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We analyze tests of electron flavor conservation that can be performed at the Sudbury Neutrino Observatory
(SNO). These tests, which utilizBB solar neutrinos interacting with deuterium, measijethe shape of the
recoil electron spectrum in charged-curr€@t) interactiongthe CC spectrum shapeand(2) the ratio of the
number of charged-current to neutral curr@dC) events(the CC/NC ratigp. We determine standard model
predictions for the CC spectral shape and for the CC/NC ratio, together with realistic estimates of their errors
and the correlations between errors. We consider systematic uncertainties in the standard neutrino spectrum
and in the charged-current and neutral current cross sections, the SNO energy resolution and absolute energy
scale, and the SNO detection efficiencies. Assuming that either matter-enhanced or vacuum neutrino oscilla-
tions solve the solar neutrino problems, we calculate the confidence levels with which electron flavor noncon-
servation can be detected using either the CC spectrum shape or the CC/NC ratio, or both. If the SNO detector
works as expected, the neutrino oscillation solutions that best fit the results of the four operating solar neutrino
experiments can be distinguished unambiguously from the standard predictions of electron flavor conservation.
[S0556-282(96)00221-4

PACS numbsgs): 11.30.Fs, 12.66-i, 13.15+0, 26.65:+t

[. INTRODUCTION comparison is sensitive to a nonzero conversion probability
to a different(active neutrino.

We assess quantitatively the possibility of detecting elec- How can we test lepton-flavor conservation with solar
tron flavor nonconservation usirftB solar neutrino interac- neutrinos? The energy spectrum &8 neutrinos is the same
tions in deuterium at the Sudbury Neutrino Observatoryin the laboratory and in the Sun, modulo negligikdeavita-
(SNO) [1]. The separate conservation of the leptetectron,  tional redshifi corrections~ 107 ° [4]. Fortunately, the spec-
muon, 7) flavors is a well-known ingredient of the standard trum A(E,) can be determined with relatively small uncer-
electroweak moddl2] and of some of its extensions. tainties from laboratory data on tf8(3")Be(2«) decay

Figures 7 and 8and Tables | and JI summarize the chain[6]. The measurement of the electron spectrum pro-
power of the SNO experiment to find new physics. We urgeduced by neutrino absorption is, therefore, a test for new
the reader to look at these two summary figui@sd tables  physics independent of complications related to solar phys-
before descending into the necessary details, which are an@s. The ratio of neutral current to charged-current events is
lyzed in this paper. also independent of uncertainties that affect the calculation

Solar neutrinos offer a unique possibility to detectof the total flux! All of the observed solar neutrinos must be
electron-flavor-nonconserving processes. In solar neutrinof the electron-type unless the separate conservation of elec-
experiments, a pure beam of electron neutrinos is created imon flavor is violated.
the interior of the Sun, passing through'16 cm 2 of mat- Neutrino oscillations are used in this paper to illustrate the
ter and eventually reaching a terrestrial detector located at potential effects of flavor transitions, but the considerations
distance of 18 km from the Sun. The tests discussed in thisdescribed here can be applied to other proposed electron-
paper are independent of solar models and are made possilflavor-nonconserving mechanisms, such as neutrino decay
by the fact that low energyMeV) nuclear fusion reactions [7,8], nonstandard electromagnetic properti@s-11], neu-
produce only electron-type neutrinos. For neutrino squaretfino violation of the equivalence princip[d2], and super-
mass differences less than T0eV?, the solar neutrino tests Ssymmetric flavor-changing neutral currefts,14). Many of
are more sensitive than laboratory tels3$ of lepton-flavor  the key papers and other relevant references are reprinted in
conservation. [15].

We consider measurements(dj the energy spectrum of Will the measurements with SNO be sensitive enough to
recoil electrons in charged-curref@bsorption reactiong 4], prove, if it is present, that new neutrino physics is occurring?
(2) the ratio of the number of charged-to-neutral currentWill the uncertainties(systematic and statistioabe suffi-
events [5], and (3) the combined measurement of the
charged-current energy spectrum and the charged-to-neutrat—
current ratio. The shape measurement is sensitive to an'The calculated total flux ofB neutrinos at the Earttall flavors
energy-dependent depletion of the created flux of electrondepends on solar physics and on the extrapolated low-energy cross
flavor neutrinos, and the neutral current to charged currentection for the reactiodBe(p, v)®B.
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TABLE I. The percentage & errors from different ingredients experimental characteristics and their uncertainties. The vari-
that affect the standard predictiongTe)=7.658 MeV and  ous backgroundgl] will not be known until after the detec-
Rcc/Rnc=1.882. The numbers given are fdfcc=5000 events o is operating and are not included here.

above thresholdTm,=5 MeV), andecc=1, enc=0.5. Uncertain- Our analysis is not a substitute for the detailed Monte
ties due to the backgrounds are neglected. The approximate Canc%’arlo simulations of the operating detector which will be
lation of the correlation of the total errors may not be as strong for

the actual SNO error budaet. performed by t_he SNO tea}m. The Qis_griminatory power of
9 the detector will be established definitively by the simula-

Error component o((Te)) (%) o(Rec/Ruc) (%) Correlation  tions to be performed by the SNO collaboration, which will

include all the theoretical ingredients discussed here, the de-

Neutrino spectrum 0.38 0.43 +1 tector elements that we highlight, and other aspects of the
Cross section 0.14 0.53 ~0 detector(such as the backgroundthat will be determined

Statistics 0.33 3.09 0 during the operation of the experiment. Our calculations can,
Energy resolution 0.31 0.47 -1 however, be a useful guide as to what is likely to be possible
Energy scale 0.68 1.81 +1 and what uncertainties are most important to try to reduce.
Efficiency -0 200 -0 We note that the SNO Collaboration has been working for a
Total 091 418 0.32 number of years to develop the detector and calibration tech-

nigues in ways that will minimize the experimental uncer-

tainties.

ciently small to identify electron-flavor nonconservation ifit ~ We shall show that the recognized systematic uncertain-

occurs as previously suggested? The answer is “yes, if SN@es permit the observation of new physics at SNO, but the

performs as expected[1]. systematic errors may well dominate the total uncertainties
The SNO Collaboration is completing the construction ofafter a relatively short exposure-(L yr) to solar neutrinos.

a 1000 ton deuterium detector in the Creighton MineQur analysis can be extended easily to include additional

(Walden, Canadd 16]. The detector will measure the rates sources of uncertainties.

of the chargedCC) and neutral(NC) current reactions in- e concentrate here on the most direct tests for new
duced by solar neutrinos in deuterium: physics, which involve the shape of the neutrino spectrum
vetd—ptpte  (CC absorptio 1) and the charged-current to neutral current ratio. If SNO does

find evidence for new physics, the next step will be to dis-
v+d—p+n+v, (NC dissociation, 2) crimi.nate among c_:ompeting. models of new physics. Impor-
tant information will be provided by the time dependence of
including the determination of the electron recoil energy inthe observed solar neutrino sign@ay-night and seasonal
Eq. (1). Only the more energeti€B solar neutrinos will be variations [1]. We do not address questions related to the
detected since the expected SNO threshold for CC events igime dependence in this paper.
an electron kinetic energy of about 5 MeV and the physical The SNO Collaboration plans an overall test of the detec-
threshold for NC dissociation is the binding energy of thetor by measuring the energy spectrum of an intefise
deuteronE,=2.225 MeV. B-decay source to be placed in the SNO detef2di. We
Neglecting all systematic uncertainties, some previous auinclude in Appendix A our determination, using the best-
thors[1,18—2(Q have considered how well the tests of flavor gyajlable data, of théLi( 8) spectrum, together with its es-

conservation by SNO can discriminate between new neutringmated uncertainties. We also discuss some possible strate-
physics scenarios and standard model expectations. The mqjgs for the®Li test

explicit discussions are given [i9] and[20], which consti-
tute especially good introductions to the subject. We evaluatgC
the effects of systematic uncertainties, theoretical and experk

mental, on the discriminatory power of the SNO tests for i i i for deuteri In Sec. Il
new physics. We consider uncertainties related to the lapg=HTeNt NeUtrino cross sections for geuterium. in Sec. 1lf, we

ratory shape of the neutrino energy spectrum, the calculated{SCuss the detector-related ingredients: the energy resolu-
cross sections for charged-current and neutral current realOn: the absolute energy scale, the detection efficiencies, and
tions with deuterium, the energy calibration and resolution{h€ CC energy threshold. We use in Sec. IV the neutrino-
detection efficiencies, and the CC detection threshold of théelated and the detector-related ingredients to calculate the
SNO detector. flavor-conserving expectations for the shape of the CC elec-
The primary goal of this paper is to refine the best estitron recoil energy spectrum and the CC/NC event ratio; we
mates and uncertainties for the theoretical ingredients thanclude realistic estimates of the likely uncertainties and the
will determine how powerfully SNO will test electron flavor correlations among the uncertainties. In Sec. V, we calculate
conservation. In addition, we carry out a preliminary overallthe effects upon measurable quantities of representative neu-
estimate of the sensitivity of the detector to different types oftrino oscillation scenarios, and assess quantitatively the sta-
oscillation phenomena, including realistic estimates of thdistical significance with which new physics might be ob-
served. We summarize our work in Sec. VI. Appendix A
presents a calculation and discussion of thi 8) spectrum
°The contribution of®He+p (hep neutrinos[17] is negligible  and its use as a test of the overall performance of the detec-
and will be discussed in Sec. Il A. tor. Appendix B discusses the extent to which the average

