
tion can be gained by measuring both tfge and thepep
2Although the fluxes from seven solar neutrino lines have beemeutrino lines, rather than concentratin@s originally
estimated 22], only the fluxes from théBe and thepep neutrino  planned in the BOREXINO experimenon the ‘Be line.
lines are expected to be large enough to be measurable in solar Next we demonstrate in Sec. Il how survival probabili-
neutrino experiments that are currently feasible. ties at a specific energy can be measured if a neutrino line is

Reaction(2) produces neutrinos of enerdy,=1.442 MeV,
with a standard solar model flux of ¥40° cm 2sL In
the standard solar model calculations, the total flux'Bé
neutrinos is about 35 times larger than the total flux of
ep neutrinos. If neutrino oscillations occur, the predicted
Standard model ratio ofBe to pep neutrino fluxes may be
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TABLE II. Recoil electron event rates in SNU from individual neutrino sources predicted by different
solutions of the solar neutrino problem. The neutrino oscillation parameters in each solution have been
assumed to be those providing a minimyrh [11]. The standard model fluxes are from RE24]. The
threshold energy for recoil electron was set to zero in the calculations.

Solution pp pep "Be(0.862)  "Be(0.384) 8B &\ %0
SSM 6.7Er1  1.5E+0 2.7E+1 1.0E+0 39E-1 2880 3.8E+0
SMA 6.5E+1 3.3E-1 6.28-0 8.2E-1 1.5E-1 9.0E-1 8.6E-1
LMA 4.8E+1 8.8E-1 1.781 7.0E-1 15E-1 1.8E0  2.2E+0
VAC 4.4E+1 3.6E-1 1.981 3.8E-1 15E-1 1.7E0  2.2E+0
CNO 2.2E-3 1.2E-4 1.7E-2 9.8E-1 14E-1 68E 6.2E+1

studied both by a neutrino absorption experiment and by &lectron scattering reaction can be represented by the equa-
neutrino-electron scattering experiment. We present a simplgon
formula, Eq.(6), for the survival probability at the energy of
the neutrino line; this formula is independent of all solar v+e—v' +e'. 3
physics. We show in Sec. IV how neutral current experi-
ments, when combined with either absorption or neutrino- Neutrino-electron scattering experiments are sensitive to
electron scattering experiments can be used to determine th@th charged currerit.e., only v) and neutral current.e.,
survival probability. In Sec. V, we focus on the model- all neutrino flavor} interactions. For theBe line, the ratio
independent inferences that are possible if both neutrino alef the total electron neutrino scattering cross section to the
sorption and neutrino-electron scattering are measured. Wetal neutral current cross section is 4.53. For prep line,
show that, in a two-flavor scenario, the neutrino mixingthe corresponding ratio of the cross sections is 4.93. All of
angle and mass difference can be determined with reasonaltiee results given in this paper include radiative corrections
accuracy if the absorption and neutrino-electron scatteringiccording to the perscription of RgB0].
rates are measured for both tABe and thepep lines. In Table Il gives the recail electron event rates in SNU pre-
Sec. VI, we show how studies of solar neutrino lines candicted by different solutions of the solar neutrino problem for
help answer the question: Do sterile neutrinos exist? Weéndividual neutrino sources. The neutrino oscillation param-
summarize and discuss in Sec. VIl the results obtained in thisters used in Table Il were found by requiring thétbe a
paper. minimum for the four experimental results described in
For the interested reader, we note that Bilenky and Giuntirable I. The neutrino parameters differ slightly from those
[29] have discussed, in a series of original and stimulatingound in Ref.[11] because in the present paper we include
papers, the possibilities for using experiments that study theadiative corrections for neutrino-electron scattering. The
8B continuum solar neutrinos to determine survival prob-standard model fluxes are from RER4.
abilities and to test for the existence of sterile neutrinos.
How can we assess what will be learned from different
experiments without knowing which solution of the solar
neutrino problem Nature has chosen? We must adopt some Figure 1 shows the calculated energy spectrum of the re-
tentative model for how neutrinos behave in order to pro<oil electrons for five conceivable scenarios: the standard
ceed. We assume successively the validity of either the smafiolar model and no neutrino oscillatiotisdicated by the
mixing angle(SMA) or the large mixing angléd. MA) MSW  solid ling), the SMA MSW solution(the dotted ling the
solutions[9], or the vacuumVAC) neutrino oscillation so- LMA MSW solution (the short-dashed lingand the vacuum
lution [12]. We also assume the correctness of the four opheutrino oscillation solution(long-dashed line We also
erating solar neutrino experiments, which fix the best-fit neushow the result for the extreme caf¥l,32 in which the
trino mixing parametersAim? and sif26. Using these best- solar luminosity is assumed to be produced by CNO reac-
fit parameters, we compute the expected event rates in futuft®ns (the dot-dash curve
experiments. Assigning random errors of plausible size to The vertical axis of Fig. 1 gives the calculated event rate
future measurements we analyze together the four pioneeririg SNU per MeV, where 1 SNU is 10° interaction per
experiments that have been performed and the simulated nei@rget electron per sec. The horizontal afig, is the kinetic
experiments. We establish 95% confidence limits on neutrin@nergy of the recoil electron. Radiative correcti¢8g] are
parameters that are consistent with the four operating experincluded in the cross-section calculations.
ments, and with simulated results of future experiments, us- For neutrino-electron scattering, 1 SNU is approximately
ing the techniques described previoushy{ird]. 2.6 events per 100 tons per d#éfpr a target material in
which the mass numbeA, equals twice the atomic number,
Z).
If neutrino oscillations do not occur, then the computed
In this section, we determine by how much measurementshape of the recoil electron spectrum for standard solar
of the rates of neutrino-electron scattering BBe or pep  model fluxes has prominent sharp shoulders at the maximum
neutrino lines can reduce the allowed regions in the neutringinetic energies of the Be and thepep neutrino lines, re-
mass versus neutrino mixing angle plane. The neutrinospectively, i.e., at 0.665 MeV and 1.225 MeV. These fea-

