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We calculate the range of predicted values for 10 quantities that will be measured by the Sudbury Neutrino
ObservatorySNO). We use neutrino oscillation solutiofigacuum and MSW; active and sterile neutrintisat
are globally consistent with all available neutrino data and estimate realistic theoretical and experimental
uncertainties. The neutral current to charged current double ratio is predicted to be morertframShe
no-oscillation solution for all of the currently favored neutrino oscillation solutions. The best-fit oscillation
solutions predict a CC day-night rate difference betwedhl1% and+12.5% and a NC day-night difference
<0.01%. We present also the predicted range for the first and the second moments of the charged current
electron recoil energy spectrum, the charged current, the neutral current, ameetiseattering rates, the
seasonal dependence of the charged current rate, and the double ratio of neutrino-electron scattering rate to
charged current rate.

PACS numbses): 26.65+t, 12.15.Ff, 14.60.Pq, 96.60.Jw

I. INTRODUCTION A. SNO reactions

What can one learn from measurements with the Sudbury The SNO Collaboration will study charged currdfC)
Neutrino ObservatorySNO) [1]? What are the most likely neytrino absorption by deuterium,
guantitative results for each of the different experiments that
can be carried out with SNO? The main goal of this paper is vo+d—p+p+e, (1)
to help answer these questions by providing quantitative pre- . ) o i
dictions for the most important diagnostic tests of neutringheutral currentNC) neutrino disassociation of deuterium,
oscillations that can be performed with SNO.

SNO is not an experiment. Like the LEP and Super-
Kamiokande, SNO is a series of experiments. We calculatgng neutrino-electron scatteritgs),
the currently favored range of predictions for 10 quantities
that are affected by neutrino oscillations and which SNO will vete —v e (x=e,u,7). (3)
measure. For the impatient reader, we list here the quantities
that are sensitive to neutrino oscillations which we investi-The energy of the recoil electrons can be measured for the
gate(definitions are given later in the texfirst and second CC reaction, Eq(1), and also for the ES reaction, E(§).
moments of the recoil energy spectrum, the charged curreftor both these reactions, the operating energy threshold for
(CO), the neutral currentNC), and the neutrino-electron the recoil electrpns may bg of order 5 MeV. The thres'hold
scattering rates, the difference between the day and the nigfff the NC reaction, Eq2), is 2.225 MeV. Just as for radio-
rates for both the CC and the NC, the difference in thech_emlca_l solar neutrino exp_erlments, there is no energy dis-
winter-summer CC rates, the neutral curréd€) to charged ~ crimination for the NC reaction.
current(CC) double ratio, and the neutrino-electron scatter- TABLE I. Best-fit global oscillation parameters. The differences

Ing to CC,: double ratio. . of the squared masses are given it eVhe survival probabilities
The simultaneous analysis of all the SNO results, meagat correspond to these best-fit solutions are shown in Fig. 1 and
sured values and upper limits, will be a powerful techniquerig. 2. Results are taken from Ré].

for constraining neutrino oscillation parameters. As an initial
step in this direction, we analyze the combined results foiScenario Am? Siré(26)
five especially informative pairs of oscillation parameters.

ve+td—n+p+r, (X=e,u,7), 2

LMA 2.7x10°° 7.9x10°1
SMA 5.0<10°8 7.2x10°8
LOW 1.0x10°7 9.1x107!
VACq 6.5x 107! 7.2x1071
*Email address: jnb@ias.edu VAC, 4.4x10°10 9.0x107!
TEmail address: krastev@nucth.physics.wisc.edu Sterile 4.0<10°© 6.6x 103
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The Kamiokand¢2] and Super-Kamiokande experiments B. What do we calculate?

[3] have performed precision studies of solar neutrinos using |, this paper, we calculate the likely range of quantities

the neutrino-electron scattering reaction, £8). SNO will 5+ are measurable with SNO using a representative sample
be the first detector to measure electron recoil energies as & neutrino parameters from each of the six currently allowed
result of neutrino-absorption, EGL). We have presented in 9904 c 1. domains of two-flavor neutrino oscillation solu-
Ref. [4] detailed predictions of what may be observed withijons |n other words, we explore what can be learned with

SNO for the CClabsorption reaction. _ SNO, assuming the correctness of one of the six neutrino
If there are no neutrino oscillations, i.e.¢(ve)  ogcillation solutiond4,6] that is globally consistent at 99%
= ¢(total), then the ratios of the event rates in the SNOG | ith all of the solar neutrino experiments performed so

detector are calculated to be approximately in the following,, (chlorine [7], Kamiokande[2], Super-Kamiokandé3]
proportions: CC:NC:ES 2.05:1.00:0.19, i.e., the number of Sage[8], and GALLEX [9]).

CC events is expected to exceed the number-efscatter- Table | lists the mixing angles and differences of mass

ing events by about a factor of 11. Since the NC efficiency issquared for the six global best-fit solutions. Figures 1 and 2
likely to be only about a half of either the CC or the ES ghow the survival probabilities of the best-fit solutions as a
efficiency[1] and currently favored oscillation solutions give function of energy.
d(ve) ~ o(total), the observed ratio of events in the SNO  For each measurable quantitywe express our predic-
detector may actually be reasonably close to: CC:NC:ESions based upon neutrino oscillation models in terms of the
~2.0:0.5:0.2. value predicted by an oscillation scenario divided by the
In thinking about what SNO can do, it is useful to have invalue predicted by the combined standard electroweak model
mind some estimated event rates for a year of operation. Thand the standard solar model. Thus for each measured quan-
Super-Kamiokande event raftg] for neutrino electron scat- tity, i (like CC or NC event rae we evaluate the expected
tering is 0.475 times the event rate that is predicted by théange of the reduced quantifi
standard solar modgb]. If there are no neutrino oscillations
and the total solar neutrino flux arrives at earth in the form of [i]=
ve With a 8B neutrino flux of 0.475 times the standard model (
flux, then one expects about 440° CC events per year in
SNO aboe a 5 MeV threshold and about X10* NC
events, while there should only be about 415 ES events. Th81F0r the MSW solutions, there are small but perceptible differ-
above rates were calculatedfmf:‘; MeV (_:C and ES energy ences in the computed survival probabilities which depend upon the
threshold and for a 50% detection efficiency for NC eventsyetring production probability as a function of solar radius. The
For an 8 MeV threshold, the estimated CC rate is about 45%yival probabilities shown in Fig. 1 were computed by averaging
of the rate fo a 5 MeV threshold and the ES rate is only the survival probability over th&B production region in the 1998
about 28% of the 5 MeV threshold rate. For the currentlyBancall-Basu-Pinsonnea@BP98 model [5]. In order to portray
favored oscillation solutions, the expected CC rates are typimore accurately the behavior at low energy, the survival probabili-
cally of order 80% of the rates cited above and the NC rateses for Fig. 2 were computed by averaging over thep produc-
are about a factor of two or three higher. tion region in the BP98 model.

(observed valug
standard model valyg
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The reduced quantit}i] is by construction independent of pectations are small except for the double ratio of NC to CC,
the absolute value of the solar neutrino flux, which is used ifNC]/[CC]. Therefore, the theoretical and the experimental
calculating both the numerator and denominator of @g. uncertainties are important.

What fluxes are used in calculating the predicted rates We present in Sec. Il the results predicted by the six
(e.g., for charged current or electron-neutrino interacjionsoscillation solutions for the first and second moments of the
implied by different neutrino scenarios? We determine theshape of the CC recoil electron energy distribution. We sum-
best-fit ratio of the observed neutrino flux to the standardnarize in Sec. IV the principal predictions for the CC rate, in
model flux by fitting to the Super-Kamiokande rate and ob-Sec. V the predictions for the neutral current rate, and in Sec.
served recoil electron spectrum. The procedure is describedl the predictions for the neutrino-electron scattering rate.
in Sec. lll following Eq.(12) and Eq.(13) [see especially the We then calculate the detailed predictions of the most impor-
definition of f(8B)]. We have not included explicit uncer- tant double ratios, the NC to charged current rafNdC]/
tainties in determiningf(8B) for a given pair of neutrino [CC], in Sec. VII and the neutrino-electron scattering to CC
variables,Am? and sirf26, but we instead have allowed ratio, [ES)/[CC], in Sec. VIII.
f(®B) to range over the wide set of values obtained by ap- Up to this point in the paper, i.e., through Sec. VIII, we
plying our best-fit procedure at each point in the currentlyonly discuss time-averaged quantities. In Sec. IX, we present
allowed neutrino-parameter space. the predictions for the CC of the difference between the

As we shall see, the most powerful diagnostics of neutrincevent rate observed at night and the event rate observed dur-
oscillations are formed by considering the reduced doubléng the day. For the NC rate, there is also a small difference
ratio of two measurable quantitieisandj, as follows: predicted between the night rate and the day rate if the MSW

Sterile solution is correct. We analyze in Sec. X the seasonal
] effects in the CC rate.
[i] _ (observed valug/(standard model valyg ) Section Xl is a pairwise exploration of the discriminatory
[j] (observed valug/(standard model valyg power gained by analyzing simultaneously the predictions
and the observations of different smoking-gun indicators of
) _neutrino oscillations. We consider in this section the joint
For example, the reduced double ratio of NC to CC rates ignalysis of variables likeNC]/[CC] versus the first moment
not only independent of the absolute flux of the solar neutrigf the cC energy spectrum, the day-night difference, or the
nos but is also insensitive to some experimental and theorefeytrino-electron scattering rate. In Sec. XII, we summarize
ical uncertainties that are important in interpreting the sepagng discuss our principal conclusions. Since we evaluate so

rate[NC] and[CC] rates. o many different effects, we give in Sec. XIII our personal list
We describe how we evaluate the uncertainties in Sec. llof our top four conclusions.

All of the calculated departures from the standard model ex-

T T C. How should this paper be read?

We recommend that the reader begin by looking at the
figures, which give a feeling for the variety and the size of
the various quantities that can be measured with SNO. Then
we suggest that the reader jump directly to the end of the
paper. The main results of the paper are presented in this
concluding section; the summary given in Sec. Xll can be
used as a menu to guide the reader to the detailed analyses
that are of greatest interest to him or to her.

This is the fifth in a series of papers that we have written
on the potential of the Sudbury Neutrino Observatory for
determining the properties of neutrino oscillations. The
reader interested in details of the analysis may wish to con-
i , , sult these earlier workist,10—12, which also provide a his-

0.1 1 10 torical perspective from which the robustness of the predic-
Energy (MeV) tions can be judged. The present paper is distinguished from

FIG. 2. Comparison of survival probabilities. For four of the Its predeces_sors mainly in the_ S_pECIfICIty of the predl_ctlons
best-fit oscillation solutions, the survival probabilities are compareo(representat've 99% CL pred'(_;t'ons for each_ of th_e SIX cur-
using a linear energy scale. The differences in the energy depef€Ntly acceptable neutrino oscillation scenariead in the
dence of the survival probability between the high energy regionMuch larger number of measurable quantities for which we
~8 MeV, and the low energy regions1 MeV, can be seen NOW make predictions.
clearly on this figure. The Mikheyev-Smirnov-WolfenstéMSW) Recent review articles summarize clearly the present state
sterile solution has an energy dependence similar to the small mi@f neutrino physic§13,14 and neutrino oscillation experi-
ing angle(SMA) solution. For clarity, we have omitted the VAC ~ments and theor}6,15—-17. Three and four flavor solar neu-
solution. The parameters of the best-fit solutions are given in Tablé&rino oscillations are discussed in Refd8,19 and refer-

l. ences cited therein. The fundamental papers upon which all

093004-3



BAHCALL, KRASTEV, AND SMIRNOV PHYSICAL REVIEW D 62 093004

of the subsequent solar neutrino oscillation work is based are 0.2 ——T7 T 7T
the initial study of vacuum oscillations by Gribov and Pon-
tecorvo [20] and the initial studies of matter oscillations
(MSW) by Mikheyev, Smirnov, and Wolfensteif21]. In
addition to the by-now conventional scenarios of oscillations ~ 0.15 |-
into active neutrinos, we also consider oscillations into ster-
ile neutrinos[6,19,22—26.

absorption

H
II. ESTIMATION OF UNCERTAINTIES e 01

~<

In this section, we describe how we calculate the uncer-
tainties for different predicted quantities. Since the interpre-
tation of future experimental results depends upon the as .05
signed uncertainties, we present here a full description of
how we determine the errors that we use in the remainder o
the paper.