This paper has the following structure. In Sec. Il, we de-
ribe the neutrino-related ingredients of our calculation: the
B neutrino energy spectrum, and the charged- and neutral
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TABLE II. Deviations of (T) and Rec/Ryc from the standard modéklectron flavor-conservédre-
dictions. The results are shown for representative neutrino oscillation scenarios in units of standard deviations
(o). In the last two columns, the combingd for the CC-shape and CC/NC ratio tests is calculated with and
without the correlation of the total errorg € 0.32), and the deviation is given as: Dey& x2. Uncer-

tainties due to the backgrounds are neglected.

CC-shape test CCI/NC test Combined tests
(Te) (MeV) Rec/Ruc p=0.22  p=0
Scenario Acronym Value Dew() Value Dev) Dev(oc) Dev(o)
Standard STD 7.658 — 1.882 — — —
Small mixing angle(MSW) SMA 7.875 3.1 0.639 15.7 17.9 16.0
Large mixing angl§MSW) LMA 7.654 0.0 0.422 18.5 19.5 18.5
Vacuum oscillations VAC 8.361 10.0 0.411 18.6 25.1 211

value of the electron recoil energy is a good estimator othe B positron spectrum would be useful.
possible deviations from the CC shape expected in the ab- The hep neutrino§l7] have a maximum energy of 18.8

sence of flavor violations.

II. NEUTRINO-RELATED INGREDIENTS

In this section, we discuss the neutrino-related ingredients. 1« 19+3 ¢m251

MeV and could also, in principle, contribute to the neutrino
spectrum observed by SNO. The calculated total flux of hep
neutrinos is uncertain by a factor of abouf2!| because of
theoretical difficulties in estimating the low-energy produc-
tion cross section. Using the nominal valuéye,
given in [25], we estimate that hep

of the analysis that have appreciable, recognized uncertaifweytrinos contribute less than 0.07% of either the total NC or

ties. These ingredients are: tA8 neutrino spectruniSec.
Il A), the charged-current absorption cross sectiGec.
I B), and the neutral current dissociation cross seati®et.

CC event rates. Therefore, hep neutrinos can be neglected in
calculating the CC/NC ratio. Moreover, we have verified that
the hep contribution to the high-energy tail of the spectrum is

Il C). We discuss the detector-related ingredients in the folmuch smaller than the shape uncertainties estimated below in

lowing section.

A. 8B neutrino spectrum

The only component of the solar neutrino spectiur]
that is important for the SNO experiment is th@ spectrum
M(E,). A derivation of the best-estimatéB spectrum,
M(E,), along with the maximally allowed deviations

A (E,) (+3 effective standard deviations away from the

best-estimated spectryns presented in Ref6].
The 8B neutrinos are produced in the dec&B(B)®Be
followed by ®Be(2«) disintegration. The broadBe inter-

Sec. IV A.

B. Charged current »d cross section

The cross section for the charged-current reactigrhas
been calculated a number of times in the last 30 years, since
the original proposal by Jenkini26] to use charged-current
capture on deuterium to measure & solar neutrino flux.
Kubodera and Nozawf27] have recently presented an in-
sightful and thorough summary of the calculations of both
the charged-current and the neutral current cross sections. In
this subsection, we assess the reliability of the theoretical
calculations of the total and the differential CC cross section.

mediate state is responsible for important deviations of th%e establish the robustness of the calculated cross sections,

neutrino spectrun\ from the usually allowed shape. The
population of the®Be state is determined experimentally by
measuring the delayed-decay spectrum. The absolute en-
ergy calibration of the measured spectrum is the main
systematic error.

For the calculation of théB neutrino spectrum, the ex-
perimental and theoretical uncertainties can be inclyégd
in a single effectivea-energy offsetb: E,—E_,+b. The
independently measured positron spectrunfi{g) decay

[22] provides a fundamental additional constraint that was

used in[6] to choose a “best” reference spectrum[23]
and to bound its offseb=0.025+0.104 MeV (= 30 uncer-
taintieg. An “infinitely precise” measurement of the
8B(B) positron spectrum could reduce the effectiv8o
range ofb to =0.075 MeV, where 0.075 MeV is the residual
theoretical uncertainty. The uncertainties of & neutrino

which is exemplified by the excellent agreement between the
simple effective range calculations and the more sophisti-
cated treatments. In addition, we stress the importance, for
determining the shape of the electron spectrum, of including
the final state interactions among the protons. We discuss the
neutral current cross section in the following subsection.

The kinematics of reactiofil) leads to the following ex-
pression 28] for the neutrino energeg, :

P2
=Q+ T+ —+
B=QHTet o
wherep, is the neutrino three-momentur, andp, are the
electron kinetic energy and three-momentun,is the rela-
tive momentum of the protons in the proton center-of-mass
system(c.m.s) and the threshol®@=1.442 MeV. The third

(Pe—P,)?
4m, '

()

p

spectrum would be reduced in the same ratio. Since the urierm describes the kinetic energies of the two protons in the
certainties in the neutrino spectrum are a significant sourcproton c.m.s. and is an important contribution to the energy
of errors for the CC-shape test with SNO, a reduction of thebalance. The fourtlash term in Eq.(3) describes the small
allowed range ob through more precise measurements ofrecoil energy of the two-proton center-of-mass system.
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FIG. 1. (a) Total CC cross section as calculated by Kubodera
and NozawdKN), Ying, Haxton, and HenleyYHH), and Ellis and

0.6 0.7

T./(E,~Q)

Bahcall (EB), slightly improved.(b) Total NC cross section as cal-

culated by Kubodera and NozawKN), and Ying, Haxton, and

Henley (YHH).
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FIG. 2. Comparison of the CC differential cross section at vari-

ous energies and scattering angles. Solid: Kubodera and Nozawa
[27]. Dotted: Ellis and Bahcall30], slightly improved.

The charged-current absorption, reacti@jy is described
by the well-known electroweak Hamiltonian and by the lesssection in which we include the previously neglecteg
well-known nuclear physics effects that can be treated ag.m.s. recoil ternjthe fourth term in Eq(3)]. We have also
various levels of approximation. A neutrino energy of 10used the more recent choices of parameters of the effective-

MeV corresponds in natural units to (20 fm). Therefore,
we expect that the details of deuteron nuclear physics wilPur

range approximation given in Reff34], in order to obtain
best estimate of the differential

Ccross section

play only a minor role. This expectation is confirmed by docc(E,,Te,cod)/dTed cosd for any given value ofE,,
comparing thes-wave calculations performed in the 1960s T, and of the electron scattering angle

by Kelly and Werall [29] and by Ellis and Bahcal[30]
using Bethe’s effective range approximatif®i] with the

calculation of the

Figure 2 shows the results of the improved Ellis-Bahcall

normalized differential cross section

recent sophisticated calculations by Ying, Haxton, and HenagédoCC/dTed cosy (dotted ling as a function of the di-

ley [32] and by Kubodera and collaboratof83,27. The

mensionless variablé./(E,— Q), for representative values

recent calculations include higher partial waves, relativisticof E, and 6. The Kubodera-Nozawa results appear as a solid
effects, forbidden matrix elements, and exchange currents.line in the same figurd.
Figure Xa) shows the excellent agreement between the The close agreement between the EB and KN normalized

effective-range calculations and the more sophisticated treatecoil electron spectra is striking. The angular dependence
ments. In the figure, three independent estimates of the totahlculated using the effective range and the Hamiltonian ap-
CC cross section are compared: Ellis-Bahd&@B) [30],  proximations are essentially identical. On the basis of Fig. 2,
Kubodera-Nozawa(KN) [27], and Ying-Haxton-Henley we conclude that the uncertainties associated with the
(YHH) [32]. The main difference between the calculated(T.,6) shape of the normalized differential cross section for
cross sections of KN and YHH is an energy-independenthe reaction(1) are much smaller than other recognized un-
normalization factoabout ~6% uncertainty, as also esti- certainties. In practice, we parametrize the reference cross
mated in[27]). The EB normalization shows a slight energy sections EB, KN, and YHH in the form
dependence, that amounts to &% additional variation
over the important energy range of 5 MeV-10 MeV. Figure™
1(b) (referring to the neutral current cross secjiavill be 3The extensive numerical tables of the differential charged-current
discussed in Sec. Il C. cross section calculated by Kubodera and Nozawg2if) are not
When quoting the Ellis-Bahcall cross secti{@d], we use  published. We thank the SNO Collaboration for providing us with a
a slightly improved calculation of the differential CC cross computer-readable copy of these tables.
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We have chosen in E@5) the 1o error of 6% to reflect
the difference between the KN and YHH calculations. The