A. Recaoil electron spectrum

II. NEUTRINO-ELECTRON SCATTERING EXPERIMENTS
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TABLE lIl. Best-fit neutrino oscillation predictions for - T ——rr
neutrino-electron scattering. The besttihd 95% C.L. limitg are 104 4 exp. res.
given for the ratio of the rate with neutrino oscillations to the rate T E oo 4 exp. res. + "Be
with the unmodified standard solar model flux. The predicted event 3 [ sheded 4 exp. res. + "Be + pep
rates and confidence limits for neutrino-electron scattering are com- T 100
puted using the techniques of RéfL1] and the standard model < F PSRN
fluxes of Ref.[24]. -(a)l o "

10-¢
10-8 10-2 10~
Scenario x4, 'Be/("Be)ssy 'Be/('Be)ssu  Pep(pepPssu T
(0.862 MeV}  (0.384 MeV}  (1.442 MeV} 10+ |
SMA 03 0230 0.817919 0.22°01 5 f
LMA 25  0.62°31% 0.69 3% 0.58"317 % 10 |
VAC 25 07102 0.39'0%8 0.23°07° S NURN
10-¢ (b)' L 1
10-3 10-2
tures are apparent for the standard model spect{smtid ool
line) in Fig. 1. The large continuum contribution fropp -
neutrinos is confined to energies less than 0.261 MeV. The %_,,
13N and 0 continuum neutrinos can produce maximum %
electron recoil kinetic energies of 0.988 MeV and 1.509 < L
MeV, respectively. The raréB neutrinos produce a low- o
level continuum up to 14 MeV. 0.2 0.4 0.6
As shown by many authorg33], the neutrino-electron sinf26

scattering rate may be much lower than in the standard solar FIG. 2. Allowed parameter regions for four aperating experi-

model predictions if n_eutrlno OSC'"_at'OnS oceur. ments plus new neutrino-electron scattering experiments. The re-
For the CNO solution, the predicted event rates for energ ;s shown in the top panel were calculated assuming that the

gies less than 1.5 MeV are larger than if standard modepest-fit SMA MSW solution is correct; the middle panel assumes
neutrino fluxes are assumg¢@2]. In the energy region in the validity of the LMA solution; and the lowest panel is based
which the "Be line produces electron recoils, the calculatedupon the vacuum oscillation solution. The regions An? and

event rate is larger by typically a factor of about 2.5 thansin’26 allowed at 95% C.L. by the four operating experiments are
what is expected from the standard solar model. Even greatéhown by solid lines. Adding a hypothetical measurement of the
enhancements in the predicted event rates, a factor of 7 862 MeV 'Be neutrino line equal, within an assumed 10% ran-
more, are implied by the CNO scenario in the region O_7dom error, to the value computed using the best-fit neutrino oscil-

MeV to 1.2 MeV, in which the electron recoils from scatter- lation parameters, the dotted curve shovys the allowed regions that
. . . would apply for the four operating experiments plus the line mea-
ing by thepep neutrino line are found.

surement. If measurements are made of both’Be and thepep

neutrino lines, the shaded region applies.
B. Allowed regions of neutrino parameter space

We begin this subsection by stating an important resultfechniques of Ref.11] and the standard model fluxes of Ref.
for simplicity we limit the summary to MSW neutrino oscil- [24].
lation scenarios. By a series of detailed calculations, we have The results of our more specific calculations for neutrino-
found that a measurement of the electron scattering rate eflectron scattering experiments are summarized in Figs.
either the’Be 0.862 MeV line or thg@epline to an accuracy 2(a8)—(c). The regions in the mass versus mixing angle plane
of 10% would, in conjunction with the four operating experi- that are allowed by the four operating solar neutrino experi-
ments, essentially eliminate the competing oscillation scements are delineated by the solid lines in Fig. 2, which are
nario that is assumed, for purpose of that particular simulataken from[11]. Assuming 10% experimental errors for fu-
tion, not to be correct. Thus, for example, if the SMA ture measurements, the dotted lines show the smaller allowed
scenario is assumed to be correct and either’®e or the  regions if a measurement of tH@e line rate is made. If a
pep line is measured to a 10% accuracy, then the LMApep measurement is also made, the allowed regions are re-
oscillation scenario will be ruled out. Experiments with aduced still further to the regions indicated by the dashed
much improved accuracy of 5% do not provide significantlylines. In all cases, we determine the 95% C.L. by requiring
more stringent constraints on allowable oscillations hypoththat the boundaries of the allowed region satisfy

eses. X*=5.99+ Xfin
Neutrino-electron scattering experiments can determine The top panel, Fig. @), was constructed assuming the
which, if any, neutrino oscillation scenario is correct. correctness of the best-fit small mixing angle solution of the

Table Ill gives the predicted results for future experimentssolar neutrino problem. The dark circle shows the position in
on solar neutrino lines that are implied by the best-fit oscil-the mass and mixing angle plane of the best-fit solution and
lation descriptions of the four pioneering solar neutrino ex-the dark line shows the 95% confidence limits of the param-
periments. The predicted event rates and confidence limitsters determined by g fit to the results of the four pioneer-
for neutrino-electron scattering were computed using theéng solar neutrino experiments. With the four published ex-
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perimental results, the large mixing angle solution is alsdron scattering experiment, makes possible the measurement
allowed. of the neutrino survival probability at a specific energy. Rel-
A measurement of the scattering rate of neutrinos fromevant neutrino-electron scattering experiments include BOR-
the 0.862 MeV'Be line would, with the given assumptions, EXINO [25], HERON[27], and HELLAZ[26], while Ga-As
eliminate the large mixing angle solution and reduce signifi{28] and Li [34] are candidates for an absorption detector of
cantly the allowed area of the small mixing angle solution.the 7Be andpep neutrino lines. One advantage of a lithium
The additional measurement of tieep line would reduce  getector in this connection is that the absorption cross sec-
only slightly the allowed region. tions are large and are accurately knof@s] because the