Let X represent the predicted quantity of interest, which 0
may be, for example, the first or second moment of the recoil 0 5 10 15
energy spectrum, the neutrino-electron scattering rate, the
double ratio of neutral current to charged current rate, the FIG. 3. The calculated standard recoil electron energy spectra in

double ratio of neutrino-electron scattering to charged CUrEND. The figure shows the predicted shap&d), of the normal-
rent rate, or the difference betwegn the day rqte and the n'gri'ged recoil electron energy spectra that are obtained by assuming
rate. The method that we adopt is the same in all cases. Wga¢ ng oscillations occur and by using the standardiistorted 88
evaluateX with two different assumptions about the size or heytring energy spectrum. The spectra are given as a function of the
behavior of a particular input parametexperimental or the- (e electron kinetic energy in MeW quer NOt the apparent energy

oretica). The different assumptions are chosen so as to refneasured by the detector. The spectra shown do not include instru-
resent a definite number of standard deviations from the exnental effects such as the finite energy resolution of the detector or

pected best estimate. The difference between the valués ofuncertainties in the absolute energy scale. The dotted curve repre-

calculated for the two assumptions determines the estimatesknts the recoil electron spectrum due to neutrino-electron scatter-

uncertainty inX due to the quantity varied. ing and the solid curve represents the electron spectrum produced
To clarify what we are doing, we illustrate the procedureby neutrino absorptiofCC reactionson deuterium.

with specific examples. We begin by describing in Sec. Il A

how we calculate theoretical uncertainties and then we dis- | WO extreme deviations from the shape of the standard
A spectrum were also determined using the best-available in-
cuss the detector-related uncertainties in Sec. |l B.

formation[27]; these extreme shapes represent the total ef-
fective =30 deviations. We calculate the quantiti¥sthat
will be measured by SNO using the stand&®l spectrum

A. Theoretical uncertainties . . ;
and the effective & different spectra and determine from the

We discuss in this subsection the uncertainties related tP . : )
3 . . —_Tollowing formula the associated uncertainty due to the
the °B neutrino energy spectrum, the neutrino interaction

cross sections, and the hep solar neutrino flux. The stamdafc'dhape of the’8 spectrum. Thus

shape of théB neutrino spectrum has been determined from ox(®B spectrum=6"1[|X(+ 30 spectrum
the best-available experimental and theoretical information
[27]. —X(—30 spectrum|]. (6)

Figure 3 shows the recoil electron energy spectra calcu- Table Il lists the three relatively recent calculations for
lated for neutrino-electron scattering and for charged currerthe charged current absorption cross sections on deuterium,
(absorption on deuterium that were calculated using the un-py Ying, Haxton, and HenlegyHH) [29], by Kubodera and
distorted standardB neutrino energy spectrum. The recoil Nozawa(KN) [28], and by Bahcall and Lis{BL) [11]; the
energy spectra produced by neutrino-electron scattering andHH and KN calculations use potential models and BL used
by neutrino absorption are very different. One can easily sean effective range treatment. For the neutral current cross
from Fig. 3 how the location of the threshold for CC eventssections, only the YHH and KN cross sections are available.
at 5 MeV (before the peakor at 8 MeV (after the peak If the quantityX involves the neutral current, then we define
could give rise to different sensitivities to uncertainties in,the 1o uncertainty by evaluating
e.g., the energy resolution function. This is one of the rea- _ _
sons why we have calculated in the following sections pre-  9x(NC cross section=|X(YHH cross sectiop
dicted values and uncertainties for two different thresholds. — X(KN cross sectioff.  (7)

For neutrino-electron scattering, the energy distribution de-
creases monotonically from low to high energies; this uni-Using the values given in Table I, we define analogous 1
form behavior decreases the sensitivity, relative to the abuncertainties for quantities associated with the CC and the
sorption process, to some uncertainties. double ratio,[CC]/[NC].
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TABLE II. Neutrino interaction cross sections on deuterium. using different sets of coupling constants, and two different
The table gives, in units of 102 cn?, the neutrino charged current nuclear potentials.
(CO) and neutral currenfCC) cross sections for deuterium. The  The nuclear fusion reaction that produces hep neutrinos
cross sections calculated by different auth@isown in column 1 cannot be calculated or measured religl3#,35. The shape
have been averaged over a stand&Bdneutrino energy spectrum. of the electron recoil energy distribution measured by Super-
For the CC reactionsa 5 MeV threshold for the recon_electron Kamiokande can be significantly influenced by the rare high-
energy was assumed and the energy resolution function for SN(gnergy hep neutrino3,34—36. In this paper, we need to
was approximated by E10) and Eq.(11). The last column gives o 51 ate the uncertainty in a variety of quantitiedue to the
the calculated ratios of the NC to CC ratios. unknown hep flux. We use the results given in the last col-
umn of Table Il of Ref.[4], which lists the range of hep

Authors cc NC Neree fluxes that correspond to different oscillation solutions that
KN @ 0.979 0.478 0.488 lie within the 99% ¢-2.50) C.L. allowed range. Given the
YHH P 0.923 0.449 0.486 range of listed hep fluxes, we make the plausible but not
EBL © 0.889 rigorous estimate that the effectiverincertainty in the hep
flux is currently between 0 and 20 times the nominal stan-
*Reference 28]. dard estimate of 2.1%10° cm 2s ! (0.0004 the best-
"Reference29]. estimate®B flux). Therefore, we evaluate the uncertainty due

‘Reference30] and Ref.[11]. to the increase of the hep flux above the nominal standard

value from the following relation:

There is no principle of physics that enables one to set a
rigorous error estimate based upon the cross section calcula- ¢, 3He+ p(hep flux=|X[20x ¢(hep, BP98]
tions summarized in Table Il. As a practical and plausible
estimate for this paper, we have used the average of the
detailed Kubodera and Nozawa and Ying, Haxton, and Hen-
ley calculations as our best estimate and taken the differencehe uncertainty in the hep flux is asymmetrinegative
between these two cross sections to be an effectivaud-  fluxes are not physical We calculate the lower error by
certainty(see also the discussion by Butler and Chen in Refreplacing 2X ¢(hep, BP98) in Eg. (8 by 1
[31]). Experimental measurements with reactor anti-X ¢(hep, BP98). The lower error corresponds to decreasing
neutrinos are not yet sufficiently accurate to refine andhe hep flux to zero. The uncertainty in the hep flux does not
choose between different theoretical calculatisee results dominate the error budget for any of the quantities we dis-
in Ref. [32]). Had we adopted the Ellis, Bahcall, and Lisi cuss. If the reader wishes to treat differently the hep flux
effective range calculation as the lower limit instead of theuncertainty, this can be done easily by using the individual
Ying et al. result, we would have obtained for the CC an uncertainties in Table IlI.
uncertainty of 9.7% instead of 5.8%. Earlier, Bahcall and For the standard solar modé&SM), the nominal ratio of
Kubodera[33] estimated an effective & uncertainty of the hep neutrino flux to théB neutrino flux is 4< 104 [5].
+10% for the neutral current cross section by calculatingOf all the quantities we consider in this paper, the first and
cross sections with and without meson-exchange correctionsecond moments of the electron recoil energy spectrum,

—X[0X ¢(hep, BPI8]|. (8)

TABLE lIl. Fractional uncertainties in percent for some quantities that are measurable with the SNO
detector. HereSX= 1000y / X. The different quantities are defined in the following sectidhand o are the
first and second moments, respectivlC], [NC], and [ES] are the reduced charged current, neutral
current, and neutrino-electron scattering rates, respectively{ M@#[CC] and [ES]/[CC] are the neutral
current to charged current and neutrino-electron scattering to charged current double ratios, respectively. For
CC reactionsa 5 MeVthreshold was assumed for the energy of the recoil electrons. The statistical uncer-
tainties are computed assuming 5000 CC events, 1219 NC events, and 458 ES events. We assumed a NC
detection uncertainty of #=2%. We do not include uncertainties due to misclassification of neutrino

events.

Source oT o s [CC] S [NC] S [ES] 8 [NCJ/[CC] S [ES)[CC]
Energy resolution 0.3 1.4 0.4 ~0 0.1 0.4 0.3
Energy scale 0.8 11 15 ~0 0.5 15 1.0
B8 spectrum 0.4 0.8 1.9 1.6 1.4 0.3 0.6
Cross-section 0.03 0.15 5.8 6.4 ~0 0.4 5.8
Statistics? 0.35 11 14 2.9 47 3.2 4.9
hep® 0.8 0.8 23 2.2 1.6 0.1 0.7
Total 1.3 2.4 6.7 7.4 5.2 3.6 7.6

ot including background from other sources.
One o hep upper error.
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which are discussed in Sec. Ill, are most sensitive to the hef87]. Sinceoy (hep flux) is linearly proportional to the al-
flux. For a nominal SSM hep flux, the first moment is shiftedlowed range of the hep flux, a reduction in the allowed range
by 3x10 4 relative to the first moment computed with a by, for example, a factor of two will reduce the estimated
zero hep flux. The corresponding change for the standar¥alue ofox (hep flux) by a factor of two. .
deviation of the recoil energy spectrum ix20 2. Thus the For neutrino-electron scattering, the situation is very dif-

hep flux of the standard solar model is of negligible impor_ferent. The interaction cross sections can be calculated pre-

tance for all of the quantities we calculate in this paper Thecisely including even the small contributions from radiative
. q o paper. torrections. We use in this work the cross sections calculated
hep neutrino flux will have a significant effect on the quan-

= ¢ “"in Ref. [38]; the uncertainties in these radiative corrections
tities computed here only if the flux exceeds the nominalyye negligible for our purposes.

standard value by at least an order of magnitude. In the following sections, we often quote fractional uncer-

Super-Kamiokande and SNO will obtain somewhattainties in percent. We define the fractional uncertainty to be
tighter constraints on the hep flux. Measurements of the seahe one sigma difference divided by the average of the two
sonal variations of the/Be flux will test vacuum neutrino values used to obtain the error estimate. Thus the fractional
scenarios that have a small hep flux but an appreciable digmcertainty due to an increase in the poorly known hep flux
tortion of the Super-Kamiokande recoil energy spectrunis

20y (hep fluy

oX(hep flux=100% o5 S hep, BPOS]+ X[0X (hep, BPOF]"

(€)

B. Detector-related uncertainties need to be determined, together with their uncertainties, are
aWe energy resolution, the absolute energy scale, the detector
Sfficiencies(for energetic electrons and for neutral current

only be determined by detailed measurements with the SN Peactions, and the energy threshold for detecting CC events
detector and by careful Monte Carlo simulations. Perhaps thF ! 19y - ing Vents.
h what follows, we will adopt the preliminary characteriza-

tr_nost dan%][e.rotgs oIhth(_ese uncc:rtiallntlis, atTe th? énc's'(éesm'f'c ions for these detector-related uncertainties used by Bahcall
lon Uncertainties, the incorrect classricafion o » B9, NGy g [11]. We now summarize briefly our specific as-
NC events. These errors do not cancel in the double ratiog

. . . umptions for these uncertainties.
discussed later in this paper, such[&S}[CC] and[NCY/ Let T, be the true electron recoil kinetic energy angdbe
[CC].

. . the kinetic energy measured by SNO. We adopt the resolu-
SNO is a unique detector. No other detector has previg . ¢ 0 tion R(T.,To):

ously separated the CC and the NC reactions. The only reli-

There are important detector-related uncertainties that c

able way of estimating the effects of the confusion between (TL—T,)?
different neutrino reactions is to use the full-scale Monte R(Ty, To)= - expg — — — | (10
Carlo simulation that is under development by the SNO Col- o(Te)V2m 20(Te)

laboration. Since the SNO Collaboration will measure the

NC rate in different ways, there will also ultimately be inter- With an energy-dependent one-sigma widifT;) given ap-
nal cross checks that will limit the error due to the NC con-Proximately by

tamination of the CC and the ES rates. The ES contamination

of CC quantities like the spectrum distortion or the day-night N . Te
effect is likely to be small, since neutrino-electron scattering o(Te)=(1.1£0.1D \/ 75 ey MeV- (11)

is strongly peaked in the forward direction and is estimated

to be detected at only-0.1 the CC rate. Hopefully, misclas- e adopt a conservative estimate for the absolute
sification errors will have only minor effects and will be well gnergy error of+ 100 keV. We will assume, for illustrative
described by the SNO Monte Carlo simulations. But, thepyrposes, that the threshold for detecting recoil electrons is a
reader should keep in mind that the errors estimated in thigytal energy of 5 MeV or 8 MeV.

paper are lower limits; they represent errors that we can es- For specificity, we assumgl1] that the neutral current
timate quantitatively without a large Monte Carlo simulation. getection efficiency is 0.500.01 and that the detection ef-

We will not consider errors due to misclassification of neu-ficiency for recoil electrons above threshold is approximately
trino event in the remainder of this paper. 100%.

One can make reasonable guesses for other important ex-
perimental uncertainties using the experience gained from
previous water Cherenkov solar neutrino experiments and
preliminary Monte Carlo studies of how the SNO detector In this subsection, we present a convenient table that sum-
will perform. The most important of these quantities thatmarizes the estimated uncertainties for the different physical

C. Summary of uncertainties
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guantities that are discussed in detail in the following secthis can easily be done using the individual uncertainties we
tions of the paper. It may be useful to the reader to refer backresent.
to this summary table from time-to-time while considering
the detailed presentations. Ill. THE SHAPE OF THE CC ELECTRON RECOIL
Table 11l shows the fractional uncertainties in percent that ENERGY SPECTRUM
we have estimated for different measurable quantities. The

uantities in the table are defined in the following sections In this section, we make use of the fact that solar influ-
q . L . g ences on the shape of ti8 neutrino energy spectrum are
The counting uncertainties are determined assuming that

total of 5000 events are measured in the CC mode; the nur:?ly of order 1 part in 10[39), i.e., are completely negli-

. . ible. Therefore, we compare all of the neutrino oscillation
ber of NC and neutrino-electron scattering events are thefjeqictions to the calculated results obtained using an undis-
about 1219 and 458, respectively. For an 8 MeV electroneq neutrino spectrum inferred from laboratory d@).
energy threshold rather than the 5 MeV threshold used in Eigyre 3 shows as a solid line the calculated CC electron
computing Table I, the statistical uncertainties would begcgil energy spectrum that would be produced by an undis-
increased by about 50% for the purely CC quantities liketorted 8B neutrino energy spectrum. The result shown in Fig.
oT, da, and[CC]. For quantities related to the ES rate, the3 does not include instrumental effects such as the energy
statistical uncertainties would be increased by a factor ofesponse of the detector, but best estimates of the instrumen-
about 1.9 by raising the electron recoil energy threshold to 8al effects(see discussion in Sec. I)Bare included in the
MeV. The statistical error is expected, for an 8 MeV thresh-results given here and in the following sections.
old, to dominate the uncertainty in the ES rate. It is useful in thinking about the shapes of the different

There will be additional contributions to the statistical er- electron recoil energy spectra to consider the r&{&.), of
rors from background sources; these uncertainties can oniie electron energy spectrum produced by a distorted neu-
be determined in the future from the detailed operationalrino spectrum to the spectrum that is calculated assuming a
characteristics of the SNO detector. For example, the baci§tandard model neutrino energy spectri#]. We define
ground from the CC events will increase the estimated sta-
tistical error for the neutrino-electron scattering events; the f(®B)Ng(Ee) + f(hepNped Ee)
amount of the increase will depend upon the angular width R(Ee)= NESM(E )+NEME,) '

X X - e hep e

of the peak in thev-e scattering function. We have not es-

timated uncertainties for the day-night asymme#tydefined o0 (8B) is the ratio of the trué?B neutrino flux that is
by Eq. (28) since a detailed knowledge of the detector iSqeated in the sun to the standard solar motlneutrino
required to estimate the small uncertaintiesAin flux, i.e., f(®B) = ¢(®B) yue/ #(5B)ssy. The quantityf (hep)

The errors due to the uncertainties in the hep flux ar§s gimilarly defined as the ratio of true to standard solar
asymmetric. We show in Table Il only the upper limit un- SSM,

_— " C . model hep fluxNg”"(E) is the number of events in a 0.5
certainties for hep. The lower limit uncertainties are negllg|-MeV energy bin centered &, and calculated for the SSM
bly small for hep, since the standard model flux ratio for he €

10 8B is 0.0004. B neutrino flux without oscillationsNg(E,) is the same

; ; Nati ; SSM
The actual background rates in the SNO detector are n%‘uantlty with oscillations taken into accouMye,(Ee) and

(12

yet known and may differ considerably from the rates tha heP(E.e) Iarg tgethcorlres;pondintg Inufrpb?rs foréhe h%p LIU.X' \éVe
were estimated prior to the building of the observatory. We, ave include € Instrumental efiects as described In Sec.

have therefore not attempted to include background uncerl-I B.