X standard solar modé¢R5] prediction for the neutral current
1 docd(E,,Te,cos) event rate due tdB neutrinos is

ocE,) dT.d cosp . @

docd(E,,Te,c09)
dT.d cosd

:O')éc(Ey){
(po)=3.2"38SNU, (6)

for X=KN, YHH. The differences between the EB, KN, and ) ] ]
YHH cross sections are embedded in a multiplicative factowvhere the quoted & error in Eq.(6) combines quadratically
that depends exclusively da, and not on the angular dis- the uncertainties in the solar model prediction, ?rBaneu-
tribution. trino spectrum, and the neutral current cross section. The
Contrary to what is sometimes assumed in the literaturéincertainties in the solar model calculation dominate the er-
(see, €.9.[19,35), the electron spectra in Fig. 2, although or estimate. The event rate SNU is defi@d] as 10 *°
peaked, cannot be approximated well by delta functions ifhteractions per target atofdeuterium atomper second.
the electron energy. In other words, there is not a one-to-one [N the calculation of the CC/NC rate, thialready-small
relation between the incoming neutrino’s energy and the entheoretical cross section errors largely cancel and, therefore,
ergy of the electron that is produced. The final state in thélo not affect significantly the ratio. As a default choice, we
charged-current reaction cannot be approximated by a purésS€ the KN neutral current cross section in our calculations.
two-body state. Even as early as the seminal Kelbetall The YHH cross section is L_Js_ed for comparison and to evalu-
calculation[29], it was noted that the attractivkS p-p in-  ate the theoretical uncertainties.
teraction is not sufficient to bind the protons as an effective
single particle, because of the presence of the repulsive Cou-
lomb force. The two-body approximation would be equiva-
lent to omitting the third and fourth terms in E@). Remov- In this section, we discuss the detector-related ingredients
ing only the fourth(the smallestrecoil term in Eq(3) would  of the analysis: the energy resolution, the absolute energy
cause the dotted cross sections in Fig. 2 to be systematicalycale, the detector efficiencies, and the energy threshold for
peaked at slightly higher electron energi@bout+2% at  detecting CC events. Accurate determinations of all of these
E,=12 MeV). The excellent agreement between our im-experimental guantities, and their associated uncertainties,
proved Ellis-Bahcall calculation and the Kubodera-Nozawaare significant for the success of the SNO experiment.
differential cross sections would be spoiled by omitting even
this smallest term.

IIl. DETECTOR-RELATED INGREDIENTS

A. Energy resolution

) The measured electron kinetic enerfly, determined by
C. Neutral current »d cross section SNO with the Cherenkov technique, will be distributed

We use the recent calculations of the neutral current crosaround thetrue energy T, with a width established by the
sections(averaged over final stafesryc(E,), by Kubodera photon statistics.
and NozawaKN) [27], and by Ying, Haxton, and Henley The resolution functioR(T,,Te) is expected to be well
(YHH) [32]. Only the total rate for reactio(®), not the dif-  approximated by a normalized Gaussian:
ferential production rate as a function of energy, will be mea-
sured by SNO. However, the energy dependence of the cross 1 (TL—Te)?
section for the neutral current reaction is relevant for the R(Te Te)=— exg — 2 )

. : . . (T2 20(Te)

SNO experiment, since the calculated differential cross sec- e
tion will be used in the SNO Monte Carlo simulations to
model the production, and subsequent detection, of the newith an energy-dependenviwidth o(T,) given by[17,3§
trons produced by the neutral current reaction.

Figure Xb) compares the KN and YHH neutral current
cross sections as a function of neutrino energy. The differ- " / T,
ence is~6%, about the same magnitude and in the same o(Te) =010 10 MeV (8)
direction as for the charged-current cross section. There is a
small residual energy dependence belby=6 MeV. The ) i . ,
difference shown in Fig. (b) between the theoretical calcu- Wheré oy is the resolution width af =10 MeV. A plau-
lations is consistent with the theoretical errorol0% that ~ Sible estimate of the parameter, is 1.1 MeV (0=1.8
was estimated by Bahcall, Kubodera, and Noz§8&} from ~ MeV for Kamiokande, se¢38]), and oy, itself may be un-
various contributions (the impulse approximation, the Certain by 10% [39]. We will use in what follows
nucleon-nucleon potential, meson exchange currents, ario=1.1+0.11 MeV (1o error9 as an illustrative estimate.
higher partial waves In Fig. 3, solid line, we anticipate the results of our best

The best estimatéand 1o uncertainty for the neutral €stimate of the standard shape of the electron energy spec-

current cross section averaged over $Beneutrino spectrum  trum (see Sec. IY. The dotted line in Fig. 3 represents the
is same spectrum without the inclusion of the energy resolu-

tion. The area under the curve is normalized to unity in both
(0(®B))=0.478§1+0.06) X 10" *? cn?. (5 cases.
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" standard CC electron spectrum

energy resolution function:
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not included

energy resolution A
width (1) at 10 MeV 3

and on the calibration technique. It may even remain an un-
known parameter after calibration. However, as we will see,
the energy-scale-induced uncertainties of the SNO observ-
ables depend only mildly oar. The worst case appears to be
a=0 (i.e., a uniform energy biaswhich we adopt for a
conservative estimate of the errors.

In practice, we introduce the energy-scale-shiftby
modifying the energy-resolution functidiEqg. (7)] with the
replacement

R(T,,Te) = R(T,+6,Te) (11

andé given by Eq.(10). The reader can verify that the trans-
formation given in Eq(11) is an appropriate representation
of the energy-calibration uncertainty by writing the total rate
for the process under consideration as a triple integral over
the neutrino energyK,), the true electron recoil energy
(T¢), and the measured electron recoil energy,(between

a specified minimum and maximum vajue

\ :to-10..:".,_.
C. Detection efficiencies
oK I | | - | | . . . .
0 2 4 6 g8 10 12 14 The detection efficienciesecc and eyc, for detecting
charged- and neutral current events, will be measured with
T. (MeV)

calibration experiments at SNO along with their uncertain-
ties, o(eco) and ao(enc). The calibration experiments will

~ FIG. 3. The normalized electron spectrum, with and withoutg|so measure possible variations of the CC efficiency with
inclusion of the energy resolution function. the (true) electron recoil energyecc=ecc(TL), which can,

in principle, affect the CC-shape measurements. If the ex-
periments work as expectéd0], theno(ecc) <o(enc) and

What is the absolute accuracy of the SNO energy scale?
How precisely will the average SNO energy measurement
correspond to the true electron energy?

The energy resolution function of the previous section |n Sec. IV, we shall include the efficiencies(T.) and
describes how the measured kinetic enefgys distributed ¢ - in the general expressions for the predicted quantities.
around the true energl,,, assuming that the centroid of the As default values, we will assume thatc(T,) is constant
distribution, T 4, Coincides withT, . The calibration of the and equal to 1, and that,c=0.50+0.01 (1o erron. It will
energy scale will be performed with a series gfray  be shown in Sec. IV C that plausible energy variations of
sources, the most important of which are monoenergetic. The.. induce deviations in the CC spectrum that are much
primary energy calibration source will be the 6.130 MV smaller than other sources of error.
ray from the decay of the first 3excited state in*®0. We In any event, afteec(T,) and ey are measured in the
define the systematic error in the absolute energy calibratiorsNO detector, their effects on the predictions, and their un-
d, by the relation certainties, can be included easily using the formalism given
here.

B. The absolute energy scale

o(enc)=2% (1o). (12

o= Te,ave_ T(,e : (9)

A reasonable & estimate[39] of & is D. Threshold energy

The measured kinetic energy threshalg;, for counting
charged-current events is expected to be fixed around 5 MeV
[1]. Below ~5 MeV, the signal-to-background ratio is ex-
pected to decrease very rapidly. In principle, one would like
which corresponds to & 1% error at 10 MeV. For compari- to have the threshold as low as possible in order to increase
son, the Kamiokande Collaboration achieJ&8] a +3%  the number of events that are detected for a given exposure
energy scale error. and in order to observe more of the curvature of the spectrum

The casea=0 (a=1) would correspond to an energy- at lower energiescf. Fig. 3. The actual background level in
independent scale shifscale factor. The intermediate case the operating SNO detector will determine how low the en-
a=3 would apply to a scale uncertainty dominated by theergy threshold may be set. In Sec. VV C, we will show that the
width of calibration linegerror o \/T—é). discriminatory power of the experiment is not very sensitive

In general, the phenomenological parametewill de-  to the actual threshold level as long as the threshold is in the
pend both on the physical sources of the scale uncertaintiescinity (=1 MeV) of the nominal valueT ;=5 MeV.