The middle panel of Fig. ) refers to the case in which j,yerse reaction’Be electron captujes well studied in the
the large mixing angle solution is correct. The allowed r€-Jaboratory.

gion for the SMA solution with just the four operating ex- | Sec, |11 A, we present the formulas that determine the

periments is slightly larger in Fig.(B) than in Fig. 28),  gyrvival probability in terms of the measured rates of the
bg‘cause for the LMA solution adopted in the middle panel,gorption and scattering experiments. In the following sub-
Xmin, LMa = 2.5 Whereas for the SMA solution the fit is much gection, Sec. 111B, we present a graphical description of the
better, x min, swa=0-3. allowed regions in the absorption-scattering plane that are
A "Be measurement would reduce significantly the al-permitted by the four operating solar neutrino experiments.
lowed range of LMA parameters and almost entirely elimi- Performing both an absorption and a scattering experiment
nate the permitted SMA parameter space, as can be se@Bing a neutrino line selects a unique point in the absorption-
from Fig. 2b). The vacuum oscillation solution would not be scattering plandor, with experimental errors, a unique re-
ruled out. Adding a measurement of thep line would, in  gjon) that determines the survival probability at the energy of
this case, significantly reduce the remaining parameter spacge line.
All that would be left would be a relatively small region  |n the formulas presented in this section and in Secs. IV
surrounding the best-fit LMA solution. and V, we assume that there are no sterile neutrinos. In Sec.
Finally, we show in Fig. &) the potential results assum- VII, we generalize the results to the case in which sterile
ing the correctness of the vacuum neutrino oscillations. Th@eutrinos exist.
best-fit value of)(ﬁ]in’VAc=2.5. In this case, théBe line
measurement greatly reduces the allowed parameter space
for the vacuum oscillations and completely eliminates the
SMA. The pep measurement makes a further dramatic re-
duction of the allowed parameter space, centering the overall Consider an electron-type neutrino with enefgythat is
allowed region on a small area closely surrounding the besereated in the interior of the sun. We denotemyhe prob-

A. The measurement of survival probabilities
at a specific energy

fit point determined from the four existing experiments. ~ ability that the neutrino remains an electron-type neutrino
when it reaches a detector on earth, ie,
C. Summary of potential of neutrino-electron P=P(v.—ve;E,). In the literature P is usually referred to
scattering experiments as a "ve survival probability.” The rate per target atom for

. . . . the charged-currer(@bsorption reaction at energ¥, ma
We conclude this section with a brief summary of what, writtegr]w " ption o y

can be learned from neutrino-electron scattering experiments
using the ‘Be andpep neutrino lines. The electron recoil Rap= TapP &, (4)
spectra expected, see Fig. 1, are different depending upon

whether the_sun shine_s Im;p or CNO fusion reactions. h_‘ the whereo .. is the absorption cross section, afds the total
CNO cycle is the dominant source of energy generation, thq, ot neutrinos of energyE created in the sun. In what
expected.event ratg is larger in the region in which the elecfollows, we suppose thaP is averaged over the neutrino
tron recoil energy is less than 1.5 MeV and the shape and,q,ction region in the interior of the sun. The rate per

energy span of the recoil electron energy spectrum is differg, et electron for the electron scattering reaction is
ent than would be expected fp reactions are the most

important source of solar ener eneration.
F,)An accurate measurementggfgthe scattering rate of the Resc=[Tesd ve) = Oesd vx) IP @+ 0esd ) b, ®)
"Be or thepepline would, in many cases, allow only one of
the three popular neutrino oscillation scenarios. If filge ~ Whereoegis the electron scattering cross section ands
line is measured, then the additional measurement of thany normalized linear superposition of andv..
pep line would provide a major further reduction in the al-  Combining Eqs(4) and(5), we obtain an explicit expres-
lowed range of neutrino parameters if either the LMA or thesion for the survival probability for electron-type neutrinos
vacuum oscillation solution is correct. If the SMA solution of energyE:
has been chosen by Nature, then gep line may not add
much additional information. oo T esd V) Raps
TabResc [ Tesd Ve) — Tesd Vx) IRabs

(6)
Ill. ABSORPTION PLUS ELECTRON SCATTERING

EXPERIMENTS Equation(6) could be used to determine, independent of any

In this section, we show how a neutrino absorptionsolar physics, the survival probability at a specific energy for
(charged-currentexperiment, when combined with an elec- neutrinos produced in either th@e or thepep line.
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FtI.G' 3'| 'I;he prectitlctgd sc;lutlon spaI;:e fo(rj 0.862 M({‘_Be FIG. 4. The predicted solution space for thep neutrino-
neutrino-electron scattering rate versus charged cufatsorption electron scattering rate versus charged curfabisorption rate.

rate. The indicated solutions are consistent with the four operatinq.he quantities displayed are the same as in Fig. 3 except that Fig. 4
solar neutrino experiments at the 95% C.L. The upper panel Showr%fers to thepep line ' '

that the SMA and LMA MSW solutions overlap somewhat in the
plane shown, but are well separated from the predictions of the
standard solar model, indicated by SSM. The allowed solution
space for the vacuum oscillations is displayed in the lower panel.
These results illustrate the relation summarized by (Bg. We can rewrite Eq(6) as a linear relation between the
neutrino-electron scattering rate and the charged current rate.
How well do experiments with specific uncertainties de-Dividing Eqg. (4) and Eq.(5) by the standard model expecta-
termine the survival probability? This question is answeredions, one finds
by Eq. (7), which is shown below: Ree  Rus  Cesdn)(1-P)