; i 8
tainties, although these may well be important for some of We dgtermlne the bestit va_llue_ 6(°B) a”df(heg’) for
the quantities we calculate. each pair of values of the oscillation parametéys)© and

For both the CC ratio of measured to standard model rates,in220, by comparing _the theoretical predictions with the
[CC], and the similarly defined neutral current ratidiC], total .rate and thg recoil electron energy spectrum of Super-
Table Il shows that the absolute value of the neutrino Crosg(amlokande[3,4].
section is the dominant source of uncertainty. This uncer-
tainty almost entirely cancels out in the double ratio of ratios, ~ fs=fs(AM?,si? 26),  fre=fped AmP,sir? 26).
[NCJ/[CC]. The absolute energy scale and the value of the (13
hep neutrino energy flux are the largest estimated uncertain-
ties for the first moment of the CC recoil energy spectrum,The uncertainties in the values 6(®B) and f(hep) are re-
(T). Counting statistics, assuming a total of 5000 CC eventsflected in the allowed range d&fm? and sirf 26, but are not
is estimated to be the most important uncertainty for thencluded explicitly in Table III.
neutrino-electron scattering ratifES|, and the neutral cur- Figure 4 shows the ratiB(E,) calculated for the six best-
rent to charged current double rafidCJ/[CC]. fit oscillation solutions. The values &(E,) are given in 0.5

In the subsequent discussion, we follow the frequentlyMeV bins except for the last energy bin, where we include
adopted practice of combining quadratically the estimatedll CC events that produce recoil electrons with observed
o's from different sources, including theoretical errors onenergies above 14 MeV. Only a few evefl&ss than 1% of
cross sections and on the hep flux. If the reader prefers tthe total number of CC eventare predicted4] to lie above
estimate the total uncertainty using a different prescription14 MeV since the®B neutrino energy spectrum barely ex-
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?‘:, C i ?2’ C i %‘} C ] FIG. 4. The relative CC recoil energy spectra
1 b o 1 b N 1 b N for six oscillation solutions. The figure shows the
L ] L ] C ] rates,R(E.), predicted by different best-fit oscil-
F ] E ] F ] lation solutions as a function of the electron re-
0 'é"'!'s"'l'é"l'z"'l"l 0 'f's"'g"'l'é"l'z"'l'4 0 '6'3"'!'3"'1'6"1'2"'1'4 coil energy.E., divided by the rate predicted by
E, (MeV) E, (MeV) E. (MeV) t_he standard sc_JIar_ model a_nd no neutrlno_osull_a-
° tions. The oscillation solutions are described in
S — : 3 prrrerrerreee Table I. The highest energy bin repregents the
C VAC ] C VAC ] [ MSW Sterile average value oR(E,) for electron energies be-
c ° i . c 1 tween 14 MeV and 20 MeV. We use the best-fit
2 7 2 - - 2 - hep flux found for each neutrino oscillation sce-
= ] = F ] = ] nario, which affects the result in the highest en-
E [ ] E [ ] g [ ] ergy bin. The range of hep fluxes is given in
1 _/J: 1 7 1- B Table 11l of Ref.[4].
r ] ] - ]
A A o Dlnlinlindinl]] 0 Dlonbivdinilinl ]
6 8 1012 14 6 8 1012 14 6 8 1012 14
E, (MeV) E, (MeV) E, (MeV)
tends beyond 14 MeV and the hep neutrinos, which extend (T)o=7.422X(1+0.013 MeV, (19

up to 18.8 MeV, are expected to be very rare.
Ultimately, SNO will measure the detailed shape of the
CC recoil energy spectrum and compare the measuremeritdrere the estimated uncertainties 6 keV) have been
with the full predictions of different oscillation scenarios, astaken from Table Ill. The result given in E¢L4) applies for
illustrated in Fig. 4. Since the neutrino oscillation parameterst pure®B neutrino spectrum. If one includes a hep neutrino
are continuous variables, there are in principle an infiniteflux equal to the nominal standard solar model vallGg
number of possible shapes to consider. However, much dhen the first moment is increased by 2 keV to 7.424 MeV.
most of the quantitative information can be summarized conFor an 8 MeV energy thresholdT),=9.117 for a pure’B
veniently in the first and second moments of the recoil enfeutrino energy spectrum and is increased by 3 keV by add-
ergy spectruni12] and we therefore concentrate here on theing a nominal hep flux.
lowest order moments. The largest estimated contributions to the quoted error in
Throughout this section, we use the notation of Bahcall Eq. (14) arise from uncertainties in the energy scale and from
Krastev, and Lis{12] (hereafter BKL97, who have defined the hep reaction, with smaller contributions from the width
the first and second momeniaverage and variangef the  of the energy resolution function and the shape of ¥Be
electron recoil energy spectrum from CC interactions inneutrino energy spectrum. The total error of the measured
SNO. The explicit expressions are given in Eds)—(17) of ~ value is the same, within practical accuracy, whether or not
BKL97; they include the energy resolution function of the one includes the statistical uncertainty for 5000 events.

detector{see Eq(10) of this papet. Unlike BKL97, we use The first moment has the smallest estimated total error of
as our default recoil energy spectrum 5 MeV total electronall the quantities tabulated in Table IlI.
energy, rather than 5 MeV electron kinetic ener@i/e also Table IV presents the best-estimates and the total range of

calculate the moments for an 8 MeV total electron recoilthe predictions for the six different two-flavor neutrino sce-
energy) When we calculate for the same threshold asnarios that are globally consistent with all of the available
BKL97, our results for the no-oscillation solution agree toneutrino data. Figure 1 of Reff4] shows, at 99% C.L., the
about 1 part in 1 We use a threshold specified in terms of allowed ranges of the neutrino oscillation parameters of the
total electron energy because this variable has become tHigst five neutrino scenarios listed in Table IV. The abbrevia-
standard for experimentalists to specify their energy threshtions large mixing angléLMA), SMA, and LOW represent
old. three MSW solution islands and the abbreviations \4&@d

We denote by a subscript of “0” the standard value of VAC_ represent the small-mass and large mass vacuum os-
guantities computed assuming no oscillations occur. In ordetillation solutions, all for oscillations into active neutrinos.
to compare with the theoretical moments given here, the obThe MSW sterile solution has values for the mixing angle
served moments should be corrected for any dependence afd the square of the mass difference that are similar to the
the detection efficiency upon energy that is determined exactive SMA solution(see discussion in Reff4]).

perimentally. For a 5 MeV electron energy threshold, the predicted
If there are no oscillations, the first moment of the CCshifts in the first momentAT=(T)—(T),, range from

electron recoil kinetic energy spectrum isy 805 MeV total —152 keV to +576 keV. The calculational uncertainties

electron energy threshold: and the measurement uncertainties estimated from the ex-
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TABLE IV. The first moment{T), of the electron recoil kinetic energy spectrum from CC interactions.
If there are no oscillations, the expected value of the first momefifjs=7.422 MeV fa a 5 MeV total
electron energy threshold and@,)=9.117 MeV for an 8 MeV energy threshold. The table shows for
different neutrino oscillation scenarios the absolute shift=(T)—(T),, in keV of the first moment of the
electron recoil energy spectrum. Results are given foh laob MeV and an 8 Me\threshold energy. The
different columns give the best-fit shift as well as the minimum and maximum shifts at 99% C.L.

(AT)b.f. (AT)min (AT)max (AT)b.f. (AT)min (AT)maX
keV keV keV keV keV keV

Scenario 5 MeV 5 MeV 5 MeV 8 MeV 8 MeV 8 MeV
LMA 8 —-115 34 4 -35 15
SMA 218 50 341 66 15 105
LOW 12 -17 63 7 -5 25
VACq 283 —-80 576 122 40 227
VAC, 21 —152 214 236 —54 358
Sterile 164 41 265 51 13 83

pected behavior of SNQ; 96 keV, are considerably smaller for a 5 MeV total electron recoil energy threshold aimgl
than the total range of shifts, 711 keV, predicted by the cur=1.240 MeV for an 8 MeV threshold. The estimated uncer-
rently allowed set of oscillation solutions. The shift in the tainties in Eq(16) are taken from Table Il of Ref12]. The
first moment may be measurable if either the SMA, VAC result given in Eq(16) is for a pure®B neutrino spectrum. If
VAC_, or MSW sterile solutions are correct. For the LMA a hep flux equal to the standard solar model vdlbipis
and LOW solutions, the predicted shifts in the first momentincluded, the value o is increased by 4 keV to 1.856 keV.
may be too small to obtain a very significant measurementfFor an 8 MeV thresholdy, is increased by 6 keV to 1.246
A measurement of the first moment with an energypmev by adding a nominal standard hep flux.
threshold of 5 MeV and ad accuracy i(T) of 100 keV or Shifts in the standard deviation caused by neutrino oscil-

better will significantly reduce the allowed range of neutrino|ations will be difficult to measure since the spread in the
oscillation solutions. Table IV shows that a measurement of

(T) with an energy threshold of 8 MeV will be valuable,
although it will provide a less stringent constraint than a
measurement with a lower threshold. For an 8 MeV thresh-
old, the currently allowed range is only 412 keV, almost a
factor of two less than the range currently allowed for a 5
MeV threshold.

Figure 5 shows, foa 5 MeV electron energy threshold,
the range of the fractional shift in percent of the first mo-
ment,

- <(T-Ty)>/T, VAC, E

Measure

B SMA MSW . ]
Sterile

VAC,

6T (%)

- O = M WA OO N D ©
T
1

[ LMA Low

i l
No oscillatiomr—~

ST=ATHKT)y, (15

|
N
T

for all six of the oscillation solutions. The results are com-
pared with the no-oscillation solutioaT=0. The estimated i
experimental uncertainty IAT is about 1%(see Table II). - ]
Only the VAG; solutions predict, for about half of their cur- _5 Neutrino Scenario
rently allowed solution space, a deviation @f) from the
no-oscillation value by more thanos3 The MSW sterile so-
lution predicts a shift in the first moment that is at most2.7
frqm the np-oscﬂlgtpn case.; thls. seems like a S”.‘a”.Sh'Tt’ bu owed neutrino oscillation solutions. The solid error bars represent
It Is nqtorlously difficult to |d§nt|fy measurable |nd.|cat.|ons the 99% C.L. for the allowed regions of the six currently favored
of Stegr'le neutrinos _that are different from a reduction in theneutrino oscillation solutiong4]. For an undistorte®B neutrino
total °B solar neutrino flux26]. - energy spectrum, the average recoil energy is denotefl,byrhe
Table V presents the predicted shifts in the standard degashed error bar labeled “Measure3represents the uncertainty
viation of the CC electron recoil energy distributiire., the  in interpreting the measurements according to the estimates in
square root of the second momenThe calculated no- Table Ill, which include the energy resolution, energy sci@,

-3

T S S ———

FIG. 5. The fractional shift in the average electron recoil energy.
The figure showsT [defined in Eq(15)], the fractional change in
*he average electron recoil enerdy,), for the six currently al-

oscillation value is neutrino energy spectrum, neutrino cross section, counting statis-
N2 tics, and the hep flux. The results are calculated assumit MeV
09=(0%)p =1.8521x0.0249 MeV, (16) threshold for the CC reaction.

093004-9



BAHCALL, KRASTEV, AND SMIRNOV PHYSICAL REVIEW D 62 093004

TABLE V. The standard deviation,o?)*2, of the electron recoil energy spectrum. If there are no
oscillations, the expected value of the standard deviation of the electron recoil energy spectrgm is
=(02>(1)/2= 1.852 MeV for a 5 MeV total electron recoil energy threshold and 1.240 MeV for an 8 MeV
energy threshold. The table shows for different neutrino oscillation scenarios the absolute shift of the stan-
dard deviationA o= (0?)?— ()32, in keV for both a 5 MeMotal electron recoil energy threshold and an
8 MeV energy threshold.

(Ao)py, (A min (A0) max (Ao)ps. (A) min (A0) max
keV keV keV keV keV keV

Scenario 5 MeV 5 MeV 5 MeV 8 MeV 8 MeV 8 MeV
LMA 3 —-19 9 4 —13 11
SMA 23 1 38 23 3 34
LOW 3 -3 13 2 -3 10
VACg 70 11 136 44 9 76
VAC, 127 —-29 199 160 —40 212
Sterile 19 2 32 14 -4 36

predicted shifts fo a 5 MeV threshold is only from The non-statistical uncertainties shown in E48) result

—29 keV to +199 keV, while the estimated calculational from (cf. Table Ill): (a) the difference between the Ying,
and non-statistical measurement uncertaintiesta®@ keV.  Haxton, and Henley29] and Kubodera-Nozawa cross sec-
Thus the total range of the predicted shifts is less than thretons [28] neutrino cross sectiongb) the shape of théB
standard deviations of the estimated non-statistical uncertaimeutrino energy spectrurf27], (c) the energy resolution
ties. For most of the oscillation scenarios, the shiftoin  function,(d) the absolute energy scale, and, the last term, the
predicted for an 8 MeV threshold is even smaller than for a Suncertain hep neutrino flux. The total uncertainty in the
MeV threshold. charged current ratigCC] is dominated by the uncertainty in
It will be useful to measure the standard deviation of thethe CC absorption cross section.
recoil energy spectrum in order to test the prediction that the The most important question concerning the CC rate in
observed value will be close to the undistorted valuergf ~ SNO is the following: Is the reduced CC rate less than the
reduced neutrino-electron scattering rate? If the reduced CC
IV. THE CHARGED CURRENT RATE rate is measured to be less than the reduecetiscattering
rate, then this will be evidence for neutral currents produced
In this section, we summarize the results from Réf.on by v, or », which appear as a result of neutrino oscillations.
the expected range of predictions for the charged currenfhe 30 uncertainty is about 20% above the expected value

(neutrino absorptionrate[see Eq(1)]. of 0.48 (based upon the Super-Kamiokangee scattering
In accordance with Eq4), we define the reduced CC measuremeitInspecting for all six of the currently favored
neutrino-absorption ratipCC] by oscillation solutions the range predicted for the double ratio

[CC] (as shown in Table VI or Fig. 2 of Ref4]), we esti-
_ (observed CC raje (17 Mate that there are very roughly equal odds that the mea-
[eCl= (standard CC raje sured value of CC] will lie three or moreo below the no-
oscillation value. However, for the VACand MSW sterile
If the standard solar model is correct and there are no newolutions, the predicted range @ C] does lie within 3r of
trino oscillations or other non-standard physics processeshe value expected on the basis of the no-oscillation hypoth-
then esis.