!

) , O=sa<1, (10

_ e
5==*+100 ke\/( 10 Mev
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IV. STANDARD NEUTRINO PHYSICS AT SNO neutrino—related CC—shape 30 uncertainties

T — T ]
B neutrino 1} CC cross

spectrum ] section ]

In this section, we calculate the standard predictions, and ©
their associated uncertainties, for the shape of the CC elec-
tron recoil energy spectrum and the ratio of total number of
CC events to NC events. We assume standard neutrino prop-
erties(lepton flavor conservation and zero neutrino masses
and the ingredients discussed in the previous sectiBass.

Il and IllI). We adopt the Kubodera- NozaWKN) neutrino
interaction cross sections as “standard,” since they are the
most recent and complete for both the charged- and the neu-
tral current reactions. In particular, we evaluate the standard Te (MeV) T (MeV)
CC differential cross section as indicated by E4) with

X=KN, i.e., with absolute normalizations given by the
Kubodera-Nozaw#27] calculations and relative differential

cross sections given by the Ellis-Bahcl80] calculation. 0.2

The shape of the recoil electron energy spectrum is given
by the normalized distribution of charged-current events
(N¢co) as a function of the measured kinetic enefigy

o dNCC/dT (MeV™)

N
o

N J L I R 3
5 10 15 5 10 15

detector—related CC—shape 30 uncertainties

T ] T T T T
statistics 1 energy

#CC = 5000 ] resolution

0.1}

dNge/dT, (MeV™)
(o]

1 dNCC 1 L
Nee dTe b energy _ energy ]
0.2/ scale ] scale
f s ) e) g (a=0) (=1
dT : ¢ z :
e y 0.1 C q1F E
medede AE )deedT, Toecd(T?) @ e
(13 %s o s s 0 s

T. (MeV) T. (MeV)

where T, is threshold for the measured electron kinetic
energy andec(T,) is the efficiency for detecting an electron  FIG. 4. Three standard deviation departures from the standard
of true energy T,. The energy-resolution function electron spectrunisolid line) due to neutrino-related and detector-
R(T.,Te) is given by Eq.(7), with an allowance for an related errors.
energy-scale shiffEgs. (10) and (11)]. The CC differential
cross sectiomlocc/d T, is implicitly integrated over the en- Rec _ enc Nec (15)
tire solid angle since events will be detected for all electron Rne  €cc N
recoil angles.

The ratio of charged- to neutral-current events may ben writing Eg. (15), we have assumed thag is equal to a
written constant, which turns out to be a good approximation.

Ncc A. Standard model predictions for the CC spectrum shape

Ninc What effects do the different uncertainties have on the
shape of the electron energy spectrum? Figure 4 answers this
guestion by showing the standard spectr{solid line) and

f 7, dT f dEN(E )f dTé dT’ Te)ecd(Te) the effective 3-shape errorg¢dashed linesdue to neutrino-
= related and to detector-related uncertainties. We postpone the
discussion of the sensitivity of the results to the assumed CC
ech dEA(E)onc(E) threshold energy to Sec. V Gee especially Tables Il and
14 ).

The dominant neutrino-related uncertainties are due to the
where e\ is the overall efficiency of neutral current event 8B neutrino energy spectrun(E,) [Fig. 4a)]. The theoreti-
detection. cal CC cross section uncertainties are very small; Rly 4

It is necessary to adopt specific values for the efficiencieshows the “greatest” deviation, induced by the use of the
ecc and ey in order to evaluate the relativeumberof CC  EB instead of the KN cross sections.

and NC events and thus the statistical errors. We adopt plau- The detector-related uncertainties are due to statistics

sible default valuesecc=1 andeyc=0.50. However, after [Fig. 4(c)], energy resolutiofFig. 4(d)], and energy scale

calculating the statistical and efficiency errors, we prefer tdFigs. 4e) and 4f)]. The statistical errors bars in Fig(c}
convert the results to, and to quote, an essentially efficiencyrefer to a hypothetical sample of 5000 CC events collected
independent CC/NC ratid®cc/Ryc, defined as above threshold and divided in ten bins. In Figd4 the
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TABLE Ill. The dependence ofT.), Rcc/Rye, and of their errors, on the threshold ener@y,,. The
correlation of errors is given in the last column. The results shown assume 5000 CC events collected above
threshold. Uncertainties due to the backgrounds are neglected. The acronyms for the s¢8maXi&MA,

LMA, VAC) are the same as in Table II.

T min Average energyTe) (MeV) CC/NC ratio,Rcc/Rye Correlation
(MeV) STD*+ 1o SMA LMA VAC STD*1lo SMA LMA VAC p

4.0 7.234-0.079 7.533 7.228 8.101 2.1¥D.088 0.712 0.489 0.440 0.23

5.0 7.658-0.070 7.875 7.654 8.361 1.880.079 0.639 0.422 0.411 0.32

6.0 8.187#0.063 8.337 8.184 8.678 1.569.067 0.534 0.338 0.369 0.43

7.0 8.798-0.058 8.897 8.796 9.110 1.160.056 0.409 0.248 0.307 0.52

dotted curves have been obtained by using energy-resolutieevaluating (T.) using the neutrino spectran*(E,),
widths 010=1.1+0.33 MeV (=30 errors, see Sec. A A" (E,), which arex 3¢ away from the best-estimate neu-
The last two subplots of Fig. 4 show the effect of the absotrino spectrum[6]. Then, the & difference isa({T))=
lute scale uncertainty, witae=0 or =1 (see Sec. 1B {(T(A"))—(T<(A"))]. Analogously, the & errors due to
The two cases are almost indistinguishable. We adopt in théhe energy resolution uncertainties were estimated by recal-
following the valuew=0, since it gives slightly more con- culating the spectra, and thu§,), with o,,=1.1+0.33
servative error estimates. MeV (=30), and dividing the total shift by six. A similar
Notice that, fora=0, the energy calibration erraf cor-  procedure was adopted for determining the energy-scale er-
responds to a rigid horizontal shift of the specrum=T ror. For the CC cross section uncertainty, we have attached a
+ 6. However, the area below the shifted spectrum must bé&o significance to the deviation obtained when the Ellis-
renormalized to 1. As a result, tlsbopesof the shifted and Bahcall CC cross sections were used instead of the
standard spectra are differdisee Fig. 4¢)]. The difference  Kubodera-Nozawa CC cross sections, i.eg({Te))
in slope is proportional td. =(T(EB))—(T<(KN)).
Figure 4 shows that the systematic errors due to the Our standard estimate, fdr,,=5 MeV, is then
adopted uncertainties in the energy scale, in the resolution
width, and in the®B neutrino spectrum are at least as impor- (Te)=7.658+0.028+0.01P+0.029+0.024
tant as the statistical errors, with the additional complication 40052 MeV
that the nonstatistical errors are correlated point by point. - '
The correlations of the uncertainties imply that the analysis =7.658<(1+0.009 (17
of a realistic spectrum divided N bins could become rather
cumbersome, requiring consideration of i N covariance where the errors{ 1o) are due tqa) statistics of 5000 CC
matrix with large off-diagonal elements for the usy@lsta-  events|b) difference between EB and KN cross sectid(es,
tistics. Moreover, the/® test is not powerful when bins are uncertainties in the neutrino spectru¢d) energy resolution,
affected by significant systematic errors, since the additionaind (e) the absolute energy calibration. The statistical error
information embedded in sequences of equal-sign deviationaf the average is calculated, according to the central limit
(typically, all positive or all negative in one half of the spec- theorem, asrg,= vVar/Ncc, where Var is the variance of
trum, as in Fig. 4is lost. the standard distribution above threshold, Var
The simplest quantity that characterizes a generic electros: (1.74 MeV).
spectrum, while avoiding the use of bins, is the average The assumed uncertainty in the absolute energy scale, Eq.
value of the measured recoil ener@¥,) (see alsd19,20).*  (10), dominates the total error.
The basic question then becomes “Can SNO detect signifi- In the best-estimate calculation, the detection efficiency

cant deviations of Te) measuredOM (Te)standard ecc has been taken constant. A linear dependencg-@bn
We evaluate(T,) with the aid of Eq.(13) by using the T, (neglecting temporarily the distinction between measured
definition and true energied,. andT/) would modify the CC spectrum
as
<T>—f o dNee (16)
O g ® ®Nee dTe ichcﬂichc(l —Te_<Te>) (18)
N dT, N dT, T
We determine the effects of uncertainties in different in- cc e cc e (Ter
gredients by carrying out the integration indicated in &) and the average value as
with different assumptions. For example, we estimate the
1o uncertainty associated with the neutrino spectrum b Var
Y pectrum by (o9 1+873) 19
e

“4For a discussion of the extent to which the average electron recoivhere 8 is the slope ofecc= ec(Te). A plausible variation
energy is a good estimator of the deviations from the expectedor uncertainty of ecc over the interval 5-15 MeV is a few
shape in the absence of electron flavor violation, see Appendix Bpercent, say 3% for definiteness. This would correspond to
and Ref[41]. B=0.023 and to a 0.12% variation ¢T.), comparable to
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TABLE IV. The energy thresholdT(,;,) dependence of the deviatio§f the predictions with neutrino
oscillations from the standard predictions. The entries in the tgf{d@,)) andé(Rcc/Rnc), are in units of
standard deviations. The acronyms for the oscillation scené®id#®\, LMA, VAC) are the same as in Table
Il. Uncertainties due to the backgrounds are neglected.