JlnP JlnP Resc.ssM Rabsssm Oesd Ve)
_ =4
JINRegc IINRps

B. Allowed parameter regions if electron scattering
and absorption are measured

®

Figure 3 displays in the electron-scattering versus charged

— P+ current plane the linear relation between the two measurable
= [(Tes{ ve) = Tesd 1))PH Tesd 1] (7) event rates. The upper panel of Fig. 3 shows the 95% C.L.
Tesd Vx) regions that are allowed by the four operating experiments

for the SMA and the LMA MSW solutions. The two sets of

To estimate the accuracy with whi¢his determined by a  MSW solutions overlap slightly but are well separated from
given pair of experiments, one inserts the best-estimate ahe predictions of the standard model. The lower panel of
P obtained from Eq(6) in the right-hand side of Eq7). The  Fig. 3 shows the relatively larger range that is allowed by the
fractional uncertainty in the inferred survival probability for vacuum oscillation solutions.
given experimental errors can then be determined by multi- Figure 4 displays similar information for theep line.
plying Eq. (7) by the fractional uncertaintyARes/Resc, IN Note that the upper panel of Fig. 4 shows that the SMA and
the measured neutrino-electron scattering rate or by the fraghe LMA solutions are distinguishable if both the charged
tional uncertainty AR,ps/ Raps, in the measured neutrino ab- current and the electron scattering rates are measured for the
sorption rate. pep line. The allowed range of vacuum solutions is, how-

The uncertainty in the experimentally determined survivalever, very large, as is shown by the lower panel of Fig. 4.
probability depends only upon the survival probability itself  Figures 3 and 4 illustrate visually how one can, with the
and upon the ratio of neutrino-electron scattering cross segelp of Eq.(8), and measurements of the neutrino absorption

tions, oesdve)/Tesd vy). FOr a very small inferred survival and electron scattering rates, determine the survival probabil-
probability, the fractional uncertainty in the probability that jty P at a given energy.

results from a measurement with a specified fractional error
is equal to that fractional error. For survival probabilities
close to unity, the fractional error in the inferred survival
probability is amplified by a factor aF oo ve)/ oesd vy) rela- Raghavan, Pakvasa, and Brow86] proposed studying
tive to the error in the measurement. the neutral current excitation of individual nuclear levels in

IV. NEUTRAL CURRENT EXPERIMENTS
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the same detector in which the, flux was measured. As In the limit in which P is very small, Eq(13) shows that the
possible targets, they suggestet®, “°Ar, and 3°Cl, all of  survival probability cannot be determined by a combination
which are sensitive to the continuum neutrinos fréBibeta  of a neutral current measurement and an electron scattering
decay in the sun. In a more recent study, Raghavan, Raghaieasurement. The physical reason for this indeterminancy,
van, and Kovac$§37] proposed using a four ton LiF detector indicated by the presence &f in the denominator of Eq.
with potentially keV energy resolution to study neutral cur-(13), is that both the neutral current rate and the electron
rent and charged current solar neutrino reactions. Most rescattering rate depend only on the neutral current interaction
cently, Bowles and Gavrif28] have proposed using neutral when the survival probability is very small.
current excitations of'Ga, ®°Ga, and”®As to help diagnose If all three processes, electron-neutrino scattering, neu-
the composition of the solar neutrino spectrum. trino absorption, and neutral-current excitation were mea-
Let us consider as an especially promising example thsured for the same neutrino line, then the survival probability
neutral current excitation of the first excited state ‘af, would be overdetermined by E¢f), Eq. (10), and Eq.(12).
which lies 0.478 MeV above the ground state ‘dfi. The  The extra constraints could be used as a test of the self-
neutral current excitation can be represented by the equatiarpnsistency of the experimental measurements.
Unfortunately, neutral current excitations like that shown
v+ Li—p +7Li*. (9 in reaction(9) do not register the energy of the neutrino that
auses the interaction. In this respect, neutral current excita-
ons are similar to radiochemical solar neutrino experiments:
they measure the sum of the reaction rates due to all the
neutrino sources above the energy threshold. It seems likely
[37], with our current expectations for the low-energy fluxes
. ; of solar neutrinogbased upon the standard solar model and
nos are not sufficiently energetic to cause react@nThe  gyiqiing neutrino oscillation solutionsthat the neutral cur-

8 13 15, : :
B, N, and °0 neutrinos, as well a$Be andpepneutri-  rant excitation of 7Li is dominated by the higher-energy
nos, can all contribute to the total observed neutrino excita?ga pranch. However. to verify or improve these expecta-
. 7 . . 1
tion r?f Li. , o tions, additional observational information must be obtained
The neutral current matrix _element for reacti® is  fom neutrino absorption experiments or from neutrino-

large and is known accurate]@7] since the matrix element gjactron scattering experiments that can identify the fluxes
for reaction(9) is, by isotopic spin invariance, the same aSfrom individual neutrino sources.

the matrix element for the observed superallowed decay aq emphasized by previous auth®®s,37, the principal

from the ground state of Be to the first excited state of q1e ot present of a neutral current excitation experiment is to
Li. o provide a measure of the total neutrino reaction rate, inde-
If both the neutral current excitation and the charged curnendent of neutrino flavor, for the entire solar neutrino spec-
rent absorption could be measured for the same neutrino lingym_ Since neutral current excitation experiments cannot be
then the survival probability for neutrinos with the energy of seq at present to isolate the contribution of an individual

the line would be given by the simple formula line, we will not discuss these excitation experiments further