[CC] =1.01.0+0.058+0.019+0.004+0.018" *552
=1.01.0 3% (19

V. THE NEUTRAL CURRENT RATE

We discuss in this section the expected range of predic-
tions for the neutral current rafsee Eq.(2)].

. : If the standard solar model is correct and if there are
affect [CC] since we fix the absolute flux for each set of gjher no neutrino oscillations or oscillations only into active

neutrino parameters by fitting to the Super-Kamiokande tot eutrinos, then the reduced NC neutrino-absorption rate,
rate and recoil energy spectrufgee discussion following [NC], defined by

The uncertainties in the standard solar model flixdo not

Eq. (13)].

The reducedv-e scattering rate has been measured by (observed NC rate
Super-Kamiokande[3] to be about 0.4750.015 for a [NC]= , (19)
threshold of 6.5 MeV and the reduceee scattering ratio is (standard NC rate
predicted to be approximately the same for the expected
SNO energy thresholdsee Table VII and Ref41)). will satisfy
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TABLE VI. The charged current absorption rati@CC]. The table present$CC], the ratio of the ob-
served neutrino absorption rate on deuterium to the standard model absorption rate(t¥).Ethe results
are tabulated for different neutrino oscillation scenarios and for two different thresholds of the total electron
recoil energy, 5 MeV(columns two through foyrand 8 MeV (columns five through seveénThe second

(fifth) column gives the best-fit value, and the thigsikth) and fourth(seventh columns give the minimum
and maximum values.

[CC] [cC] [CC] [cC] [CC] [cC]
b.f. max min b.f. max min
Scenario 5 MeV 5 MeV 5 MeV 8 MeV 8 MeV 8 MeV
LMA 0.35 0.40 0.29 0.35 0.40 0.29
SMA 0.39 0.46 0.32 0.43 0.47 0.38
LOW 0.38 0.40 0.35 0.38 0.40 0.35
VACgq 0.39 0.45 0.31 0.44 0.50 0.34
VAC, 0.42 0.44 0.40 0.40 0.47 0.35
Sterile 0.48 0.49 0.47 0.50 0.55 0.48
[NC] =1.0+0.060+0.016+0.02 392 *0.18 process is expected to be smal10% of the CC rate. De-

spite the relatively unfavorable statistical uncertainties, the
measurement of the neutrino-electron scattering rate in SNO

o o ) will be important for two reasons. First, the measurement of
The non-statistical uncertainties shown in Eg0) result  the electron scattering rate by SNO will provide an indepen-
from (cf. Table Ill): (a) the difference between the Ying, gent confirmation of the results from the Kamiokande and
Haxton, and Henley29] and Kubodera-Nozawa cross sec- gyper-Kamiokande experiments. Second, the neutrino-
tions [28] neutrino cross sectiongb) the shape of th€B  glectron scattering rate can be combined with other quanti-
neutrino energy spectrup27], and(c) the uncertainty in the  ties measured in SNO so as to decrease the systematic un-
neutral current detection efficiency. The next to last term incertainties and to help isolate the preferred neutrino
Eq. (20) represents the uncertainty in the hep neutrino flux. gscillation parameters.
The last term in Eq(20) represents the uncertainty in the i the pest-estimate standard solar model neutrino [fijx

BP98 standard’B flux [5]. In our method, this uncertainty s correct and there are no new particle physics effects, then

only appears if there are no neutrino oscillations or othethe reduced neutrino-electron scattering rafs), will be
new physics. If there are neutrino oscillations, we determingneasured to be

the ratio, f(®B) of the best-fit neutrino flux to the standard

model flux as described in Sec. | following E@) and in (observed -e ratg

Sec. Il following Eq.(12) and Eq.(13). [ES]= (standardy -6 rate =1.0+0.02, (22
The total uncertainty in determining experimentally the

neutral current ratiNC] is dominated by the uncertainty in where the non-statistical uncertainties are taken from Table
the NC absorption cross section and the total uncertainty in|, For a 6.5 MeV threshold and the experimental param-

interpreting the neutral current measurement is dominated byters of the Super-Kamiokande detedt®}, [ ES]sx=0.475
the uncertainty in the predicted solar model flux. +0.015.

If one assumes that only oscillations into active neutrinos  The uncertainties summarized in E@2) include all the
occur, then it will be possible to use the neutral current meagncertainties given in Table Ill except for statistical errors.
surement as a test of the solar model calculations. The crogshe uncertainties in the standard solar model fixdo not
section uncertainty for the NC reaction is about 388%  affect [ES] since we fix the absolute flux for each set of
of the upper(lower) estimated uncertainty in the solar model neutrino parameters by fitting to the Super-Kamiokande total
flux. rate and recoil energy spectrufeee discussion following

If the SMA sterile neutrino solutiof6,4,19 is correct,  Eq.(13)]. The dominant non-statistical uncertainties are from
then for the global solutions acceptable at 99% C.L., the value of the hep flux and the shape of fi& neutrino

B energy spectrum. For the first five or ten years of the SNO
[NC]=0.465-0.01. @D operation, the overall dominant error in the determination of
Unfortunately, this result is within aboute3of the result LES] IS expected to be statisticak5% after the first 5000
expected if there are oscillations into active neutrinos, wherC €vents.

=1.0+0.07 ‘51 (20)

one includes the solar model uncertainty shown in @6). Table VI gives, for two different energy thresholds, the
values of the reduced neutrino-electron scattering (&#],
VI. THE NEUTRINO-ELECTRON SCATTERING RATE that are predicted by the currently favored oscillation sce-

narios[4]. Not surprisingly, the values ¢ES] cluster around
In this section, we present the predictions for the electronthe ratio measured by the Super-Kamiokande experiment
scattering rate, Eq3), in SNO. The SNO event rate for this [ES]sx=0.475-0.015[3]. The global constraints imposed
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TABLE VII. The neutrino-electron scattering ratifES|. The table present$ES], the ratio of the ob-
served neutrino-electron scattering rate to the standard model rate, ¢2ZEdThe results are tabulated for
different neutrino oscillation scenarios and for two different thresholds of the total electron recoil energy, 5
MeV (columns two through fourand 8 MeV(columns five through severThe secondfifth) column gives
the best-fit value, and the thikdixth) and fourth(seventh columns give the minimum and maximum values.

[ES] [ES] [ES] [ES] [ES] [ES]

b.f. max min b.f. max min
Scenario 5 MeV 5 MeV 5 MeV 8 MeV 8 MeV 8 MeV
LMA 0.48 0.49 0.47 0.47 0.48 0.45
SMA 0.47 0.48 0.46 0.50 0.51 0.48
LOW 0.48 0.48 0.47 0.48 0.49 0.47
VACg 0.48 0.52 0.46 0.51 0.54 0.46
VAC, 0.49 0.50 0.47 0.47 0.50 0.45
Sterile 0.46 0.48 0.45 0.51 0.53 0.48

by the different experiments result in some cases in theVil. THE NEUTRAL CURRENT TO CHARGED CURRENT

spread of the currently favored predictions being less than or DOUBLE RATIO
of the order the total spread in the Super-Kamiokande rate In this section, we present predictions for the ratio of
measurement.

; _ . neutral current event®NC) to charged current event€C) in
Figure 6 compares the oscillation predictions[fBS]sxo  sNO. The most convenient form in which to discuss this

versus[ ES|syperk @nd the no-oscillation solution. We only quantity is obtained by dividing the observed ratio by the

show the predictions for a 5 MeV threshold for the total yatio computed assumed the correctness of the standard elec-

electron energy since the results are similar for an 8 MeMroweak model(SM). This double ratio is defined by the
threshold(see Table VI). The solid error bars shown in Fig. relation[10]

6 reflect the range at 99% C.L. of the globally allowed solu-
tions that are fit to all the available neutrino datd [NC] [(NC)ops/(NC)sp]

[CC  [(COo0d (COem @3

The ratio NC]/[ CC] is equal to unity if nothing happens to
the neutrinos after they are produced in the center of the sun
(no oscillations occyr Also, [NC]/[CC] is independent of

all solar model considerations provided that only one neu-
- oscmatio/ (ES] trino source,®B, contributes significantly to the measured
5 MeV threshold rates. Finally, the calculational uncertainties due to the inter-

action cross sections and to the shape of $Beneutrino
energy spectrum are greatly reduced by forming the double
ratio (see Table II).
Table VIII presents the calculated range of the double
A sya tow "G vac, Msw Mezst;”e ratios for the oscillation solutions that are currently allowed
05 . u l g Sterile 1 at 99% C.L.[4]. The table gives the best-fit values for
) / ) ' [NC]/[CC] as well as the maximum and minimum allowed
I SuperKamiokand .
double ratios for a total electron energy threshold for the CC
reaction of 5 MeV and separately for a CC threshold of 8
Neutrino Scenario MeV.
i i Figure 7 compares the predicted value§NE]/[ CC] with
ﬂgu':r:aGér?c')vjshfh;e‘:ggﬁge%e‘:lgglﬂﬁ?;tégg::aigt'{;%E?%I;Ze the no-oscillation value of 1.0. The results are shown for a 5
N * MeV CC threshold and for an 8 MeV CC threshold. The
(22)] from the standard model value of 1(Ao oscillation$. The . -
Super-Kamiokande resu(see Ref.[3]) is also shown. The solid estimated|see Eq'(24)]. no.n_StatIStlcal ?rror.s ar.e Sma”er
p
error bars represent the 99% C.L. for the allowed regions of the si;Ehan the bIac_k dots indicating the beSt.'f't pomts. n .F'g' 7
currently favored neutrino oscillation solutiof4]. The dashed er- The beSt'_f't values for the double ratio for oscillations into
ror bar labeled “Measure @ represents the uncertainty in inter- 2Ctive neutrinos range between 1.9 and 3.4 (2.0 and 3.4) for
preting the measurements according to the estimates in Table 1 5 MeV (8 MeV) CC threshold. The maximum prgdlcted
which include the energy resolution, energy sc®,neutrino en-  values forflNC] /[CC] exceed 5.1. For active neutrino os-
ergy spectrum, neutrino cross section, counting statistics, and th@llations, the minimum values for the double ratio are

hep flux. The oscillation predictions are calculated assuming a ®chieved by the SMA and the VAGolutions; they are 1.2
MeV threshold for the total electron recoil energy. and 1.5, respectively.

(ES]
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TABLE VIII. Neutral current to charged current double ratio. The table presents the double ratio,
[NC]/[CC], that is defined by Eq23). The results are tabulated for different neutrino oscillation scenarios
and for two different thresholds of the total electron recoil energy used in computing the CC ratio, 5 MeV
(columns two through foyrand 8 MeV(columns five through sevén

[NCJ/[CC] [NCJ/[CC] [NCJ/[CC] [NCJ[CC] [NCJ/[CC] [NCJ/[CC]

b.f. max min b.f. max min
Scenario 5 MeV 5 MeV 5 MeV 8 MeV 8 MeV 8 MeV
LMA 3.37 5.15 2.27 3.36 5.13 2.30
SMA 2.53 411 1.24 2.28 3.50 1.21
LOW 2.71 3.39 2.30 2.69 3.35 2.26
VACg 2.67 4.63 1.37 2.33 3.73 1.27
VAC, 1.90 2.15 1.53 2.01 2.45 1.53
Sterile 0.96 0.99 0.94 0.88 0.97 0.82

The sterile neutrino solutions predict a double ratio in awhereepe;=0.0005 fa a 5 MeV threshold on the CC events
band that is separate from all the active oscillation solutionsand 0.017 for an 8 MeV CC threshold. Fa 5 MeV CC
namely, 0.9 to 1.0. The physical reason that the double ratichreshold, there is an accidental cancellation of the contribu-
for sterile neutrinos is less than 1.0 is that in the SMA solu+ions to the neutral current ratiNC], and to the charged
tion (for active or sterile neutringsthe probability that a current ratio,[CC], so that the net value Ofief 5 MeV) is
solar ve survives as av, decreases with energgee, €.9., very small. But, for an 8 MeV threshold, the hep flux causes
Fig. 9 of Ref.[6]). In the sterile neutrino case, if the.  an uncertainty, 1.7%, that is larger than the combined con-
oscillates to another state it does not interact. Since the Nihytion from all the other known uncertainties except pos-
threshold is 2.2 MeV and the observational threshold for CCsiny counting statistickcf. Eq. (24) and Eq.(25) and Table
events is likely to be 5 MeV or above, the smaller survivalm]_ Of course, the gain at lower energies due to the reduc-

probability at low energies more strongly affects the averag¢i, in the uncertainty from the hep neutrinos may be more
NC rate than the average CC rate. . than offset by the increased uncertainty due to background
The standard model value fpNC] /[CC] is

events. Fortunately, SNO is expected to be able to measure
or to place strong limits on the hep flux within the first full

[NC] year of operatiorf4].
[CC] =1.0:0.004+0.003- 0.004- 0.015 0.02 We have not included the statistical uncertainties in the
calculational error budget of Edq24). It seems likely that
=1.0+0.026. (24

statistical errors will dominate over calculation errors, at
least in the first several years of operation of S($¢€e Table
The uncertainties, all non-statistical, shown in Ezf) result  Ill). The CC rate may be in the range of 3000 to 4000 events
from: (a) the difference between the Ying, Haxton, and Hen-per year. The NC event rate in the detector will be about a
ley [29] and Kubodera-Nozawa cross sectig@8], (b) the  factor of two smaller and the NC detection rate will be fur-
shape of the?B neutrino energy spectrufi27], (c) the en-  ther decreased by the NC detection efficiency that may be of
ergy resolution function(d) the absolute energy scale, and order 50%. Thus statistical errors in the NC rate, the uncer-
(e) the NC detection efficiency. Comparable, but small, con+tainty (~2%, see Table I)lin the NC detection rate, and the
tributions are made by the cross section uncertainties, thencertainties in the hep flux, will probably be the limiting
uncertainties in the shape of the neutrino energy spectrunfactors in determining the accuracy of the experimental mea-
and the uncertainty in the energy resolution function. Thesurement of NC]/[CC].
absolute energy scale and the NC detection efficiency are The small calculational error[see Eg. (24)] for
expected to contribute even less to the errors. [NC]/[CC], combined with the relatively large differences
One of the principal uncertainties in interpreting the elec-between the no-oscillation and the oscillation values for ac-
tron recoil energy spectrum is the poorly known value for thetive neutrinos(Table VIII), makes the double ratio an ideal
flux of the extremely rare hep neutrinf35,36. The uncer- *smoking-gun” indicator of oscillations.
tainty in the hep flux can also affect the otherwise robust
measurement dfNC]/[ CC] (see Table Il). We have recal-
culated the value of NC]/[CC] for a hep flux that is 20 VIII. THE ELECTRON-SCATTERING TO CC
times larger than the nominal standard model fl6x We DOUBLE RATIO
find [cf. Eq. (8) for the calculational prescriptign ] . ]
In this section, we present results for the double ratio of
neutrino-electron scattering to CC events. This ratio is de-
[NC] . p( ¢(hep g
. he H