Trnin £(Te) &(Rcc/Ruo) Combined,¢= x”
(MeV) SMA LMA VAC SMA LMA VAC SMA LMA VAC
4.0 3.8 0.1 11.0 16.6 19.2 19.7 18.3 198 254
5.0 3.1 0.0 10.0 15.7 185 18.6 17.5 195 251
6.0 2.4 0.0 7.8 146 174 17.0 174 192 239
7.0 1.7 0.0 5.4 125 153 143 158 179 207
the smallest error shown in E¢L7). We conclude that un- In Table I, we summarize the separate error components
certainties in the CC efficiency will not be an important and their correlations. The correlation of the total errors,
source of error, if SNO performs as expected. p=0.32, is small because of accidental cancellations, but it is

The characterization, Eq16), of the spectrum given in not entirely negligible. When the actual error budget for
Eq. (13 is the first(nontrivial) step in a complete description SNO is determined experimentally, the approximate cancel-
by a series of moments: the zeroth moméhe arey the lation of the correlations may not be as strong.
first moment(the averagg the second momer(the vari-
ance, and higher-order moments. In the present case, the V. COULD SNO PROVE THE OCCURRENCE
zeroth moment is equal to unity by definition, and small OF NEW PHYSICS?
variations in the shape of the spectrum affect primarily the ) _ )
average value. More sophisticated unbinned tests, such as the!n the previous section, we calculated the standard predic-
Kolmogorov-SmirnouKS) test, may be useful to apply after tions for the CC shape and the CC/NC ratid,e) and
the SNO Collaboration has estimated by empirical calibraRcc/Rnc. @long with an estimate of the uncertainties from
tions the systematic errors in the experimental input quanti€ors that can be quantified prior to the operation of the
ties. One could then determine by Monte Carlo simulationsSNO detector. In this section, we show that the anticipated

the distribution function for the KS statistic with an inferred uncertainties are sufficiently small to allow SNO to prove the
model for the systematic errors. occurrence of new physics with a high degree of confidence.

B. Standard model predictions for the CC/NC ratio A. Neutrino oscillations

In Eq. (15), we have defined a charged- to neutral current We _exarrr:_mr:a tt:e |m|pI|cat|cin_s of th[je re_preslentglttl)ve sce-
ratio, Rcc/Rne, Which is independent of the average abso—,?‘.”lrIOS In V}'l It'C .e 5’10 at[ neubrln?fproMirr? IS soge_ y neu-
lute values of the efficiencies but incorporates the eﬁ‘iciency-rlno oscilighions.  the WO ( est- i Mikheyev-Smirnov-
induced errors Wolfenstein (MSW) [42] solutions at small and at large

The calculation of the standard value ahd o errors for mixing angle (.SMA and LMA)’ and the purely vacuum
Rec/Ruc is done with the same logic as f6T.). The final (VAC) oscillation [43] solution (see [44] and references

result is therein.”
Figure 5 illustrates some of the principal differences

Rec among the three oscillation scenarios and also shows that all
R 1882 0.058'+0.010+0.008+0.009'+ 0.034 of the oscillation solutions differ significantly from the stan-
NC dard model expectationéSTD). The survival probabilities
+0.036=1.8821+0.042. (20) for electron-type neutrinos vary greatly among the oscillation
scenarios, as can be seen clearly in Fig).5The energy

The individual contributions result froit) statistics of 5000 Spectrum of electron-type neutrinos at the Earth, shown in
CC events and 1354 NC events.=0.5), (b) difference  Fig. 5(b), is affected strongly by oscillations. Figurech
between YHH and KN cross sectior(s) neutrino spectrum, represents the different CC electron recoil spectra that are

(d) energy resolution(e) energy scale, and) NC efficiency. ~ Predicted for SNO, with the normalization: area. Until the
neutral current is measured, the different recoil spectra must

C. Correlation of errors

Some of the systematic errors affectingl,) and 5The best-fit mass and mixing valuesrt?, sir’26) are taken from
Rcc/Rne have the same origin and are correlated. In particuf44]:  (5.4x10°% eV?,7.9x1073) for small-angle MSW,
lar, a variation of the neutrino spectrur{E,) causes both (1.7x10°° eV?, 069 for large-angle ~MSW, and
(Te) andRec/Ryc to increase or decrease at the same time(6.0x 10 % eV?, 0.9 for vacuum oscillations. Numerical tables
A variation of a4y, the energy-resolution width, produces of the oscillation probabilities for these best-fit scenarios were pre-
instead opposite effectanticorrelation. Energy-scale errors pared by Kraste44] and are available at the following URL:
are positively correlated. http://www.sns.ias.edGjnb.
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o5 1‘0 1'5 O 10 = 1'5 FIG. 6. Ratios of the normalized neutrino spectra for different

oscillation scenarios. The normalized spectra are displayed in Fig.

T. (MeV) 5(c). Labels as in Fig. 5.

T, (MeV)

FIG. 5. Neutrino oscillation scenario&) Survival probabilities
for oscillation test casesgb) Effect of neutrino oscillations on neu-

energy distribution, i.e., the mean val(ig,). In Ref.[20], it

is shown that the approximate linearity of the ratios of recoil
trino spectrum at the Eartlfc) Effect of neutrino oscillations on  energy spectra is a general feature of the resonant MSW
normalized electron spectrum at SNO. Area under curdedd)  effect. The representation of the spectral information by one
Effect of neutrino oscillations on electron spectrum at SNO. Areaparameter(T,) is efficient because the ratios of spectral

under curvesNcc/Nyc. Labels: STB=standard(no oscillation); shapes are approximately lineése., are determined rather
SMA=small-mixing angle (MSW); LMA =large-mixing angle \ygq|| by just one parameter
(MSW); VAC =vacuum oscillation. See the text for details.

B. Statistical analysis

be compared with the same normalization, as in Fig).5 For the three neutrino oscillation scenarios considered in

blecetluse we do tn_ot krt]r?\? priori ﬂ:edt.OtE:Ih ”“”}bef tOf. the previous section, we calculate the observalileg,
electron-type neutrinos that are created in the solar in er'orRCC/RNC, and their distance, in units of standard deviations,

Once the neutral current is measured, we can compare trfFom the standard predictions, Eq47) and (18)
different oscillation and no-oscillation scenarios in a more For each test the distance’ is défined simﬁly as

informative way. Figure &) makes use of assumed mea-
surements of the total neutral and charged-current rates and M) = (X~ Xstandard! Tx standard
where X=(T.), Rcc/Rnc. In the combined tests, we have

shows the standard electron spectra normaliz&datea=
Nce/Nye. A comparison of Figs. &) and §d) makes clear
the importance of the neutral current measurement for interealculated they? including the correlation of the total errors
preting the shape of the electron recoil spectrum. (see Table ), and defined AM{o)=+x? [3]. When
Figure 6 shows the ratio of the normalized electron specA{c)>3, the physical interpretation is that the statistical
tra after oscillatiorfas displayed in Fig.®)] to the standard probability of the result under consideration is negligibly
spectrum. These ratios of spectra are approximately linear ismall; the normal distribution presumably does not describe
energy. Therefore, the main effect of oscillations on the northe extreme tails of the probability distribution.
malized CC spectrum is to change the first moment of the The expected deviations for different oscillation scenarios
are shown in Table II.
The measurement of the-c/Ryc ratios is a powerful test
%If we had normalized the area to the efficiency-independent ratiofor occurrence of new physics; the three oscillation cases are
area=Rcc/Ryc, then the scale of the ordinate in Figdbwould be  each separated from the standard expectations by a distance
decreased by a factor of 2, but the relative shapes would remain titbat is formally more than 1b [cf. comment above regard-
same. ing N(o)>3].