The reaction can be observed by detecting the 0.478 Me\?i
deexcitationy rays. The energy threshold for this reaction is
sufficiently low that both the higher-energy (0.862 MeV
"Be line and thepep neutrinos can excite reacti@@). The
pp neutrinos and the lower-energy (0.384 Me'Be neutri-

in this paper.
UNCRabs pap
P= (10)
TabdNC V. MODEL INDEPENDENT TESTS
HereR,psandRyc are the reaction rates per target particle of OF ELECTRON FLAVOR CONSERVATION
the charged currentabsorption and neutral current pro-  \what can can be learned about electron flavor conserva-

cesses. The sensitivity with which the survival probability iy and neutrino parameters by combining the results, for a
could be determined would be given by the following rela-peytrino line, of an absorption experiment and a neutrino-

tion: electron scattering experiment? In answering this question,
we present numerical results fbt, the normalized ratio of
alnP alnP : . : )
= =1.0. (11)  neutrino electron scattering rate to neutrino absorption“rate,
AINRps JINRyc
. . Tapd Ve)R
If the neutral current measurement were combined with NEM, (14)
an electron-scattering measurement, then the survival prob- [Tesd ve)Rand
ability would be
oncRese™ Tesd V) Rne 3Equation(14) has exactly the same form as the expression, Eq.

(12) (10), for the survival probability as determined from a neutral cur-

a [Tesd Ve) — Tesd Vx) IRNC ) k
rent and an absorption measurement. Everything that we calculate
The sensitivity with which the survival probability would be in this section foiN could be calculated for the survival probability

determined is defined by Eq(10). We chose to carry out our numerical calcula-
tions for neutrino-electron scattering rather than neutral current ex-
dlnP _ dlnP . Tesd Ve) P+ 0esd V) (1—P) citation because neutrino-electron scattering experiments are cur-
IINRese  JIINRye [Tesd Vo) — 0esd V) IP rently being developed, whereas there is not yet an advanced

(13 proposal to detect neutral current excitations.
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TABLE IV. The normalized ratioN, of electron scattering rate

to neutrino absorption rate for the 0.862 Mé®e line and for the 30 -
pep neutrino line. The table entries are the valuesNothat are ]
consistent with the four operating solar neutrino experiments at the 20 | J
95% C.L. Results are presented for different neutrino oscillation g ]
scenarios. The definition df is given in Eq.(14). ~z‘3 §

10 -
Source Standard MSW MSW Vacuum ]

electroweak SMA LMA oscillations 0 .

Be 1.0 150758 121793 113379 %0
pep 1.0 11.7°3152 1237338 578 %% .

2 y

E (D)

20
Both Rescand R,y are proportional to the total neutrino flux R -
created in the sun and therefore the absolute value of the flux & F
cancels out of the ratidl. If electron neutrino flavor is con- =10rF
served, therN=1.0 independent of any solar physics. The 5 _
qguantity N plays much the same role for neutrino-electron s
scattering and neutrino absorption as does the ratio of neutral %
current to charged current rates that is a primary goal, for the N("Be)
higher energy®B neutrinos, of the SNO solar neutrino ex-
periment. FIG. 5. The allowed region in thal(’Be) andN(pep) plane

If experimental measurements show tivtis different  (see text for an explanation of the notatiofihe darkened regions
from unity, then that would be a direct proof that electronare consistent at the 95% C.L. with the four operating solar neutrino
flavor is not conserved. We consider in this section what ca§xPeriments. The upper panel shows the allowed solution space for
be learned from experiments with the 0.862 MéRBe and the SMA and.LMA MSW solutions and the .Iow.er panel shows the
pep lines. allowed solution space for the vacuum oscillations.

Table IV presents the values fbi{’Be) andN(pep) that
are predicted by the best-fit oscillation solutions to the four
operating solar neutrino experiments. The uncertainties indi-
cated represent the 95% C.L. as definefllit]. Most of the How accurately can one determine neutrino parameters by
expected solution space is well separated from the predictiomeasuring the two scattering to absorption ratios? This ques-
of electron flavor conservation, although there are relativelyjon is answered by Table V for MSW SMA oscillations and
small regions of parameter space, especially for the LMATable VI for vacuum oscillations.. The entries in the tables
and vacuum oscillation solutions, in which the measurquive the range of solutions fakm? and sirf26 that are con-
value of N would be indistinguishable from the value of gistent at 95% C.L. with the four operating solar neutrino
1.0 predicted by electron flavor conservation. experiments. IN(’Be) andN(pep) are each measured to an

. e 7
Figure 5 shows the allowed region in th&('Be) and  4ccyracy of- 20%, then one can read from Table V or Table
N(pep) plane that is consistent with the four operating solgrw the resulting accuracy with whichm? and sif26 and

neutrino experiments at 95% C.L. Most of the area that 18\ m2 will be known. For MSW oscillationgsee Table V.
predicted to be occupied in ti¥("Be) andN(pep) plane is the characteristic uncertainty itm? would be about 10%

clearly separated from the point in the lower left-hand corner - o
at (1_%,1_8) that is the stan%ard model prediction. The uppe?nd the characteristic uncertainty inf would be a factor

panel of Fig. 5 shows the solution space for the SMA and thé)f three or less. For vacuum oscillatiofsee Table V), the

LMA MSW solutions and the lower panel shows the solutionMixing angle would be determined well, typically to an ac-
space for the vacuum neutrino oscillations. curacy of order 10%although less well in some regions of

A priori one might expect to be able to determine the twoParameter spageThe mass difference is not as accurately
neutrino oscillation parameters, €@ and Am?, by measur- determined for vacuum oscillations; the uncertainty indicated
ing the two double ratiosl(’Be) andN(pep). Unique solu- by Table VI can be as large as a facto'r of 2., although therg
tions are obtainable for the SMA and vacuum oscillation@re Some regions of parameter space in which the mass dif-
solutions. In these two scenarios, thge andpeplines are  ference would be very well determined.
suppressed differently and the relative suppression of the two
lines depends strongly on the neutrino oscillation parameters.