1 (25) fined, by analogy with the NC to CC double rafisee Eq.
[CC] 20¢4(hep, BP9 (23], by the expression
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TE The standard model value fpES]/[CC] is
6.5F [Nc]/[cc) 3
6F 5 MeV CC threshold 1
55F LMA B [ES]
§ ———=1.0+0.06+ 0.006'+ 0.00%+ 0.01%= 1.0+ 0.06,
_ 5 VAC E [CC]
845 SMA E (27)
S 4f 3
235 L Low 3
- 5 3 31 where the non-statistical uncertainties shown in €4) re-
2 3 l - i sult from: (a) the difference between the Ying, Haxton, and
TE L Henley[29] and Kubodera-Nozawa cross secti¢@8] neu-
°F { Measure |  trino cross sectiongp) the shape of théB neutrino energy
23 s&sﬁle 3¢ 1 spectrun27], (c) the energy resolution function, aiid) the
! FNo oscillatior—> v ¥ absolute energy scale. The upper limit hep uncertainty is
( a)0~5 : Newtrine Seenari small, 0.007(see Table lIJ.
The uncertainty in the double rati&€S]/[CC] is domi-
7 nated by the uncertainty in the CC absorption cross section
6.5 [Nc]/[cc] 3 and by statistical errors~4.9% after 5000 CC events, see
6F 8 MeV CC threshold Table Ill) that are not included in Eq27).
85F  LMA 3 Table IX presents the calculated rangg BfS]/ [ CC] for
5E 3 the oscillation solutions that are currently allowed at 99%
Sast ] C.L.[4]. The table gives the best-fit values &S]/ [ CC] as
S LE VAC, 3 well as the maximum and minimum allowed double ratios
S a5k SMA - 1ow ] for a total electron energy thresho(tbr both reactionk of
- of ] F either 5 MeV or 8 MeV. The range of ratios predicted by
VAC, oscillations into active neutrinos is 1.03 to 1.65, much
2ot 1 smaller than the range (1.24 to 5.1) predicted for the
] } 1 [NC]/[CC] double ratio.
15F MSW ] 8 )
Sterile Figure 8 shows the values PES|/[CC] predicted by the
! No oscillation —= ¥ different oscillation solutions. Comparing Fig. 8 and Fig. 7,
(b) > Neutri : one can see that the neutral current to charged current ratio is
eutrino Scenario

a more sensitive diagnostic of neutrino oscillations than is

FIG. 7. The neutral current to charged current double ratio. Thethe electron scattering to charged current ratio. The differ-

double ratio[NC]/[CC] is defined by Eq(23). The standard model Eaﬁg]a/[f(rjog]"l ggigg?zggliﬂgﬂ ?to:gt:%? {E érrél.lsa:/f[]g(r:(]aa;gtrjg?é the
value for[NC]/[CC] is 1.0. Figure 7a) shows, fo a 5 MeV thresh-

ratio. In addition, there are expected to be many more de-

old for the CC measurement, the predicted double ratio of neutral ted NC ts th tri lect tteri t
current to charged current for different neutrino scenarios. Figuréec e events than neutrino-electron scattering events.

7(b) shows the same ratio but for an 8 MeV CC threshold. The solidA‘Is,O’ the cross section uncertainties Iar_gely. cancel out of the
error bars shown represent the 99% C.L. for the allowed regions dfatio [NC]/[CC], whereas the uncertainty in the CC cross
the six currently favored neutrino oscillation solutiop§]. The ~ Section is an important limitation in interpreting the ratio
dashed error bar labeled “Measure’3represents the uncertainty [ESJ/[CC].

in interpreting the measurements according to the estimates in

Table lll, which include the energy resolution, energy scéR,

neutrino energy spectrum, neutrino cross section, counting statis- IX. THE DAY-NIGHT EFFECT

tics, and the hep flux. ) ) ) ) )
We discuss in this section the difference between the

event rate observed at night and the event rate observed dur-
[ES] _ [(ES)ons/(ESsm] (26)  ing the day. For MSW solutions, the interactions with matter
[CC] [(CO)ops/(COsm ] of the earth can change the flavor content of the solar neu-
trino beam and cause the nighttime and daytime rates to
The double ratig ES]/ [ CC] has some of the same advan- d!ffer. This effect has be_en discusged ar)d evaluated by many
tages as the double rafiblC]/ [CC], namely, independence different authors, including thosg listed in RE42].
of solar model considerations and partial cancellation of un- Ve concentrate here on the differenég,p, between the
certainties. In fact, théES]/[CC] double ratio has the ad- Mghttime and the daytime rates, averaged over one year. The
ditional advantage that the same detection process is used figrmal definition ofAy.p is
the recoil electrons from both the scattering and the CC re-
actions. For thg NC]/[CC] double ratio, different tech-
niques are used to determine the two rates and this increases
the systematic measurement uncertainty in the ratio.

_[night— day]

An-p=2 [night + day]

(28)

093004-14



SNO: PREDICTIONS FOR TEN MEASURABLE QUANTITIES PHYSICAL REVIEW B2 093004

TABLE IX. Neutrino-electron scattering to charged current double ratio. The table presents the double
ratio, [ES]/[CC], that is defined by Eq(26). The results are tabulated for different neutrino oscillation
scenarios and for two different thresholds of the total electron recoil energy for both the scattering and the CC
reactions, 5 MeMcolumns two through foyrand 8 MeV/(columns five through seven

[ES/CQ [ES/C [ES/CQ [ES/C [ES/CQ [ES/C

b.f. max min b.f. max min
Scenario 5 MeV 5 MeV 5 MeV 8 MeV 8 MeV 8 MeV
LMA 1.37 1.65 1.20 1.36 1.63 1.19
SMA 1.20 1.43 1.03 1.29 1.57 1.05
LOW 1.27 1.37 1.20 1.26 1.37 1.20
VACg 1.25 1.58 1.03 1.16 1.38 1.02
VAC, 1.15 1.20 1.08 1.18 1.29 1.05
Sterile 0.96 0.99 0.92 1.06 1.08 1.02

In what follows, we shall usé\\.p to refer to the charged

(tmax— tmin)
current reaction. When we want to consider the quantity de- AND =2e % (33
fined by Eq.(28) for the neutral current, we shall write
An.p(NC).

We begin by discussing in Sec. IX A the apparent day_where €=0.0167 is the eccentricity of the earth’s orbit and
night effect that arises solely from the eccentricity of thetmax@ndtmiy are, respectively, the length of the longest and
earth’s orbit and the inclination of the earth’s atise exis- the shortest nights in the year at the location of the detector.
tence of seasopsand then we discuss in Sec. IX B the day- In what follows, we remove the No-Oscillation day-night
night effect for the CC reaction and in Sec. IX C the day_effect before presenting the predictions of an additional day-

night effect for the NC reaction due to oscillations. night effect that is due to neutrino oscillations. More pre-
cisely, we calculate the day-night effect assuming that the
neutrino flux from the sun is constant throughout the year.

A. The No-Oscillation day-night effect

The effects that we discuss in Sec. IX B and in Sec. IX C are
In the absence of neutrino oscillations, there is a geodue to neutrino mixing.

metrical day-night effect that we have not seen discussed in Experimental results can easily be analyzed so as to re-
previous publications. This No-OscillatiofNO) effect is =~ move the NO day-night effect. All that is required is to mul-
caused by the ellipticity of the earth’s orbit and by the facttiply the number of events in each time bia<1 year) by
that, in the northern hemisphere, nights are lorigays are the ratio[r(t)/(1 A.U.)], wherer(t) is the average earth-
shortej in winter when the earth is closer to the sun. Thussun distance in that time bin and 1 A.U. is the annual average
the average over the year of the nighttime rate will be largegarth-sun distance. This is the procedure adopted by the
than the annual average of the daytime rate for all detectorSuper-Kamiokande Collaborati¢8].
located in the northern hemisphere. Even after these corrections, there is a residual day-night
We find that the No-OscillatiotNO) day-night effect is ~ effect for vacuum oscillations. In this case, the day-night
effect is due to the variation of the survival probability as a
function of the distance between the earth and the sun and
the fact that in the northern hemisphere the longest nights
No _ occur when the earth is closest to the sun. We are not aware
An-p=0.0066  (SK), (30 of any previous discussions of the day-night effect for

AN° =0.0094 (SNO), (29)

vacuum oscillations. For MSW oscillations, the day-night
A“?D=0.0082 (Gran Sassp (3D effect is caused by neutrino flavor changes during propaga-
tion in the earth.
AN%=0.0088 (Homestake, (32)

B. The CC day-night effect

for the locations of the SNO, Super-Kamiokande, Gran Table X and Fig. 9 present the range of predicted percent-
Sasso, and Homestake detectors. age differences between the average rate at night and the
The No-Oscillation effect is purely geometrical; it is in- average rate during the déiye., 100< Ay.p of Eq.(28)]. The
dependent of neutrino energy and independent of neutrinoalculated predictions are givenrfa 5 MeV and an 8 MeV
flavor. The magnitude of the NO effect is the same for theCC electron recoil energy threshold.
CC, ES, and NC reactions. The numerical results given in For vacuum oscillations, the day-night effect is due to the
Egs.(30)—(32) can also be obtained from the following eas- dependence of the survival probability upon the earth-sun
ily derived relation, which makes clear the seasonal aspect afistance. The predicted day-night effect for vacuum oscilla-

the NO effect: tions is small in all the cases shown in Table X and in Fig. 9.
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3 tant systematic uncertainties that have to be taken into ac-
I count in making sure that the relative sensitivities to the day

[ (ES]/[cc] and the night rates are properly evalua{@. Even the
251 5 MeV threshold 1 purely statistical uncertainties are very significant because

the day-night differencéiy.p, is the difference between two
comparably sized large numbers. Thus the fractional statisti-

& 7 cal uncertainty after accumulating a large numbsgy, of

e VAC, counts at nightand a roughly equal number during the glay
I ] SMA  [ow Measure | is
=) VAC 30
i : " Steed o(Avo) (1) [2
I i erile T R —. (34)
1 . % An-D An-D N
[ No oscillation/ 1

i The fact thatAy.p can be a small number makes a multi-
05 sigma statistical measurement of the day-night effect diffi-
@ Neutrino Scenario cult. The careful analysis of the day-night effect by the
Super-Kamiokande Collaboratidi3] has demonstrated the
3 practical difficulty of a precision measurement&{.p. Us-
[ES)/[cC] ing more than 800 effective days of operation of the SuperK
detector with total night time counts ofN~5900
2er 8 MeV threshold (~11200 total events) the precision obtained by the Super-
Kamiokande Collaboration isAgx=0.065-0.03, i.e.,
AA/A~0.5. To accumulate with SNO an equivalent number
of CC events (11000 total evenjsmay require of order
SMA three years or longer of operation.
i [ l LOW  VAC, ] Why is the predicted effect in SNGee also Ref43]) so

l YAG, Ms‘.” much larger than for Super-Kamiokande? The reason is that
l } Sterile for neutrino-electron scattering the day-night effect is de-
: creased relative to the pure CC mode by the contribution of
No oscillation — the neutral currents. For the LMA solution, one can derive a
simple quantitative relation between the CC day-night effect,
o) °° —— ACC, and the ES day-night effeddFS. Let the nighttime rate
be proportional taPy+r(1—Py), wherePy is the average
FIG. 8. The neutrino-electron scattering to charged curren{over energy survival probability during the night andis
double ratio. The double ratiES]/[CC] is defined by Eq(26). the average ratio of ,— e to v,— e scattering cross sections.
Figure 8a) shows, for a 5 MeV electron recoil energy threshold, theWriting a similar expression for the daytime rate, it is easy to
predicted double ratio of neutrino-electron scattering to chargeghow that
current for different neutrino scenarios. The solid error bars repre-
sent the 99% C.L. for the allowed regions of the six currently fa-
vored neutrino oscillation solutionigt]. The dashed error bar la- Aﬁ_CD=AEE'D
beled “Measure 3" represents the uncertainty in interpreting the
measurements according to the estimates in Table I, which include . . .
the energy resolution, energy scaf® neutrino energy spectrum, where P '_S the_ average of the day and the nlght_ survival
neutrino cross section, counting statistics, and the hep flux. FigurBrobabilities. Since~0.16 andP~0.3 for the best-fit solu-
7(b) shows the same ratio but for an 8 MeV threshold. Figure glion, we see that the term in brackets in E2f) is about 1.6.
which has a vertical scale extending from 0.5 to 3.0, should bd=or the LMA solution, the best-fit predicted value #&" is
compared with Fig. 7, which has a vertical scale extending from 0.8% for a 5 MeV recoil energy threshold, which corresponds
to 7.0. The difference from the no-oscillation solution is much to about 13% for SNO, in good agreement with the value of
greater for thg NC]/[CC] double ratio than it is for th€ES]/[CC] 12.5% given in Table X. There are small corrections to Eq.
double ratio. (35 due to the energy dependence of the various neutrino

o ) . quantities(and the different locations on the earth of the
For most of the MSW oscillation solutions, the predicted SNO and the Super-Kamiokande detectors

day-night differences are only of order a few percent. How-
ever, for the LMA solution, the predicted difference can .
reach as high as 29%1rfa 5 MeV threshold32% for an 8 C. The NC day-night effect
MeV threshold. There are also rather large differences, in  There is no day-night effect in the NC for oscillations into
excess of 10%, that are possible for the SMA and LOWactive neutrinos. All active neutrinos are recorded with equal
solutions. probability by the neutral current detectors. However, for
At first glance, one might think that such large day-nightoscillations into sterile neutrinos there can be a day-night
differences will be easy to measure. In fact, there are imporeffect since the daughtdsterile neutrinos are not detect-

:
1+ ———

(1-nP| (35
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TABLE X. The predicted night-day differencén %) for the CC rate. The table gives the percentage
difference in the night-day CC rate&,., defined by Eq(28). For a 5 MeV(8 MeV) threshold energy for
recoil electrons, the secoritifth) column gives the best-fit value, and the thisikth) and fourth(seventh
columns give the minimum and maximum values, allowed at 99% C.L. for different neutrino oscillation
solutions(cf. Fig. 1 of Ref.[4]).