(21)
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R R S R RS SN SR BN RV FIG. 8. Iso-sigma contoursa(=+/x?) for the combined CC-
02 04 06 08 1 2 14 16 18 2 22 shape and CC/NC tests, for the representative oscillation cases
R /R shown in Fig. 5 and discussed in the text. Uncertainties due to the
cc/ Nne

backgrounds are neglected. For values of the iso-sigma distance
L ) N(o)>3, the number of standard deviations is only a formal char-
FIG. 7. Values of the characteristic CC-shape variable, the avyerization; the tail of the probability distribution is not expected to

erage energyT,), and of the CC/NC ratioRcc/Ryc, together e Gayssian for very large values st o). Labels as in Fig. 5.
with 3¢ error bars. Uncertainties due to the backgrounds are ne-

glected. Labels as in Fig. 5. ) _
lation scenarios can be well separated from the standard case,

The CC-shape test is less powerful. This is, of coursebut the vertical separatiorRec/Ryc) is larger and dominat-
expected for the large-angle MSW case, but is somewhdfd With respect to the horizontal separatidi)).
surprising for the small-angle MSW case, that was generally The error bars on the SMA point in Figs. 7 and 8 repre-
expected to be separated from the standard model expect3ent the range of values allowed at 95% C.L. by a fit of the
tions at a high confidence levgl9,20. The reason that the oscillation predictions to the four operating solar neutrino
significance level found here for the measurement of the Cc@xperimentg44]; they are intended to indicate the effect of
shape is much less than previously calculated is that we hav8e likely range of the allowed oscillation parameters.
included estimates for the systematic uncertainties. The sys- The choice ofT,) as a characterization of the CC shape
tematic errors in measuring the CC shape may be twice a§ not unique{T,) has been chosen because it is a single and
|arge as typica| statistical err0|(§()00 CC events in our well-defined numbe(The first moment of the electron distri-
cas@, as evidenced in Table I. The statistical power of thebution), whose systematic uncertainties can be determined
combined test$CC shape and NC/OGs dominated by the independent of the event binning. If the measured electron
measurement of the CC/NC ratio. The effect of the correladistribution at SNO has significant deviations of the second
tion of the errors is small but not entirely negligible. moment(the variancg or higher moments, from the stan-

Figures 7 and 8 display graphically the information con-dard expectations, thefT.) may not be the optimal statisti-
tained in Tables | and Il. In Fig. 7 we show the standardcal estimator. If a more sophisticated statistical test is used to

predictions for(T,) (upper panel and Rcc/Ryc (lower — test for nonstandard curvature in the spectrum, then the as-
pane), together with the separate and combined &rors. ~ sessment of statistical significance will require a full Monte
The values of T,) andRcc/Ryc for the different oscillation ~ Carlo simulation of SNO detector, with systematic effects
channels are also displayed. In Figa) the efficiency error ~ calculated by brute force.
(labeled by a question marlshould be negligible if SNO
works as expected.

In Fig. 8 we show the results of the combined tgsts-
relations includef in terms of iso-sigma contours in the  All of the previous calculations were carried out assuming
plane (Te),Rcc/Ruc), WhereM( o) = Jx?. The three oscil-  a recoil energy thresholf,, of 5 MeV. The actual value of

C. Threshold dependences
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Tmin that will be used will depend upon the observed oronly 3.1o, as judged by T,). Even with zero statistical er-
estimated backgrounds in the operating SNO detector. ror, the difference between the standard model prediction
Table Il summarizes the dependence ¢f.) and and the small-angle MSW solution would be only 3.3n-
Rcc/Rye on the adopted energy threshold. We give valuegleed, the systematic uncertainties begin to dominate the sta-
for the standard model and for the three exemplary oscillatistical uncertainties for this case aftdess thana year of
tion scenarios. operation. The statistical significance can be improved by
In Table IV we give the distances of the oscillation sce-~ 1o for the SMA solution if the variance of the spectrum as
narios from the standard predictions, in units of standardqvell as(Te) are measuref#1]. Fortunately, the shape of the.
deviations. recoil spectrum predicted by vacuum neutrino oscillations is
We see from Tables Il and IV that the differences result-distinctive and the difference between standard model phys-
ing from changing the threshold by 1 MeV are not ex- €S and vacuum oscillations represents, with our adopted un-
pected to be decisive for the SNO discovery potential. How<ertainties, a 1@ distinction in the SNO detector.
ever, the diagnostic power of the measurement of the shape The main information content of the measured shape of
of the electron recoil energy spectrum would be significantlythe electron recoil spectrum can be summarized by evaluat-
enhanced if the energy threshold were lowered. The smallnd the average recoil electron energy. For standard model
mixing angle MSW solution is 38 away from the standard physics, we find that the average electron kinetic energy is

model prediction if the threshold is 4 MeV but is only <Te>_: 7.658(1+0.009) MeV, Ir total errors. _
2.40 away if the threshold is 6 MeV. Figure 5c) compares the normalized electron recoil spec-

tra computed for the standard model, the LMA, the SMA,
and the vacuum neutrino oscillation scenarios. The differ-
ences in the positions of the peaks of the spectra shown in

The Sudbury Neutrino Observatory has the potential tdig. 5c are larger than the differencegify) given in Tables
reveal new phenomena with a high level of confidence, butl and Ill. Although, previous authors have shown similar
the detector must work well in order to discriminate amongfigures with error bars due only to the statistical fluctuations
different physics options. The accurate calibration of the abassigned to individual bins, we refrain from showing error
solute energy scale, the energy-resolution width for electrotars in Fig. %c) since the systematic errors will likely domi-
detection, and a high sensitivity for neutral current detectionpate the statistical uncertainties and since systematic errors
are especially important. are correlated from bin to bin.

We have determined both the best-available-estimates and There is not a one-to-one relation between the incoming
the uncertainties of three important neutrino-related inpuneutrino energy in the charged-current reaction and the en-
quantitie that will be needed in the analysis of the SNO ergy of the electron that is produced. Figure 2 shows, in fact,
data: the laboratory shape of ti8 neutrino energy spec- that there is a significant spread in electron recoil energies
trum, the charged-current neutrino absorption cross sectiofigor a specified neutrino energy. This result, unfortunately,
and the neutral current dissociation cross section. contradicts the assumption of a one-to-one energy relation

We have also estimated the effects on the tests of electramsed by a number of authof$9,35 in describing potential
flavor violation of five detector-related aspects: the energypplications of SNO measurements.
resolution, the absolute energy scale, the energy threshold, The neutral current to charged-current event ratio is a sen-
and the detection efficiencies of the charged-current eventitive probe of lepton flavor violation. For standard model
and of the neutral current events. physics, we find a charged-to-neutral current ratio

The principal uncertainties that affect the predictions areRcc/Ryc=1.882(1+0.042), 1o total error.
shown in Table | and in Fig 7. For the measurement of the The measurement of the absolute neutral current rate will
shape of the electron recoil energy spectrum, the largest egest directly the solar model predicti¢a5] of 3.28;? SNU,
timated error is contributed by the uncertainty in the absoluteLs total error, for the®B neutrino flux. This test of solar
energy scale, with significant additional errors arising frommodels is independent of uncertainties in the fundamental
the energy resolution and from the shape of ¥Beneutrino  physics related to oscillations into active neutrinos.
energy spectrum. The predictions of the three favored oscillation solutions

The systematic uncertainties reduce the power of SNO teonsidered herésmall-mixing and large-mixing MSW solu-
detect new physics via the measurement of the shape of thimns, and vacuum oscillatiopsare all separated by more
recoil electron spectrum. For example, a previous analysithan 16 from the predictions of the standard model with no
[20], which considered only statistical errors, indicated that depton flavor violations, as shown in Table Il and Fig. 8. The
3o distinction between the standard model prediction andombined test, shape of the electron recoil spectrum and ra-
the small-angle MSW solution would be possible with onlytio of neutral current events to charged events, is, in our
1800 CC events observed with the SNO observatory. Thisimulations, only slightly more powerful than the neutral
same statistical-only analysis suggests that 5000 CC eventsirrent to charged-current ratio alone.
would give more than an & distinction. With our adopted An accurate measurement of the neutral current rate is
estimates of the systematic uncertainties and 5000 C@ssential in order to exploit the full potential for new physics
events, we find that, instead o8 the standard model pre- of the Sudbury Neutrino Observatory.
diction and the best-fit small-angle MSW solution differ by  Are the conclusions about the statistical significance of

the flavor tests robust with respect to the SNO charged-
current energy threshold? This question is answered in
"Available at the following URL: http://www.sns.ias.edijhb. Tables Il and IV. These two tables show that the discrimi-

VI. SUMMARY AND CONCLUSIONS
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TABLE V. The CC event rates as a function of the CC energySNO experiment, although the information coming from the

threshold and the neutrino oscillation solution. CC shape might not be sufficient by itself.
We discuss in Appendix A the information that can be
Tonin STD SMA LMA VAC gained from an overall test of the SNO detector using an
(MeV) (SNU) (SNU) (SNU) (SNY) intense 8Li(B~) source. We calculate a theoretical

8Li(B™) spectrum and compare it with the available data.