However, for the LMA solution, the two lines are almost VI. DO STERILE NEUTRINOS EXIST?

always nearly equally suppressed and there are many pairs of

sirf26 andAm? for which the suppression of the two linesis ~ We discuss in Sec. VIA the modifications in the results
practically the same. If the LMA MSW solution is assumed previously presented that are required if sterile neutrinos ex-
to be correct, one cannot in general solve uniquely for thést. On a more theoretical level, we indicate in Sec. VIB
neutrino parameters using just the valuesNi{fBe) and  how, in principle, the two solar neutrino lines that arise from
N(pep). ’Be electron capture can be used to test for the existence of
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TABLE V. For the SMA MSW solution, the table gives the accuracy with whigiBe) andN(pep) determine neutrino parameters.
The entries give the range of 439 and Am? that are consistent at 95% C.L. with the four operating solar neutrino experiments and for

which N(’Be) andN(pep) are predicted by the best-fit SMA solution to be within 20% of the indicated values. The top entr{2ié sin
(multiplied by 16) and the lower entry is the difference in the squares of the neutrino masséiplied by 16 eV?).

N(pep\N(’Be) 1.5 2.0 4.0 6.0 10.0 15.0 20.0 30.0 35.0 40.0 45.0
2.0 35-63 - - - - - - - - - -
9.8-10.3 - - - - - - - - - -
3.0 3.3-66 3272 — - - - - - - - -
9.3-95 85-95 — - - - - - - - -
4.5 - - 32-83 33-44 - - - - - - -
- - 71-78 6871 - - - - - - -
5.8 - ~  33-83 3391 3642 - - - - - -
- - 71-74 6571 60-63 - - - - - -
75 - - —  40-91 36-100 3.8-48 4.0-46 4.4-48  — - -
- - -  65-68 5963 5559 5155 4850 - - -
9.0 - - - —  42-105 4.2-105 4.2-55 4452 4855  — -
- - - -  56-63 5459 51-55 46-50 4.4-48  — -
11.0 - - - —~  52-105 4.8-115 48115 4860 4860 50-60 52-6.0
- - - -  56-59 51-58 50-55 46-50 4.4-48 4.3-47 4.3-45
12.0 - - — -  7.-105 5.0-115 50-11.5 50-6.6 50-6.3 5263 5263
- - - -  56-58 5.0-57 5055 46-50 4.4-48 42-47 4.2-45
18.0 - - - - - —~  76-120 6.6-13.0 6.6-13.0 6.6-10.5 6.6-8.7
- - - - - - 4.6-50 4.2-48 42-47 3.9-46 3.9-44
24.0 - - - - - - —  8.3-12.6 7.9-12.6 7.9-12.0 7.9-12.0

- - - - - - —  40-44 3844 3844 3943

sterile neutrino$.Stimulating previous discussions of sterile  Comparing Eq.(16) with Eq. (6), we see that the true

neutrinos in the context of solar neutrino experiments can beurvival probability is smaller by a factor of (1Pgi9 than

found in Refs[28,29,38. the survival probability inferred by ignoring sterile neutrinos,
i.e.,

A. Absorption plus electron scattering experiments P =(1— Peteritd Pro steri (17
steri no sterilev ’s-

If sterile neutrinos exist, the flux of electron-type neutri- . o . o
nos is still given byP¢, where the survival probability This reduction also applies if the survival probabiliyis
P=P(v.— 1. E,) and ¢ is the total flux of neutrinos that determined by comparing the rates of neutral current excita-
are created in the sun. Thus the rate for the charged currefien and charged current absorption, as summarized in Eq.
absorption of neutrinos given by E¢4) has the same form (10). The relation given by E¢(17) is physically obvious; it
whether or not sterile neutrinos exist. However, the total fluxesults from the fact that the survival probability is defined as
of active neutrinos of all types will be reduced by a factorthe fraction of the total neutrino flux that remains electron-
1— Pgeriie= 1 — P(ve— Vserie. E,). If sterile neutrinos exist, type neutrinos and that only (1Pgeri¢ Of the total flux is

the neutrino-electron scattering rate is counted by measuring the interaction rates in neutral current
experiments or in neutrino-electron scattering experiments.
Res [ Tesd Vo) = Tesd Vx) IP &+ 0 esd Vx) (1 — Pgieritd P, The fractional uncertainties in the inferred survival prob-
(15  ability can be calculated from equations that generalize Eq.
(7), i.e.,
which reduces to Eq(5) when Pggic=0. Combining Eq. P P
(15) with Eq. (4), the survival probability in the presence of _ n =+ n
sterile neutrinos is dINResc  9INRgps
_ [(Tesd Ve) = Tesd Vx) )P+ T esd ¥5) (1= Pgteriid) |
o Tesd V) (1~ Pgterite) Raps _ (16) O esd V) (1= Pgieriid '
T abResc [ Tesd Ve) = Tesd Vx) IRaps (18)

ay . . . . . B. A test for the existence of sterile neutrinos
e consider a general case in which sterile neutrinos can couple

to ve,v,, Or v, and we consider probabilitigd that refer to the The relative intensity of the two neutrino lines produced
net conversior{or surviva) of electron type neutrinos that are cre- by electron capture ofBe is determined by nuclear physics
ated in the sun and detected on earth. that is independent of the solar environment. The ratio of the
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TABLE VI. For the vacuum oscillation solution, the table gives the accuracy with whitfBe) andN(pep) determine neutrino
parameters. The entries give the range ofZirandAm? that are consistent at 95% C.L. with the four operating solar neutrino experiments
and for whichN(’Be) andN(pep) are predicted by the best-fit vacuum oscillation solution to be within 20% of the indicated values. The
top entry is siR26 and the lower entry is the difference in the squares of the neutrino masstéiplied by 13* eV?).