Scenario b.f. min max b.f. min max
LMA 12.4 +0.5 28.5 14.1 0.7 31.6
SMA 1.6 -1.1 12.3 1.2 -1.3 10.9
LOW 4.7 +1.1 13.5 4.0 0.8 11.8
VACq 0.5 -0.1 1.0 0.7 0.2 1.2
VAC_ 0.3 -0.1 0.5 1.0 -0.1 1.5
MSW, Sterile -0.1 -04 1.1 -0.2 -0.7 1.1

able. Thus a day-night effect in the NC would be a “smok- solutions. We define a winter-summer asymmetry by ana-

ing gun” indication of sterile neutrino oscillations. logue with the night-day difference. Thus
For the region that is allowed at 99% C.L. by a global fit _
of the MSW sterile neutrino solution to all the available neu- _[winter — summet
trino data[4], we find a NC MSW sterile neutrino day-night Aw-s= Z[Winter + summet (37
effect of
The earth’s motion around the sun causes a seasonal de-
A(NC, MSW sterilg = —0.001"9:005. (36)  pendence that can be calculated and is
Although the predicted effect is small, it is important in prin- Aw.s. oita=0.064 (45 day averages (38)
ciple since there are very few ways that sterile neutrino os-
cillations can be identified unique[y6]. for a 45 day winter interval centered around December 21

The neutral current day-night effect for solar neutrinosand a 45 day summer interval centered around June 21. The
was first pointed out in Ref44]. Here we have calculated average length of the wintésummey night during this 45
accurately the predicted range of the day-night asymmetriay period is 15.48.5) hours. The amplitude is reduced if
given the latest solar neutrino data, solar model, and a reathe entire year is divided into two parts, with the winter

istic model of the earth. average being taken as 182 days centered on December 21
and with the average length of the wintesummeyJ night
X. SEASONAL EFFECTS being 14.1(9.7) hours. In this case, the asymmetry is re-

We discuss in this section the seasonal dependences tH#{ced by a factor of 1.5 from the 45-day value. Thus
are predicted by the currently favored neutrino oscillation Aw.s. omia=0.042 (182 day averages (39)

30F  LMA . In what follows, we have removed the seasonal depen-
[ [Night — Day] dence due to the orbital motion from the quoted values of the
25 [Night + Day] 1 seasonal dependence due to neutrino oscillation effects.

5 Figure 10 shows the predicted dependence upon the day
20 ] of the year of the CC event ratB,, in SNO for each of the
; currently favored best-fit oscillation solutions. The vertical
sma OV 1 scales are different, reflecting the fact that the predicted sea-
sonal variations are, e.g., relatively large for the best-fit
LMA and VAC, solutions, but are tiny for the MSW sterile

_— ] solution. The annual average of the events rates shown in

vac, Sterile Fig. 10 yields the numbers shown_ln the second column of

- 1 Table VI. The alert reader may notice that the phases of the
. o variations in the two panels referring to vacuum oscillations
. He: pseillation are shifted by about two weeks with respect to the four pan-
Neutrino Scenario els that refer to MSW oscillations. This shift results from the

FIG. 9. The percentage difference between the night and the dafRCt that the earth and the sun are closgstevant for
CC rates. The figure shows for different neutrino scenarios the pefacuum oscillationson January 4 and the day with the long-
centage difference between the predicted CC rate in SNO at nightSt night is December 2(televant for MSW oscillations
and the CC rate in the ddgee Eq(28)]. The error bars represent ~ Table Xl and Fig. 11 show the calculated percentage am-
the 99% C.L. for the allowed regions of the six currently favored plitudes for the 45 day winter-summer difference due to os-
neutrino oscillation solutiont]. The results were calculated with a Cillations, Ayy_s. In all cases, the best-fit oscillation solutions
CC threshold of 5 MeV for the total electron recoil energy. predict a winter-summer difference due to neutrino proper-

-
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T
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L
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Low

FIG. 10. The seasonal dependence of the CC

C T

event rate in SNO. The figure shows the depen-
dence on the time of the year of the predicted CC
event rate in SNO for the six best-fit neutrino

0.5
Time (year)

—

oscillation solutions described in Table I. The
time labeled zero on the horizontal axis corre-
sponds to January 1.

MSW Sterile

0

Eqg. (39). Only rather extreme cases give amplitude®\@fs
due to oscillations that are as large as the orbital amplitudegf order 1.5 to 1.7.

which will itself require a number of years to establish de-

finitively [1].
Table XI also gives the predicted values Af,.g for a
longer average, 182 of winter and 182 of summer. For this

TABLE XI. The winter-summer predicted difference in the CC

0.5
Time (year)

1

case the statistical error will be reduced by about a factor of
two, but the size of the effect is typically reduced by a factor

For the LMA solution, we showed in Reff45] that to a
good approximatio\,.s andAy.p are related by the equa-
tion

rate. The table gives the percentage differeddggs, in the winter-

summer CC rates, defined by E&7). The results on the first row

for each oscillation solutions have been computed for 45 days in
winter and 45 days in the summer; the results on the second row ar
averaged over 182 days of winter and 182 days of summer. The
second column gives the best-fit value, and the third and fourth__
columns give the minimum and maximum values, allowed at 999% &
C.L. for different neutrino oscillation solutiongf. Fig. 1 of Ref.

[4]). The winter-summer asymmetry due to the earth’s motion

around the sunAy.s omita™ 6.4%(4.2%) for a 45 day182 day
average, has been removed from the values given here.

b.f. min max
Scenario 45d 45 d 45 d
interval 182 d 182 d 182 d
LMA 3.6 0.2 7.7
2.4 0.1 4.7
SMA 1.9 -0.9 11.8
1.1 -0.7 7.8
LOW 1.0 0.25 2.9
0.6 0.15 1.7
VACg 3.4 -0.9 6.9
2.2 -0.6 4.5
VAC, 2.0 -0.6 3.6
1.3 -0.4 2.4
MSW, Sterile -0.1 —0.55 1.1
-0.1 -0.3 0.55

tw—ts
Aw-s=An.p > n (40)
SMA
[Winter — Summer]
[Winter + Summer]
LMA
y VACg
g Orb.ltal
B
a’l VAC, 1
L LOW
3 MSW
g 1 Sterile
i 1
0 / I Y
No oscillation

Neutrino Scenario

FIG. 11. The difference between the winter and the summer
rates. The figure shows for different neutrino scenarios the percent-
age difference between the predicted CC rate in SNO for a 45 day
interval during winter and the CC rate for a 45 day interval in the
summersee Eq(37)]. The point labeled “Orbital” represents the
45 day winter-summer difference due to the earth’s motion around
the sun; the amplitude of this orbital motion has been removed from
the neutrino oscillation points. The error bars represent the 99%
C.L. for the allowed regions of the six currently favored neutrino
oscillation solutiong[4]. The results were calculated with a CC
threshold of 5 MeV for the total electron recoil energy.
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wheret,, andtg are the average lengths of the nights duringand in the plane of the CC ratRq¢ versus the first moment,
the selected winter and summer periods, respectively. For ther),
45 day(182 day intervals we are discussing here, the length  For each plane defined by two SNO parameters and for
at SNO of the winter night is 15.43 houf$4.10 hoursand  each of the six neutrino oscillation solutions, we plot error
the length of the summer night is 8.49 hou8s72 hour$.  bars that represent separately the 99% C.L. acceptable range
The term in brackets in Eq40) is 1.6 times larger for the 45 of the neutrino parameters in the global fits to all the cur-
day period(longer nightg than for the 182 day period. This rently available solar neutrino daftd]. The 1o experimental
accounts well for the ratios ohy.s for the 45 day and the yncertainties are summarized in Table Ill. The statistical un-
182 periods that are given in Table XI. EquatiotD) also  certainties are computed assuming 5000 CC events, 1219 NC
produces well the individual values @fy.s for the LMA  eyents, and 458 ES events. We assume that the hep uncer-
solution. Using the best-fit value dky.p=12.48% (from  tainties are symmetric and equal to the upper limit uncer-
Table X and (w—ts)/(24 h)=0.29, we estimateAw.s  tainty, which slightly increases the error contours. For the
=3.6% for the 45 day average, in good agreement with theyo-oscillation case, only the experimental measurements are
result given in Table Xf. _ correlated. When neutrino oscillations occur, the predicted
From the size of the predicted effects shown in Table Xlyajyes for different parameters are also correlated. We in-
and Fig. 11, we conclude that it will require many years of¢jyde here only the correlations of the uncertainties for the
SNO operation to measure an accurate valufs if the  no-oscillation case; we do not include the correlated contours
currently favored oscillation solutions are correct. for the six different predicted oscillation solutions. A full
calculation that includes the theoretical correlations between
the different measured parameters and also includes asym-
XI. SMOKING GUN VS SMOKING GUN metric hep uncertainties should be carried out in the future,
but this study is beyond the scope of the present paper.

fergrt]ztrr?c?k\i,r\:e gi"? bzacnc;:;r;gérgngr]t?: rSnNegSE;imbeemznof[:':' _ The correlations between different estimated experimental
ggung : 9 QUncertainties cause the no-oscillation error ellipses to be

P;t: ﬁiﬁ[{tj ?;rﬁ)\/;”;g gidgiﬁ;eer:tgu% r::tillﬂese?(ins?sart]hae(r:wcnﬁIted in Figs. 12-16. For purposes of illustration, we have
) : pe y exists, .. assumed that the error correlations are as estimated in Ref.
will be possible to analyze simultaneously a variety of dif-

ferent measurements using a global analysis method lik 11]. As we shall see from Figs. 1216, the tilt of the error
. S g a glo ysIs .. @llipses can significantly influence the total statistical C.L.
maximum likelihood. In the meantime, we begin an initial

illustrative exploration by analyzing pairs of SNO measure_aSS|gned to a given set of results and therefore accurate de-

ments.

We show in this section how comparisons of the measure-
ments of different smoking-gun quantities versus each other
can enhance the deviation of a single measurement from the g0 .
no-oscillation expectation and also shrink the globally-
allowed range of the oscillation parameters. We concentrate
on the most powerful pairwise combinations of variables.
We do not illustrate all possible combinations, omitting some
examples(like day-night effect versus first moment of the
CC energy spectrumthat turn out to be less useful when
examined quantitatively.

We begin by displaying and discussing in Sec. XI A the
predicted oscillation regions in planes defined by the double
ratio [NC]/[CC] versus eithef1) the day-night effectA; (2) i SMA |
the first momentT), of the CC recoil energy spectrum; and 0 = u
(3) the neutrino-electron scattering reduced r@Es]. The L MSW Sterile _
double ratios involving the neutral current discriminate A I R B
sharply between oscillation and no-oscillation scenarios and -20 0 20 40
also reduce the range of acceptable oscillation parameters. In Ayp (%)

Sec. XI B and Sec. XI C, we discuss the location of the fa-
vored oscillation solutions in theES)/[CC] versus(T) plane

=00 - vac, || [Low

s([Nc]/[cc)) (%)

FIG. 12. TheNC]/[CC] double ratio versus the day-night asym-
metry. The figure shows the fractional difference in percent of the
neutral current versus charged current double raN&]/[CC] [Eq.
(23], from the no-oscillation value of 1.0, versus the day-night

2For the LOW solution, Eq(40) also gives a crude estimate of difference,Ay.p [EQ. 28] in percent. The standard model value of
Aw.s, accurate to~40%. The value ofSm? is smaller for the  Ay.p is 0.0. For the six currently preferred oscillation solutions, the
LOW than for the LMA solutions and therefore the typical oscilla- error bars represent the 99% C.L. regions for acceptable fits to all
tion length in matter is larger. The averaging of the oscillationthe available neutrino data. Estimated error contours for SNO are
effects required for the validity of Eq40) (see Ref[45]) is not shown at the #, 20, 30, and 5 levels relative to the no-
complete for the LOW solution. oscillation solution which lies at (0,0).
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FIG. 13. The[NC]J/[CC] double ratio versus the average recoil  FIG. 14. The[NC]/[CC] double ratio versus the neutrino-
energy. The figure shows the fractional difference in percent of thelectron scattering double ratio. The figure shows the fractional
neutral current versus charged current double ratG]/[CC] [Eq. difference in percent of the neutral current versus charged current
(23)], from the no-oscillation value of 1.0, versus the fractional double ratio[NC]/[CC], from the no oscillation value of 1.0, ver-
difference in percent of the average electron recoil endfBy[Eq. sus the fractional shift in percent of the reduced neutrino-electron
(15], from the no-oscillation value[Eq. (14)]. Contours at scattering ratio from the Super-Kamiokande value of 0 &g Eq.

1o, 20, 30, and 5 are shown relative to the no-oscillation solu- (41)]. Contours at &, 20, 30, and 5 are shown relative to the
tion at (0,0). no-oscillation solution at (0,0).

terminations of the error correlations for the SNO experi-

) . currently favored oscillation solutions, with the exception of
ment will be important.

the MSW sterile solution, predict locations in the
O[NC]/[CC] versusdT plane that are separated by more
than 5 from the standard model solution, which lies at
1. [NCY[CC] versus the day-night effect (0.0,0.0). However, the discrimination is almost entirely due
to the[NC]/[CC] double ratio. The value ofT only adds a
large discrimination for the extreme VAGolution. The pre-
dicted values for the MSW sterile solution extend out to
2.9%, which because of the correlation of the experimental
rrors(which gives rise to the tilt of the error ellipses in Fig.
3), can correspond to deviations as large asfBom the
no-oscillation solution.