4 6.9 2.3 1.6 1.4 o .

5 6.0 20 13 13 We conclude that the existing data for thiei( 8~) spectrum

6 4'8 1'7 1'1 1'2 are not sufficient to permit an accurate test of the SNO de-
- 3'5 1'3 0'8 1'0 tector and that a new, laboratory experiment is required.

Appendix B discusses the extent to whi¢h,) is a good
statistical estimator of possible deviations in the CC electron

natory ability of the SNO detector does not depend criticallySPEctrum. .
upon the detection threshold for the CC reaction. However, Finally, we must ask the following: How general are the
lowering the threshold to 4 MeV would separate by theconclusions given in this paper? The method of analysis and
shape measurement alone the small-mixing angle MSW sdhe discussion of the principal ingredients and their uncer-
lution by 3.8 from the standard prediction, instead of the tainties will be of use in considering how well SNO can test
3.10 that applies for a threshold of 5 MeV. pp}gnﬂal new physms scenarios. We have evaluate_d the sen-

The relative insensitivity of the diagnostic power of SNO Sitivity of the likely operation of the Sudbury Neutrino Ob-
to the CC energy threshold suggests one possible strategy fégrvatory to the MSW and vacuum neutrino oscillations that
dealing, especially in the initial stages of the experimentPest fit (see[44]) the results of the four pioneering solar
with the most troubling backgrounds. Without seriously af-Neutrino experiments. The correct physical explanation may
fecting the discriminatory power of the CC to NC rafiee differ from .the oscillation solutl_ons considered h(_ere. The
Tables Il and I}, the CC energy threshold for events being“true” solution of the ;olar neutrino problems may involve,
analyzed can be set sufficiently high, at 6 MeV or perhap§0r e?(ample, a dlstortlon' of the CC eleptron recoil sp.ectr'um
even at 7 MeV, that no significant background contaminatiorihat is much more drastic than is implied by the oscillation
is plausible. solutions _conS|dered here. In this case, the sha_pe o_f th_e elec-

Are the absolute event rates for the CC events sensitive th0N recoil spectrum from the CC reaction might indicate
the assumed CC threshold? Table V gives the expected eveRW Physics that is not apparent by comparing the rates of
rates for different assumed thresholds and neutrino oscilldhe CC and the NC reactiof85]. The analysis presented in
tion scenarios. The range of expected event rates is abouttAiS paper is illustrative of the power of the SNO detector,
factor of 2 for CC thresholds from 4 MeV—7 MeV for the but specific, quantitative inferences depend upon what, if
standard model and for the SMA and LMA MSW solutions; Ny, Néw physics exists in the accessible domain.
the variation is about 40% for the vacuum oscillations.
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ence between the standard valug(®f) and the value cal-
culated for the small-mixing angle solution varies between
3.1+ 0.6 standard deviations, depending on which values one APPENDIX A: TESTING SNO BY MEASURING

adopts within the allowed MSW regiorfSomewhat more IN SITU 8Li B DECAY
powerful discrimination can be achieved if both the disper-
sion and the mean recoil energy are calculdt¢t].) The The SNO Collaboration plans to perform an overall test of

formal difference between the standard and the MSW valughe experiment by measuring th#gdecay spectrum of an

of Ree/Ryc is always within 15.% 1.6 standard deviations intense®Li source that will be placed in different locations in
at 95% C.L. Thus, the MSW solution at small-mixing anglesthe detector. The measurement by SNO ofthi& 37) spec-
(SMA) can be tested with a high level of confidence with thetrum will be used as a demonstration that the results obtained
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FIG. 9. A comparison of théLi B-decay spectrum and the o b e e
B ; : 0 2 4 6 8 10 12 14 16
standard electron spectrum fr neutrino absorption, as a func-
tion of the electron kinetic energy above the standard SNO thresh- T. (MeV)

old (5 MeV). The spectra shown are both theoretical: the effects of

finite energy resolution are not included. The area under the curves |G, 10. (a) Theoretical®Li spectrum and its 3 uncertainties.

is normalized to unity. (b) Experimental determinations of thtLi spectrum.(c) Experi-
mental data with an allowance for a linear recalibration of the en-

for a known B-decay spectrum are consistent with thoseergy. See the text for details.

measured in the laboratory.

Figure 9 compares our calculatésee below 8Li spec-  The CC electron spectrum, whose measurement is one of the
trum with the standard model electron spectrum fr8B  primary goals of SNO, is produced by a two-step reaction
solar neutrino CC absorptidneaction(1)]. The test is based (B decay followed by neutrino captyre
upon the fact that, despite the different physical processes

; ; 8p_.8
that are involved in the two cases, the electron spectra from B—°Bet+e’ + e, (A2a)
8Li B decay and fronfB solar neutrino absorption on deu- B

terium have somewhat similar shapes and cover essentially vetd—pt+pte. (A2b)

the same energy rangfom 0— 13 MeV). The spectra dis- . . .
played in Fig. 9 are separately normalized to unity above th All three of these reactions are different, but the interme-

e g . )

standard SNO threshold of 5 MeV and do not include broad%'ate Be states are the same in b0‘3_tB (reaction A2a and
ening due to the finite energy resolution in the dete¢tor Li (reaction A) decay. The’Be excited states are unstable
other signatures of the SNO detegtor and break up into two alpha particles. As a consequence, the

8|i g~ 8
We discuss in this appendix some of the things that can b&laPe of the®Li 5 spectrum[Eq. (A28)] and of the "B
learned from the®Li test. For background information, we B SPectrunlEq. (A2b)] deviate significantly from the stan-
first summarize in Sec. Al the relations between hieand dard_allowed shape. The shape of ## neutrino spectrum
the 8B electron spectra. We then describe in Sec. A2 how &nd its uncertainties are affected as wekte[6] and refer-
future precision laboratory measurement of fhé spectrum en?\;las therein s of the delaved ¢ I ‘
could be used, in conjunction with an SNO measurement o(fj ; ea_suretrr]nen Sff? feth e_ai/ s%gc%rsum tatow ?jn?h 0
the 8Li spectrum, to help determine characteristics of thetoe:;ELT:te t?\gr;elv(iaaf[)ionseolfnt%r_?eel::trgnsBaée an.t us
SNO detector. _ ; » B Positron,
and ®B neutrino spectra from their allowed shapes. The best-
_ _ estimated®B positron and neutrino spectra and their uncer-
1. Relations between thé’Li and °B spectra tainties were discussed extensively| 6.
The 8Li electron spectrum is produced by tigedecay In Fig. 10@) we show our best estimate for tiei(5")
o electron spectrum, together with its3o uncertainties. The
8Li—%Bete +v,. (A1) calculation that leads to Fig. (& is similar to the calcula-
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tion of the 8B(B8*) spectrum performed if6], modulo dif- In our notation[see Eq(13)], the SNO response function
ferent values for the radiative corrections, forbidden correccan be written as the product of the energy resolution and the
tions, and Coulomb effects. The form factors entering theCC detection efficiency:

forbidden corrections are, by isospin symmetry, the same as , , ,

used for®B(8") [6]. Ssnd Te s Te) =R(Te, Te) - €cclTe)- (A5)

As discussed in Sec. Il A, thec3uncertainties shown in
Fig. 10(@) are related to a possible offsetin the energy of
the « particles from®Be breakupE,— E,+b. The value of
this offset affects, in particular, the calculated peaks of th
B*, B, andv spectra in Eqs(Al) and(A2). The effective
30 uncertainty of the offseb is estimated to bet0.104
MeV [6]; this estimate includes theoretical errors.

There are at least three complementary experiments th
could help to reduce the offset uncertairiiyand thereby
make the prediction of th8B solar neutrino spectrum more
precise. The potential experiments ddg a high-precision
measurement of the spectrum from®Be breakup,(2) a
high-precision measurement of thg&" spectrum from®B
decay, and3) a high-precision measurement of {ieé spec-

Therefore,Ssno(Te . Te) depends on three parameters: the
energy resolution widthr,g [Eq. (8)], the absolute energy
scale errors [Eq. (9)], and the slope of the CC efficiency
Function B [Eq. (18)]. (Of course, other free parameters
could be eventually introduced to mod8§yo more accu-
rately) Once\" and )\g'No are experimentallydetermined,
gne can use EqA4) to fit the parameters of the SNO re-
sponse functiorSsyo Which describes the spectral distortion
effects induced by the detector. Since the SNO detector will
also be calibrated with more traditional techniq(esg., with

v rays of known energy the determination of the free pa-
rameters inSgyo Will be overconstrained. The experimental
overdetermination o8gyo Will limit the effects of unknown

trum from 8Li decay. In all the three cases, dedicated labo-Systematic errors. Moreover, the comparison of the fitted pa-

ratory experiments with a carefully calibrated spectrograpf{.amEter value_s with those est!mated by Monte Carlo simula-
would be needed. tions will provide further consistency checks.