N(pep\N("Be) 1.1 1.2 1.4 1.6 2.0 25 3.0

15 0.6~1.0 0.6~1.0 0.67~1.0 0.6740.98 0.76-0.94 0.85-0.94 0.89-0.92
54-104 54105 54105 6.1-10.5 6.2-8.0 6.3-7.9 6.3-6.5

2.0 0.7-1.0 0.7-1.0 0.770.98 0.81-0.98 0.88-0.97 0.92-0.94 -
5.6-104 5.6-10.5 6.0-10.6 6.1-10.6 6.2-10.6 6.29-6.31 -

25 0.84-1.0 0.84-1.0 0.85-0.98 0.89-0.98 0.94-0.97 - -
5.7-8.4 5.7-8.4 6.0-8.3 6.1-6.2 6.2-6.2 - —

3.0 0.89-1.0 0.89-1.0 0.89-0.99 0.92-0.99 - - -
5.7-84 5.7-8.4 6.0-8.3 6.1-6.2 - - -

4.0 0.93-1.0 0.93-1.0 0.93-1.0 0.96-1.0 - - -
5.8-6.1 5.8-6.1 6.0-6.2 6.1-6.2 - - -

5.0 0.95-1.0 0.95-1.0 0.95-1.0 0.96-1.0 - - -
5.8-6.1 5.8-6.1 6.0-6.15 6.1-6.15 - - -

10.0 0.98-1.0 0.98-1.0 0.98-1.0 - - - -
5.9-6.1 5.9-6.1 6.0-6.1 - - - -

15.0 0.99-1.0 0.99-1.0 0.99-1.0 - - - -
5.9-6.0 5.9-6.0 6.0-6.05 - - - -

20.0 0.996-1.0 0.996-1.0 1.0-1.0 - - - -
5.9-6.0 5.9-6.0 6.0-6.0 - - - -

line strengths, the so-called branching ratio, has been deter- [T esd Vo) — Tesd Vx) IRabs

mined accurately from laboratory experiments anf3i {= ' (23

T abResc
¢(Eo) =branching ratie=0.115, (19 then the fractional uncertainties in the values Xffrom
#(Ey) given experimental uncertainties can be calculated from
where E;=0.384 MeV (10.3% of the total flyx and alnX 4lnX -
E,=0.862 MeV (89.7% of the total flyx We refer here to MR —é'a'n—Resc— 1—¢ (24)

the familar laboratory energies of the neutrino lines; the en-
ergies of the solar lines are increased by 1.24 keV and 1.29 |t sterile neutrinos exist, and the probability of their being

keV, respectlveljl]: . ] created depends upon energy, then the ratio of measured
For each of the Ilnes, the total active neutrino flux can beguantities given in Eq(21) must be different from unity. If

obtained by measuring the neutrino-electron scattering ratp_ . is a constant independent of energy, then the ratio in

and the charged-current absorption. One obtains from4q. g (21) will also equal unity. This latter result describes the

and Eq.(16) fact that a theory with a constam,. cannot be distin-
guished experimentally from a theory in which all of the
(1= Poui) TapfResc [ Tesd Ve) ~ Tesd Vx) IRabs solar neutrino fluxes are reduced by a constant factor. In this
steril O apTesd Vy) ' very special case of an energy-independ®qiy e, One

(20 would have to rely on solar model calculations of the total
neutrino flux in order to determine if sterile neutrinos exist.

Combining Eq.(19) and Eq.(20), we obtain for the mea- In very interesting discussions, Calabresu, Fiorentini, and
sured ratio of the total neutrino flux at two different neutrino Lissia[38] and Bowles and Gavrif28] have pointed out that
energies, one can also test for the existence of sterile neutrinos if one

accepts thdrobustly calculatedstandard solar model ratio
1—Psterid E1) X(Ey) of the total flux of pep neutrinos to the total flux opp
m=0-11 (E,)’ (21 neutrinos. In this case, one obtains a relation similar to Eq.

(21) for pep and pp by replacing in Eq.(21) the 'Be
branching ratio of 0.115 with the standard solar model

where branching ratio of 2.4 102 for pepto pp neutrinos.

TapdfResc [ Tesd Ve) — Tesd ) IR
X=2peresc [Tese el Tes . abs (22) VII. SUMMARY AND DISCUSSION
‘Tabso'esc(vx)

The first three decades of solar neutrino research concen-
Let trated on continuum energy spectra. Our goal is to focus
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additional attention on what can be learned from studyingsome overlap in the predicted domain for the small and large
solar neutrino lines. We illustrate what may be observed byngle solutions.
assuming the correctness of the different neutrino oscillation If neutrino oscillations occur, there is a factor of about
solutions that fit the four operating solar neutrino experi-5 uncertainty in the expected neutrino-electron scattering
ments. For all of our considerations, we assume the existengates for both thé€ Be and thepeplines. Table Ill shows that
of experiments with the excellent energy resolution that isneutrino oscillation solutions that are consistent with the four
necessary to separate solar neutrino lines from continuuroperating experiments permit, at 95% C.L., the rate for the
solar neutrino sources and from background events. 862 keV 'Be line to be anywhere between 22% and 98% of
We explore first what neutrino-electron scattering experithe standard model prediction and the 1.442 Mg&p rate
ments can tell us about the MSW and vacuum neutrino osto lie between 21% and 98% of the standard model predic-
cillation solutions to the solar neutrino problems. We findtion. The 384 MeV 'Be line, which may be between 34%

(see Fig. 2that a measurement of the scattering rate of eithe@nd 100% of the standard prediction, is difficult to observe
the (0.862 MeV "Be line or thepep neutrino line would, in ~ because of the intense background from ghp solar neu-
many cases, when combined with the results from the opefINos.

ating experiments, eliminate all but one of the popular neu- Neutral current excitations of individual nuclear levels
trino oscillation scenarios. Which particular solution is per-€a0: as first proposed by Raghavan, Pakvasa, and Brown
mitted in our simulation is, of course, determined by which[36]' provide important information about the total neutrino

of the three solutiongsmall angle MSW, large angle MSW flux, independent of neutrino flavor. Like radiochemical ex-
or vacuum oscillationswe assume is co'rrect. As is shown i,n periments, neutral current excitations provide only one mea-