A. [NCJ[CC] double ratio versus other smoking guns

Figure 12 shows the values predicted by the different os
cillation solutions in the plane of tHeNC]/[ CC] double ratio
and the day-night asymmetriy.p. Specifically, we plot the
fractional shift in percent of thENC]/[CC] double ratio from
the standard model value of 0% on the vertical axis and th§
predicted value in percent of the day-night asymmetgyp
(standard model value of 0%6n the horizontal plane. Each
of the currently allowed solutions, with the exception of the
MSW  sterile  solution, predicts points in the 3. INCyiec] versus [ES]

S[NC]/[CC]-A\.p plane that are more thano5separated The most likely value for SNO to observe for the
from the standard model solutiofwhich is located at neutrino-electron scattering rati&S] is close to the Super-
0%,0%). Moreover, the vacuum solutions are separatelamiokande[3] value of [ESsx]=0.475 (see for example
from the MSW solutions by amounts that exceed the ex-Table VIl or Fig. 6. It is therefore convenient to define the

pected measuring errors iAy.p and [NCJ/[CC]. It will, quantity S([ES]) as follows:
however, be more difficult to distinguish between different
MSW solutions in thes[NC]/[CC]-Ay.p plane, although [ES]oss —0.475

S(ES)= (42)

some measured values would point to a unique solution. For
example, a large positive value 8f.p (=20%) combined
with a large value offNC]/[CC] (=2.3) would favor the We have used parentheses rather than squared brackets in
LMA solution. The allowed region for the MSW sterile so- definingd (ES) because the shift lES] is measured rela-
lution is all contained within the ellipse corresponding to thetive to 0.475 rather than 1.0.
estimated & experimental uncertainty. Figure 14 shows the predictions of the different oscilla-
tion solutions in theS[ NC]/[ CC] versusé(ES) plane. Just as
2. [NCY[CC] versus(T) for Fig. 12 and Fig. 13, all of the currently favored oscilla-

Figure 13 shows the predictions of the different oscilla-tion solutions, with the exception of the MSW sterile solu-

tion solutions in theS| NC]/[ CC] versusésT plane. All of the  tion, are well separate@nore than & away from the stan-

0.475
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FIG. 15. The[ESJ[CC] double ratio versus the average CC  F|G. 16. The CC rate versus the average recoil endfy, The
electron recoil energy. The figure shows the fractional difference ifigure shows the percent difference of the CC double ratg,
percent of the electron-scattering-CC double rgi5}/[CC], from  discussed extensively in R¢#], from the no-oscillation solution of
thg n.o-oscnlatlon solution dfES]/[CC]=1.0, versus the fractional R_.=0.475, versus the fractional differenfsee Eq.(15)] of the
shift in percent of the average electron recoil ene(@y, (Sec. Il),  average electron recoil enerdy;), from the no-oscillation value of

from the no-oscillation value of qu4) Contours at &, 20, 30, Eq (14) Contours at ¥, 20, 3o, and 5 are shown relative to
and 5 are shown relative to the no-oscillation solution at (0,0). the no-oscillation solution at (0,0).

dard modell solution, wh|qh lies at (0.0,0:Q). For some of the XIl. SUMMARY AND DISCUSSION
VACg solutions, the predicted large positive valuespES]

is incompatible with, and hence distinguishable from, the
predictions of the other currently allowed solutions. This dis-
crimination is a result of combining the values of bpC]/

We concentrate in this section on describing the results
for the predictions of the six currently favored neutrino os-

[CC] and[ES] since the measurement of either of these pa_cillation solutions that are globally consistent at the 99%

rameters by itself would not permit, according to Fig. 14, theC-L- 'with all of thg ava_ilable neutrino (_jata. The neutrino
isolation of these VAG solutions. solutions are described in Table | and Fig. 1.

We begin this section by summarizing the results for pa-
rameters for which the estimated uncertainties are relatively
small: (1) the neutral-current over charged current double
ratio, Sec. Xl A; (2) the shape of the CC electron recoil

Figure 15 shows the predictions of the different oscilla-energy spectrum, Sec. XII B3) the day-night difference for
tion solutions in thes[ ES]/[ CC] versussT plane. Although  the CC and for the NC, Sec. Xl C; ar{d) seasonal effects,
there are some predictions that extend well beyond e 5 Sec. XII D. Altogether, we discuss six measurable quantities
contour in Fig. 15, these outlying predictions occur mostlyin Secs. XIl A—XII D.
for large values of ESJ/[CC] and should show up directly by ~ We summarize the principal uncertainties, theoretical and
comparing the neutrino-electron scattering rate with the CCexperimental, in Sec. XII E. The uncertainties due to the hep
(neutrino absorptionrate (see the discussion in Reffd]).  flux and the neutrino interaction cross sections are empha-

The additional measurement of the first moment of the CGjzeq in this section; the estimates of the experimental uncer-
distribution, (T), does not add much to the discriminatory tsinties are very preliminary.

power of[ES)/[CC].

B. Electron-scattering and CC double ratio
versus CC energy spectrum

We then describe the predicted values and the potential

inferences from SNO measurements for the CC rate, Sec.
C. CC rate versus CC energy spectrum XII'F, for the NC rate, Sec. XIl G, and for the neutrino-

Figure 16 displays the six currently favored oscillation electron scattering rate, Sec. XIl H. Next we discuss in Sec.
solutions in the plane of the CC ratB.c, and the first Xll | the neutrino-electron scattering to CC double ratio,
moment of the CC electron-recoil energy spectry). which has some of the same advantages as the neutral-
Some of the currently allowed VA SMA, and LMA so-  current to charged current double ratio, but suffers from a
lutions lie in this plane more thand5from the no-oscillation  relatively large uncertainty in the CC interaction cross sec-
position. However, there are also currently allowed oscilla-tion. Finally we summarize in Sec. XII J our initial explora-
tion solutions that fall considerably closer to the no-tion of combining the analysis of different smoking gun in-
oscillation point at (0.0,0.0). dicators of neutrino oscillations.

093004-21



BAHCALL, KRASTEV, AND SMIRNOV PHYSICAL REVIEW D 62 093004

A. Neutral current over charged current double ratio: No Oscillation (NO) effect and whose value for the SNO
[NCY[CC] detector we have given in Eq29). We have removed the
All five of the currently favored oscillation solutions with NO effect from all of the calculated day-night values given
active neutrinos predict that the double rafidC]/[CC], will in this paper.

be separated from the no-oscillation value of 1.0 by more For the currently favored MSW active neutrino solutions,
than r, estimated non-statistical errors. The uncertaintieghe best-fit predictions for the average difference between the
due to the cross sections and to the solar model almost candaighttime and the daytime CC rate%.p, vary from 2% for
out of the double ratio. The minimum predicted value forthe SMA solution to 12.5% for the LMA solution, all for a 5
[NC]/[CC]is 1.24 and the maximum predicted value is 5.15,MeV recoil electron energy threshold. Small values
all for a 5 MeV CC threshold. The estimated Xotal non- (<1%) of the day-night difference would be consistent with
statistical error is only+0.026; the statistical error will be any of the three MSW solutions, but very large values of the
the largest uncertainty unless more than618° NC events  day-night difference are only expected for some of the LMA
are detected. The sterile neutrino solution lies in a disjoinisolutions. The maximum expected difference for the most
region of[NC]/[CC] from 0.92 to 0.99. extreme LMA solution is 28.5%, whereas the maximum dif-
The results are summarized in Fig. 7 and are given irference expected for the LOWSMA) solution is 13.5%
more detail, for two different thresholds of the CC electron(12%). The MSW sterile solution predicts values for the day-

recoil energy, in Table VIII of Sec. VII. night asymmetry between 0.5% and+ 1.1%. Table X pre-
The double ratidNC]/[CC] is an ideal smoking gun in- sents similar results also for an 8 MeV electron recoil energy
dicator of oscillations into active neutrinos. threshold.
For vacuum oscillations, the predicted values of the day-
B. The shape of the CC electron recoil energy spectrum: night effect are small, but non-zefeee Table X
(T) and o(T) Initially, the dominant uncertainty for the day-night effect

The shape of the CC electron recoil energy spectrum caW".l be pure!y statistical. The_most difficult problems will
be characterized by the first momefiT), and the standard ultimately arise from systematic effects, such as the symme-

deviation,o(T), of the electron kinetic energyl, With pre- trycoa];r:gesg:;[tee ﬁﬁr aer\grt:: tsﬁe?tavrviiiltllcr)\g\?; Ezebgfng\églnetz fbrorg
cision measurements of the spectrum, special features of tf etailed SNO Mo?ne Carlt,) simulation. The purel statisticél
recoil energy spectra may also be detectdbfeFig. 4). : pure’y .
7 ' error may be of order 4% after one full year of operation.
If there are no oscillations, the first moment (%),

—7.422¢(1+0.013) MeV, where the estimated uncertaintyWhether or not the systematic errors affect in an important

includes both the measurement and the calculational unce\f\—/ay the measurement of the day-night effect will depend

tainties. The best-estimate predictions for the different oscilsPon _the actual_ magnltude @iv-p and the size of the sys-
. . : . ematic uncertainties.
lation solutions correspond to a fractional shift between 0.1%

' . Figure 9 and Table X present the numerical results for the
(LMA and LOW solution$ to 3.7% (VAG; solution. The " SO \
largest predicted value of the shift is 7.5% (VA€&blution. CC day-night asymmetry which is defined by H@8) of

The shift in the first moment may be measurable for theSec. IX. If one of the MSW active neutrino solutions is cor-

d ; . rect, then the day-night difference could become apparent
SMA, VACs, VACL.’ gnd MSW sterile heutrinos, but will be early in the operation of SNO. This possibility exists for the
too small for a definitive measurement if the LMA or LOW . : . .
olutions are correct. On the other hand, only the 4G MSW active solutions, but is not required.
ISt'u lons dict th ttH d devi t" 'djyf \éT : There is no day-night effect in the NC for oscillations into
v?/illlogscgreed It%reeastarel drgr%azlé(/?atioi\gaflc;fgs ymlz(():rr? ;s>r?alf Ozflctive neutrinos. Oscillations into sterile neutrinos give a
. small effect: Ay.p(NC, MSW sterile)= —0.001° 9% [see
the currently allowed solution space. Eqg. (36)]. This effect is important in principle since it is a
Figure 5 and Table IMof Sec. Ill) show the predicted d- (9] Thi por principie, : )
e : ) clear distinction between active neutrinos and sterile neutri-
range of shifts in the first momen(T), of the recoil energy . L
nos. However, the predicted size is too small to be measured
spectrum. A measurement dfT) to a lo accuracy of

g . with SNO.

~100 keV will 'S|gn|f|c§1ntl'y reduce the aIIowe.d solution All of the currently favored neutrino oscillation solutions
space fo_r nleutrlnlo _oscﬂlatlons, but may not uniquely favor(MSW or vacuum oscillations into active neutrinos, as well
one particular solution. o . . : ; X

The calculated no-oscillation value of the standard devia®® MSW oscillations into sterile neutrinogredict that
tion of the CC recoil energy spectrum igo=(c?)3? |An.o(NC)|<0.01. (42)
=1.852(1t0.049) MeV. It will be difficult to measure the
ﬁ:?gg}g({/s‘g'?ri:;o_ngg i'en\f?otqgéoﬁzl\f%ﬁg ;Eeszg:ismgall\t/:c? We have written Eq(42) in its most general form. Of course,

! An.p(NC) is predicted to be identically zero for all neutrino

calculational and non-statistical measurement uncertaintiesN-P\ " : . .
are + 86 keV oscillations(vacuum or MSW into active neutrinos.

The measurement by SNO @&fy.5(NC) will be an im-
_ _ portant test of neutrino oscillation models. If we obtain in-
C. Day-night difference: Ay.p and Ay.p(NC) dependent evidence that solar neutrino oscillations involve
In the absence of neutrino oscillations, there is a purelyactive neutrinos, or if one hypothesizes that sterile neutrinos
geometrical day-night difference that we have defined as thplay no role in solar neutrino oscillations, then the measure-
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ment of Ay.p(NC) can be regarded as a test of the standardputed uncertainties in measurable quantities using the entries

electroweak model. in Table Il and the algorithm given in Eq7). It is a matter
of judgment as to how many standard deviations should be
D. Seasonal effectsAy, s assigned to the difference computed from Eg. We be-

) ) ) lieve that we are being reasonable and conservative in re-
_Figure 11 and Table XI give the amplitudes of the CCgading this difference asdl But, we stress the need to
winter-summer differencegly,.s, that are predicted by the greatly increase the limited number of entries in Table Il so
favored neutrino oscillation solutions. The results can b&hat a more informed estimate of the uncertainties can be
compared with the amplitudes expected from the orbital momade. The need for additional calculations is particularly ur-

tion of the earth, which are given in E@®8) and Eq.(39). In - gent for the double reduced rafillCJ/[CC]. We have used
all cases, the current best-fit oscillation solutions predict ust the two entries in Table Il to estimate that the uncer-
winter-summer amplitude that is less than the amplitude du?ainty in [NCJ[CC] is an order of magnitude less than the
to the earth’s orbital motipn. Only for a small fraction of the separate uncertainties jNC] and[CC] . While plausible, it
currently allowed oscillation parameters does the predictegs essential to check that this cancellation of uncertainties in
amplitude due to oscillations exceed the amplitude due to thghe double ratio is indeed a general characteristic of accurate
earth’s orbital motion. - calculations of the neutrino interaction cross sections.