The SNO detector is expected to have an uncertainty in In practice, one has to take account of uncertainties in the
the absolute energy calibration of100 keV (1o), and, spectrum that are measured in the laboratdgyin order to

therefore, probably cannot be used a&Laspectrometer at infer the true spec'grum“. The corrections will depend on
the level of precision needed to further constrain the response function of the laboratory spectrogrépy1

Li _ Li/T ' ’
2. The SNO response functionSgyo(T4,Te) )\Iab(Te)—f M(Te) San(Te Te)d T (A6)

In addition to an overall demonstration that the detector is
working as expected, can one learn more about the charag
teristics of SNO by studying the L§~) spectrum? The an-
swer is “yes, provided that a precision measurement of th
8Li(B7) spectrum is made with a laboratory spectrograph.’
If future laboratory experiments determine accurately th

8y i .
thL'I beta—decaytspectruml,)then tg? meaSltJre'ment Wll;T SNOt rge errors in the SNO response function if determined via
is same spectrum can be used to constrain possible sys e@q_ (A4)? Unfortunately, the answer is “no.”

atic effects that apply in the energy range that is also relevant In Fig. 10b) we show the published data fropa5] and

for °B n.e'utrmo absorption. . [46], which are superimposed on the theoretical spectrum.
LiSplecmcaIIy, one F’OUId use the foIIowmg strategy. Let (We have taken the data at face value and made no attempt to
A"(Te) be thetrue lithium spectrum as a function of thele  geconvolve resolution effecisThe agreement of the data
electron energyT, . Suppose, as a first approximation, thatyith themselves and with the theoretical spectrum is unsat-
this spectrum is known with “infinite” precision as a result isfactory. In Fig. 10c), the 8 kinetic energies of each data
of an error-free laboratory spectrographic measurement:  get gre linearly transformed,;—AT;+B, so that the two
NI (A3) (renormalizegdl experimental spectra match each other and fit
lab : the theoretical spectrum. A good fit by ejfig. 10c)] is
obtained with parameterdA=0.94, B=0.45 MeV for the
Then, the lithium spectrum measured in the SNO detectogiata of Ref[45] andA=1.06,B=—0.2 MeV for the data of
)\E'No will be given by a convolution of\"(T,) with the  Ref.[46]. The results of these transformations suggest that
SNO response functioBsno( T4, Te), WhereT, is themea-  true spectrum" cannot be inferred from the available data
suredelectron kinetic energy and, is the true electron en- Wwith a precision better than a few hundred keV in the energy
ergy. Thus, scale. This uncertainty is much larger than the expe(téd
accuracy of the calibrated SNO energy scale.
A new, precision laboratory measurement of the

)\éiNo(Te):f )\Li(Té)'SSNO(T(;vTe)dTé- (A4) 8Li(B7) spectrum is needed.

The response functioB,,, must be known with a preci-
ion higher than what one hopes to achieve for the overall
SNO response functioBgyg. Any uncertaintydS,,, in the
,?aboratory response function, will be propagate®bio.

Are the available laboratory data on the Bi() decay
ufficiently good that their uncertainties would not introduce

APPENDIX B: STATISTICS OF LINEAR DEVIATIONS

s . ) N , L FROM THE STANDARD SPECTRUM
The theoreticaPLi spectrum in Fig. 108 is affected by signifi-

cant shape uncertaintiédotted lineg and is not a valid substitute We state in the text that the average value of the electron
for a high-precision laboratory measurement. kinetic energy(T) is a good statistical estimator ¢ihear
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deformations of the recoil spectrum. What we mean by this 5 o2 o _

claim is that(T) contains most of the information about Xm:'BZWN (statistics dominated  (B4)
spectral deformations, especially if the deformations are

small. A single small, purely systematic err¢such as the un-

In this appendix we show heuristically the basic correct-certainty in the®B neutrino spectrum shape or in the abso-
ness of the above statement in two simple but representativgte energy calibrationalso produces, in first order, a linear
cases, purely statistical errors and a single dominant systergeformation of the expected recoil spectrum. The spectral
atic error. More precisely, we show in E(B8) (statistical distortion can thus be represented as an uncertaipiyf the
erron) and Eq.(B9) (systematic errorthat, for a linear spec-  sjope paramete8. Then, from Eq(B2), the propagated error

tral deformation, they? associated with deviations ¢T) is  on (T is U<T>:Uﬁaz/<T>, and one has from EqéB2) and
approximately equal to thg? obtained by binning the ob- (B3):

served spectrum in a histogram. However, if there are several
comparable systematic errors, or if the deviation is nonlinear, 2
significant additional information may be obtained from the XZT :ﬁ_z (systematic dominated (B5)
higher moment$41]. 0
The arguments given below are in the spirit of a “physi-
cist's proof” rather than a mathematical theorem. We noteas would be expected intuitively.
that for probability distributions with long tails the analysis | et us divide now the spectra in bins of width AT;:
in terms of moments may not be appropriate. Fortunately, the—¢, AT},_, . and p'={p/ , AT;}i_1 n, With
spectrum of electron recoil energies does not have pathologfzipiATi:Eipi/A'-'r'i'zl_ Then, the shift in the Héight of the

cally long tai_ls so this last remark does not apply in the case, in associated to the linear deformation in Bl) is
we are considering.

Let p(T) be theexpectedhormalized electron recoil spec-
trum [ fdTp(T)=1], with average kinetic energyT) and
varianceo?. Let p’(T) be theobservednormalized spec-
trum, with average energyT)’. In the hypothesis of a per-
fectly linear spectral deformation, one can always write  \yhereT; is the average value df in theith bin.

If counting statistics dominates the errors, the fractional
, uncertainty o;/p; of the ith bin height is o;/p;
p'(T) _ 1+BT_<T> @1 =1WNpAT;, and the totaly? of the histogram differences,
p(T) (m X2s=Zi(Apiloy)?, is easily derived:

A=/ — = Ti—(T)
Pi=pi Pi—PiB—<T> ; (B6)

. i 52
wherep is a slope parameter. Then, the shift in the average Xﬁist: '32<_|_>2 N, (B7)

energy is given by

) whereo?=3,p;AT;(T;—(T))? is just a discretized estimate
o : 2 ~2 2
ATV=(TY —(T)= ’ B2 of the variances“, and, thereforeg“=0“. One gets the
(M=M= ’8<T> B2 desired proof by comparing Eq@4) and (B7):

2 _ .2 g :
and its y? statistic simply reads Xiis™=X(v) ~ (statistics dominated (B8)

If systematic errors dominate, the corresponding analysis
A(T)\? of a binned spectrum is somewhat trickier. Let the error be
) ' (B3)  represented by an overall uncertaiwty of the slope param-
eterB. From Eq.(B6), this uncertainty propagates to an error
agi=0gpi(Ti—(T))/(T) of the ith bin. The formula
whereao y, is the total error aﬁectingg(T)_ Xﬁist:Ei(APi /a7)? naively (and incorrectly applied to this
For purely statistical errorsy{r,=o?/N by the central case would givexms= B o5=nx{r , with x7r, given by
limit theorem, whereN is the total number of observed elec- Eq. (B5). However, a systematic shift in the sloge pro-
trons. From Eqs(B2) and(B3), one has duces completely correlated bin errors: cojijf(=1. There-
fore, only one out the bin residuals is independent, and the
“effective” number of bins to be considered in th& is'® 1,
®Notice from Eq.(B2) that A(T) and 8 are in one-to-one corre- SO that)(ﬁist= ,82/0123 and
spondence, so that a determination of the shift in the average energy
(T) is equivalent to a determination of the slope @f(T)/p(T)
with the same fractional accuracy, and vice versa. The observables'®The reader more experienced in statistical analyses may have
A(T) and g are interchangeable for a linear spectral distortion. Wenoticed that, in this case, the square error matrix including the error
preferA(T) because the average kinetic energy is well defined alseorrelations would have rank 1 and mot signaling that only one
in the case of a nonlinear distortion, whiiis not. bin error is independent.

*m =< o



Xbiso=X(r, (Systematics dominated  (B9)

EquationgB8) and(B9) show that, if the errors are domi-

nated by statistics or by a single systematic uncertainty, the
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use of the integrated variab{&) is as informative as a spec-

trum histogram, provided that the spectral deformations are

linear inT.
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