. L " sured nu i .
Fig. 2, a measurement of theep line in addition to the mber, the total rate due to all neutrino sources. In

Be I di id ianifi ducti order to interpret neutral current excitations, one has to make
e line would In many cases provide a significant reduction,se f theoretical calculations involving the standard solar

of the domain of allowed neutrino parameters over what isyoqe| and the oscillation scenarios. We describe in Sec. IV
possible by studying only théBe line. what can be learned from neutral current excitation experi-
The “all CNO” scenario for solar nuclear energy genera- ments at present and what might be possible in the future.
tion predicts(see Fig. 1 measurably higher event rates be-we signal out as especially promising for a future experi-
low 1.5 MeV and a markedly different shape for the electronment the neutrino excitation of the 0.478 MeV first excited
recoil energy spectrum than would be expected, with ostate of’Li. The superallowed matrix element for this tran-
without  neutrino  oscillations, for the standard sition is large and is known accurately. Raghavan, Raghavan,
* pp-dominated” solar model description of the energy gen-and Kovacg37] have suggested that a practical solar neu-
eration. Even without obtaining a high-statistics measuretrino experiment could be carried out with a four ton LiF
ment of the possibly depletgtdy oscillations ‘Be neutrino  detector. The fluorine in a LiF detector could make possible
flux, a measurement of the electron recoil energy spectrura simultaneous study at high energy resolution of the higher-
below 1.5 MeV could test the “all CNO” scenario experi- energy®B solar neutrino$40].
mentally. Model-independent tests of neutrino flavor conservation
The gquantitative predictions of what is expected forcan be carried out by combining the results of an absorption
neutrino-electron scattering experiments are summarized iexperiment and a neutrino-electron scattering experiment for
Table II, Table Ill, and Fig. 2. These predictions can bea given neutrino line. The ratifsee Eq.(14)] of the mea-
tested by the BOREXIN®25], HELLAZ [26], and HERON  sured neutrino-electron scattering rate to the measured neu-
[27] experiments. trino absorption rate, normalized by the interaction cross sec-
What can be learned about neutrino properties if both théions, must be equal to unity if electron neutrino flavor is
charged-current reaction rateeutrino absorptionand the conserved. Any measured value that is significantly different
neutrino-electron scattering rate are measured? The short aftlem 1.0 would be a direct proof that electron neutrino flavor
swer is: one can determine the survival probability foris not conserved.
electron-type neutrinos at the energy of the neutrino line. Table IV presents, for different neutrino oscillation sce-
Equation(6) expresses the survival probability in terms of narios, the best estimates and the 95% C.L. predictions for
the measured event rates for the absorption and the scatteritite hormalized ratio of neutrino electron scattering to neu-
experiments and Eq7) shows how accurately the survival trino absorption. For the small mixing angle MSW solution,
probability can be determined for specified experimental erthe best estimates are 15.1 and 11.7 for flBe and the
rors. If both the scattering and absorption rates are measureple plines, respectively, an order of magnitude different from
the results lie along a line in the absorption-scattering planewhat is predicted by neutrino flavor conservation.
The predicted range of the solutions for the small and large Figure 5 shows for both théBe and thepep lines the
angle MSW solutions are well separated from the standardide range of values for the normalized ratgrattering to
model predictions, as is shown in FigaBfor (0.862) ‘Be  absorptionthat are consistent at 95% C.L. with the results of
neutrinos and in Fig. @ for pep neutrinos. Most, but not the four operating solar neutrino experiments. Only a small
all, of the vacuum oscillation solutions that are consistenfraction of the allowed solution space is close to the region
with the four operating experiments are well separated fronfboth normalized ratios equal to unjtghat is implied by
the standard model solution, as shown in Figh)3and Fig.  electron flavor conservation. Thus a measurement of neu-
4(b). For thepep neutrinos, the small angle and large angletrino absorption and neutrino electron scattering for e
MSW solutions are separated from each other in theéboth of the strong neutrino lines would provide a model-
absorption-scattering plane. For thBe neutrinos, there is independent demonstration of electron flavor nonconserva-
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tion, if the neutrino oscillation fits to the results of the four pe difficult to study the lower-energ{Be line because of the
operating experiments contain the solution to the solar newhackground fronpp neutrinos. If one accepts as correct the
trino problems. robustly calculated standard solar model ratiqpefp to pp
We show in Sec. VI A how the results of the prEViOUS neutrino ﬂUXES, then one can apd%yza the same argu-
sections must be modified if there exist sterile neutrinos thagent as described here féBe neutrinogand therefore Eq.

are coupled to electron-type neutrinos. The general result i®1)] to test for the existence of sterile neutrinos.
that the true electron neutrino survival probability in the

presence of sterile neutrinos is smaller by a factor of
1— Pgeiiethan the survival probability inferred by neglecting
the possible existence of sterile neutrinos.

Do sterile neutrinos exist? One can in principle carry out J.N.B. acknowledges support from NSF Grant No.
a model-independent test for the existence of sterile neutriPHY95-13835. The work of P.I.K. was partially supported
nos by combining two experiments for each of the tiBe by funds from the Institute for Advanced Study. This inves-
neutrino lines. One knows the branching ratio for the twotigation was initially sparked by a question asked by F. Cala-
lines from laboratory measurements and this ratio only deprice and by R. Raghavan; the question was: How much
pends upon nuclear physics. Equati@i) shows that one more could BOREXINO learn about neutrino physics if the
can detect an energy-dependent probability for transition to @e p neutrinos were measured in addition to tf&e neutri-
sterile neutrino by measuring the absorption and the scattenos? We are grateful to R. Eisenstein and E. Lisi for valuable
ing rate for both of the’Be neutrino lines. However, it will comments and discussions.
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