We conclude that it will probably be difficult to measure  Towner[47] has computed radiative corrections for both
Aw.s. However, we note that the prediction th&f,.s IS the CC and the NC neutrino reactions on deuterium. The

small is a prediction that can and should be tested. effect of the radiative corrections is generally small. Radia-
tive corrections change the first moment by about 0.1% and
E. Uncertainties the second moment by about 0.3%. Although not computed

Table Il presents a convenient summary of the estimate§y Towner, the effect of radiative corrections on time-
calculational and measurement uncertainties for different exdependent quantities such as the day-night effect, the zenith
perimental quantities that will be determined by SNO. weangle distribution, and the seasonal effects is expected to be
present in Sec. Il a full description of how we estimate theséimilarly small (<0.3%). For the double ratigfNC}/[CC],
uncertainties. We do not include the effects of backgroundhe effect of the radiative corrections is larger, 0.5%, if the
events; there is no reliable way of estimating the backgroun@hotons from the inner bremsstrahlung in the CC reactions
prior to actual measurements in the SNO detector. We als8'® not detected. In the extreme case in which all of the inner
do not include misclassification uncertainties, e.g., ES eventdrémsstrahlung photons are somehow daetected by SNO, the
mistaken for CC events or NC events mistaken for CNCJ[CC] ratio would be increased by 4%.

events. These errors must be determined by the detailed SNO The knowledge of the cross section uncertainties can be
Monte Carlo simulations. improved by further calculations, especially those based

The quantitative influence of the hep flux of neutrinos onUPoN chiral symmetry. Calculations should be carried out for
the measurement accuracy of different quantities has beéh Variety of models and approximations and with the full
evaluated here for the first time. In addition, we include es/ange of allowed nuclear and particle physics parameters. An
timates of uncertainties due to the width of the resolutioninitial step in this direction has been taken by Butler and
function for the recoil electron energies, the absolute energfrNen[31], who have calculated the NC reaction in effective
scale, the®B neutrino energy spectrum, the interaction crosseld theory. A full exploration of the allowed range of CC
sections, and the number of events counted. and NC cross sections for neutrinos incident on deuterium is

Our present limited experimental knowledge of the hep2" urgent aqd important task for the theoretical nuclear phys-
flux causes an uncertainty 6f2% in all three of the rates CS community. o _ _
that will be measured by SNO, i.e., the CC rate, the NC rate, Furt'her experimental work on neutrino interactions with
and the neutrino-electron scattering ratee Table Il). deuterium wquld be extremely valuable. Butler and Chen
However, measurements of the CC spectrum by SNO cak31l have pointed out that a measurement of the tvvzo-body
reduce the uncertainty in the hep fl{&] and therefore de- Matrix element could be made using the reacteoh °H
crease the contribution of the hep to the error budgets of>€+N+p. This is an urgent and important task for the
different SNO measurables. Most recently, an improved the€XPerimental nuclear physics community. More precise mea-
oretical calculatiorf46] of the low energy cross section fac- surements of the anti-neutrino d|S|ntegrat|on cross sections
tor for the hep reaction has increased the best-estimate of tfdade with reactors would be valuable in choosing between
flux from the standard solar model by about a factor of five@nd guiding theoretical calculation$or a state-of-the-art
relative to the value given in BP98 and used in the preserfiiscussion of the experimental possibilities see R&). It
paper. would also be us_eful to test the accuracy o_f the calculatlonal

The neutrino cross section uncertainties for the CC andProcedures, albeit at higher neutrino energies, by performing
the NC rates are the largest entries in Table Ill. The lack of
knowledge of these interaction cross sections will limit the
interpretation of the measured rates of both the CC and the3ror neutrino-electron scattering, radiative corrections are also
NC interactions. small and have been computed explicitly by Bahcall, Kamion-

Table 1l summarizes the recent cross section calculationgowski, and Sirlin[38]. The Super-Kamiokande Collaboration in-
for the CC, NC, and for the ratio, NC/CC. We have com-cludes these calculated radiative corrections in their ana[j&jes
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neutrino absorption and disassociation experiments on deun the predicted value of the standard solar model flux will be

terium with a stopped muon beam. reduced somewhat by precise laboratory measurements of
the 8B production cross section that are now in progress.
F. The CC rate: [CC] A measurement diNC] larger than or close to 1.0 would

The charged current rate will be one of the first results tobe evidence against sterile neutrino oscillations and would

be obtained with SNO. The reduced neutrino-absorption rateisﬁgzort;:'ren;?tl;r n;?deellseitcl)Tgtre (fa?rt:\ﬁai fiug)(p’go:irl](izds re-
[CC], defined by Eg.(17), can be compared with the Xperi value | 9 ~ u

neutrino-electron  scattering ratio measured by Super[nent between 1.0 and 0.5 could be interpreted as indicating

Kamiokande[3], 0.475+0.015. If the CC ratio is measured a solar flux somewhat lower than the best estimate or as
t0 be less than’O '475 th.en that would be evidence that providing evidence for sterile neutrinos. A measurement sig-

scattering includes contributions from muon or tau neutrino\{?'f'camy be'O.W 0.5 WQUId be a clear mdlcgtmn_ of oscilla-
and therefore neutrino oscillations are occurring. ions into sterile neutrinos, but would conflict with the Ka-

Table VI presents the predicted CC reduced rdt€€], tmhlokande[zt% ?irr:d rSl:per-Kamlokand[éS] IMEASUISMENLS Ol
for the six currently favored oscillation solutions. For ex- eByI-e ica ed Gg a'eé.18 h inted h .
ample, the predicted ratio for oscillations into active neutri- ienKy an iunti 48] have pointed out that a compari-
nos ranges from 0.2Q MA, minimum value to 0.46(SMA, son of the time dependence of the CC and NC SNO rates on

maximum valug if the recoil electron energy threshold is the time scale of the 11 year solar cycle could test the spin-

set at 5 MeV. There is about an equal chance, according tf avor precession scenario. According to this hypothesis, the
C rate would remain constant throughout the solar cycle

Table VI and Fig. 2 of Ref[4], that the measured value of . . .
[CC] will lie more than 3r below the no-oscillation value of while the CC rate would vary with phase in the cycle.

0.475. Four of the solutions, the LMA, SMA, LOW, and
VACg solutions, all have best-fit global solutions that predict
[CC]<0.40 and each of these solutions has some region of Table VII and Fig. 6 show the predicted values of the
neutrino parameter space that gives values as low as 0.35 mrduced neutrino-electron scattering rafiBS], for the six
below. currently favored oscillation solutions. Not surprisingly, the
The MSW sterile solution predicts values foEC] that  predicted ratios cluster close to the Super-Kamiokande value
are very close to 0.475 for an electron recoil energy threshef 0.48[3]. The most extreme values range from O(#Bni-
old of 5 MeV. For a threshold of 8 MeV, the MSW sterile mum allowed for the MSW sterile solutipmand 0.52(maxi-
solution predicts values fQCC] that even exceed 0.475ee  mum allowed for the VAG solution. These values are all
explanation of this interesting fact in Ré#]). for a recoil electron energy threshold of 5 Md¥ee Table
The discriminatory power of the CC rate measuremenWIl for results for an 8 MeV threshojdand a 99% C.L. for
could be increased significantly if the uncertainty in the CCthe allowed range of oscillation solutions.
cross section could be decreasee discussion in Sec. For the first five or ten years of operation of SNO, the
XII E above. dominant measurement uncertainty f&S] will be statisti-
cal (cf. Table VIl). The observed rate of neutrino-electron
G. The NC rate: [NC] scattering events in SNO is expected to be onli0% of the
CC rate.

H. The neutrino-electron scattering rate: [ES]

The reduced neutral current rafdlC], should be equal to o .
1.0 if the standard solar model prediction of thB flux is Although the SNO detector is different from either the

) S . . Kamiokande or the Super-Kamiokande detectors, and the
exactly correct and if there are no oscillations into sterile

. . ) : ; value of [ES] depends somewhat on threshgkke Table
neutrinos. Oscillations into active neutrinos would preserveV”) and on the instrumental parameters such as the width of

the neutral current rate and would not change the 1.0 P'She energy resolution function, the bottom-line results for

dicted value of the reduced rate. BES] should be similar in all cases for these water Cherenkov

The interaction cross section constitutes the largest unce [etectors
The SNO measurement ofe scattering will provide an
portant check of SNO versus Kamiokande and Super-
Kamiokande and vice versa. In addition, the valu¢Es| as
determined in SNO can be used in connection with other
SNO measurements to constrain the allowed neutrino param-

eter oscillation space.

tainty, 6%, in determining experimentally the reduced
neutral current rate. The uncertainties in calculating the solaﬁ,n
flux (+18%), — 16%, see Refl5]) provide the biggest com-
plication in interpreting the neutral current measurement di
rectly in terms of neutrino physidsee Eq.(20) for the un-
certainties in measuring and interpretifigC]].
The sensitivity of NC] to the true solar flux is a problem
for particle physics, but an advantage for astrophysics. .
The measurement of the neutral current rate will provide |. The v-e to CC double ratio: [ESY[CC]
crucial information about the tru®B solar neutrino flux pro- The double ratio of ESJ/[CC] is, like the [CC]/[NCC]
vided there are no oscillations into sterile neutrinos. Unfor-double ratio, largely insensitive to solar model uncertainties
tunately, the MSW sterile neutrino prediction, (see Table Ill. Moreover, some of the systematic measure-
[NClsterie = 0.48+ 0.01[see Eq.(21)], is within about 3r ~ ment uncertainties are reduced because the same techniques
of the no-oscillation value of 1.0 when one includes the un-are used to detect e scattering$[ES]) and neutrino absorp-
certainty in the solar model flux. Hopefully, the uncertainty tion ((CC]). The principal difficulty in interpreting measure-
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ments of the double ratidES]/[CC] at the present time is the for some currently favored MSW solutions. For a 5 MeV
large uncertainty, 5.8%, in the CC reaction cross sectionglectron recoil energy threshold, the best-fit differences vary
This uncertainty is almost six times larger than any othedetween—0.1% (MSW sterilg and 12.5%(LMA). The larg-

known contributor to thgES)/[CC] error budget{see Eq. st predicted value among all the currently allowed solutions
27)]. is 28.5%(LMA ), which could be detectable in the first year

of operation of SNO. Similar results are predicted for an 8
ues for[ESJ[CC] for the six currently favored neutrino os- ¢,20 Gl Sl e e S e e o ecs. Small
cillation solutions. For oscillations |nto. active neutrinos, , o es € 1%) of the CC day-night rate difference would be
1.03<[ES]/[[CC] <1.65 fa a 5 MeV recoil electron energy conpsistent with any of the six currently favored two-flavor
threshold. The corresponding limits are 1.05 and 1.67 for apscillation solutions. The day-night difference of the NC is
8 MeV energy thresholdsee Table IX The total non- predicted to be<0.01% for all solutiongand is non-zero for
statistical uncertainty is estimated to be T%ee Eq.(27)] the MSW sterile solution
and the statistical uncertainty will be about 5% after the ac- (3) Uncertainties The uncertainties in the absolute values
cumulation of 5000 CC events. of the neutrino cross sections for the CC and for the NC
We conclude that Nature has adequate opportunity tgurrent reactions are the largest known uncertainties. These
choose an oscillation solution into active neutrinos in whichuncertainties limit the interpretation of the separate CC and

the ratio[ES)/[CC] is many sigma from the no-oscillation NC rates, but cancel odio an accuracy of better than 1%

the [NCJ/[CC] ratio.
value of 1.0. Nevertheless, the contrast between the no- (4) Specrum distortionThe first moment of the CC elec-

oscillation value and the currently favored oscillation predic- - ; -

. . o tron recoil energy spectrum describes well the predicted de-
tions is much less fofESY[CC] than it is for[NCJ[CCL. \iatians for all except the VAC solution. For all the MSW
The greater power gNCJ/[CC] can be seen most clearly by g tions and for the VAGsolution, the predicted spectrum
comparing Fig. 7, which has a vertical scale that extendgisiortion is smooth and monotonic in the region accessible
from 0.5 to 7.0, with Fig. 8, which has a vertical scale that;; gnO (see Fig. 4 and hence can be characterized by a

Figure 8 and Table IX present the predicted range of val

extends only to 3.0. single parameter. The currently favored oscillation solutions
. _ predict a range of deviations of the first moment, most of
J. Smoking gun versus smoking gun which are less than the estimated- &xperimental uncer-

The full diagnostic power of SNO will be achieved by fainty. The largest predicted deviations are for the VAC
analyzing simultaneously all of the measurements, includingbest-fit predicted deviation 283 kg¥énd SMA (best-fit pre-
upper limits. This full analysis requires detailed and maturedicted deviation 218 keysolutions. '
Monte Carlo simulations based upon experimental calibra- The VAC_ solution generically predicts a bump and a dip
tions. in the low and middle energy region of the SNO electron

Figures 12—16 provide an illustrative introduction of what 'ecoil energy spectruntsee Fig. 4. For the best-fit VAG
can ultimately be achieved by the simultaneous analysis o$olution, this modulation is about 30% and if observed
the full set of SNO measurables. The figures are two dimenwould be strong evidence for the VAGcenario. The pre-
sional slices in the multi-dimensional SNO parameter spacedicted modulation occurs in a region where the event rate is
we plot one smoking gun against another smoking gun. Corexpected to be relatively high.
tours ranging from & to 50 are shown for the no-oscillaton (5 Characteristic size of effectShe current best-fit glo-
case and include estimates for the error correlations. Theal neutrino oscillation solutions typically predict small ef-
error bars for the different oscillation scenarios represent théects, of order several percent or less, for all of the quantities
range of values predicted for each smoking gun indepenthat are sensitive to oscillations which SNO will measure,

dently. except[NC]/[CC]. However, for some allowed oscillation
solutions, the difference between the day and the night rates
XIIl. WHAT ARE OUR MOST IMPORTANT and the distortion of the shape of the CC electron recoil
CONCLUSIONS? energy spectrum may be relatively large.

(6) Sterile neutrinosThe current best-fit MSW sterile so-
The paper contains many specific results. Here is our pelution predicts, relative to the no-oscillation solution, a 1.8%
sonal list of our most important conclusions. shift in the first moment of the CC electron recoil energy
(1) The neutral current to charged current double ratio spectrum and a CC rate that is larger than for the other cur-
All currently favored active neutrino oscillation solutions rently allowed oscillation solutions. The neutral current rate
predict a value for the double ratipNCJ/[CC], of neutral is predicted to be 0.4650.01 of the standard solar model
current to charged current event rates that is, with our bestte, i.e., the MSW sterile solution predicts a much smaller
estimates for the theoretical and experimental uncertaintiesalue for the neutral current rate than the other allowed os-
more than 9 away from the no-oscillation solutigimeglect-  cillation solutions. The sterile solution also predicts a small
ing statistical uncertaintigslf statistical uncertainties are in- but non-zero value for the difference between the NC rate
cluded for 5000 CC event@nd 1219 NC eventsthen the  during the day and the NC rate at night. The CC day-night
minimum discrepancy is reduced ter6 difference is predicted to be small, but not as small as for the
(2) Day-night differences in the CC ratdarge differ- NC day-night difference. It will be difficult to discriminate
ences are predicted between the day and the night CC rategth SNO between the no-oscillation solution and the cur-
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rently allowed MSW sterile solution. stimulating comments raised the questions that this paper
The Sudbury Neutrino Observatory will enrich particle addresses. We are indebted to E. Akhmedov, E. Beier, S.
physics with measurements of many effects that are sensBilenky, D. Cowan, E. Kearns, J. Feng, M. Fukugita, K.

tive, in different ways, to neutrino oscillations. Kubodera, E. Lisi, A. McDonald, and Y. Nir for valuable
comments on a draft copy of this manuscript. J.N.B. and
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