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The Super-KamiokandesK) and the Sudbury Neut

rino ObservatdBNO) experiments are monitoring the

flux of 8B solar neutrinos through the electron energy spectrum from the reaetigns-e” — v, , ,+€" and
ve+d—p+p-+e, respectively. We show that the SK detector respons&Btmeutrinos in each bin of the
electron energy spectruif@bove 8 MeV can be approximated, with good accuracy, by the SNO detector
response in an appropriate electron energy rdageve 5.1 MeV. For instance, the SK response in the bin
[10,10.9 MeV is reproduced‘“equalized”) within ~2% by the SNO response in the rangel, 11.75

MeV. As a consequence, in the presence of active

neutrino oscillations, the SK and SNO event rates in the

corresponding energy ranges turn out to be linearly related, for any functional form of the oscillation prob-

ability. Such equalization is not spoiled by the possi
enological limits. In perspective, when the SK and th

ble contribution of hep neutritsn current phenom-
e SNO spectra will both be measured with high accuracy,

the SK-SNO equalization can be used to determineat®olute ®B neutrino flux, and to cross-check the

(nonjobservation of spectral deviations in $kd SNO.

At present, as an exercise, we use the equalization to

“predict” the SNO energy spectrum, on the basis of the current SK data. Finally, we briefly discuss some
modifications or limitations of our results in the case of sterilescillations and of relatively large Earth

matter effects.
DOI: 10.1103/PhysRevD.63.113016
I. INTRODUCTION

The origin of the deficit of solar neutrino everits—6]
with respect to the standard solar mod®5M) predictions

PACS nunider26.65+t, 13.15:+g, 14.60.Pq

where E,, is the v energy, E_ is the total (true) electron
energy, andg, is the total(measureflelectron energy. The
latter two energies are generally different, as a consequence
of the finite detector energy resolutiph2—14 associated to

[7-9] is expected to be clarified by the measurement ofhe photon counting statistics. As far as one is concerned

events induced by’B neutrinos in the Super-Kamiokande
(SK) [10] and Sudbury Neutrino Observatof$NO) [11]
experiments.

measurements of the energy spectrum of electfdfkpro-
duced by the elastic scatteriitgS) reaction
Veat € —Veate , (1)
which can proceed either through or, in the presence of
flavor oscillations, also through the other two active neutri

nos v, (a=u, 7), with cross sectionsr® and 0@, respec-
tively.

with the electron event rates in a given energy range
[EMN EM2| the above energy transfer can be completely

i i ... characterized in terms of the so-calleesponse function
The SK experiment has presented accurate, hlgh-statlstl%s(E

,) associated to such range and to ffeneutrino source
[13,15.1

In this work, we analyze the SK and SNO response func-
tion to ®B neutrinos in specific energy ranges. In Sec. Il we
present our basic result: for each spectrum [lE", Eg'™
in SK (above 8 MeV, we find a suitable energy range
[EMn BT in SNO (above 5.1 MeV? where the corre-
sponding SK and SNO response functions are equal within a
few percent. As a consequence of such approximate “equal-

The SNO experiment has presented preliminary results ggation,” we show in Sec. Ill that, in the presence of active

the energy spectrum of electrofd1] produced by the
charged-currentCC) absorption reaction
vet+d—p+pte, (2

which can proceed only through,, with cross sectionr®.

neutrino oscillations, the SK and SNO event rates in the
corresponding energy ranges are linked by a one-todame
ean relation, independently of the functional form of the
oscillation probability. Moreover, such relation allows the
determination of the absolut®B v flux. In perspective, the
SK-SNO spectral equalization will be useful to cross-check

Both in SK and in SNO, the neutrino interaction process,
as well as the subsequent electron detection, tends to degrade

the original v-spectrum information in the fina-spectrum,
according to the following “energy flow:”

int. det
E, spectrum-E, spectrum-E, spectrum,

)
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63 113016-1

The response function basically represents theoscillated
spectrum ofinteractedneutrinos, in contrast with the unobservable
spectrum ofemittedsolar neutrino$13,15].

2In the context of this paper, it is useful to adopt a different no-

tation for the observed electron energy in SK,Y and SNO Ee).
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possible(nonjobservations of spectral deviations in the two relation thetotal event ratesof SK and SNO, rather than
experiments, as well as to determine the absof#ev flux  their spectral ratesn each energy bin. The reader is referred
independently of the neutral-curreiMC) SNO measurement to the bibliography in15] for earlier (but less realisticat-

(to be performed in the near futufl]). At present, pending tempts to find relations between SK and Sk#pectral rates
both NC data and official CC data from SNO, we use in Secin @ model-independent way.

[Il the SK-SNO relation to “predict” the CC spectrum in

SNO, on the basis of the current SK energy spectrum. In Sec. Il. SK AND SNO RESPONSE FUNCTIONS

IV we show that the previous results are not spoiled by the A. Definitions

possible contribution of hep neutrindwithin present phe- , i , )
nomenological limits Finally, we discuss in Sec. V some As mentioned in the Introduction, the response function

modifications or limitations of our results in the presence of?(E,) characterizes the interactiouletection process for a
sterile » oscillations and of relatively large Earth matter ef- 9iven solary source tB neutrinos in our cageand for a
fects. Conclusions are presented in Sec. VI. given electron energy interval[ g™, EC™] in SK and

The present work builds upon a previous pafEs] in  [E™, ET] in SNO). The three classes of response func-
which a similar strategy was devised to put in one-to-ondions relevant for our work are

pe(E,,[EM EM™])=SK (v.,e) ES response function, (4
p3(E,, [EMM EM™))=SK (v,,e) ES response functiotia=pu,), (5)
pS(E,, [ETM EM))=SNO (v.,d) CC response function. (6)

Such functions are defined in terms of the stand¥Bdenergy spectrumg(E,) [16], of the differential cross sections

(do®/dE, and do®/dE’e for elastic scattering17] and do®/dE, for CC absorptior[18]), and of the detector resolution
functions Rgsk [19] and Rgyo [20)):

em (€, _ do(E,, El) ,
Ae(Ey) | o AEe |  dEe—————Rsk(Ee, E¢)
. Eo 0 dE;
P~ eremin  =ma ! v
UB[ Ee ' Ee X]
Egnax EV f d()'a(EV, E(;) ,
Ag(E,) [ - dEe| dEc————Rsx(Ee, Ee)
a = 0 dE; ®
re B ET", ET*] |
Eemax - E, ~, do’c(Ev,Eé) ~ ~,
As(E,) [. 5 dEe| dEq——=—Rsnd Ee, Ee)
. Eq 0 dE;
pB: ) (9)

A

where the denominatorsy®° represent the®B neutrino lar, the functionp§ is just the normalize&, spectrum(his-
cross sections for producing an electron with observed ertogram of the 8B neutrinos originating a simulated electron
ergy in the specified range, as obtained by integrating ovewith a measured enerdy, e [E™, ET® in the SK detector,
E, the corresponding numerators in EGB—(9).> in the absence of oscillations; analogously fgr in SNO.
Throughout this paper, the response functions are cglcurhe functionpd can be obtained in the same way &,
lated through numenc_al integration of the abovg expressiongyrgyided that the differential cross sectid®/dE,, is re-
Eqs..(7)—(9). Alternatively, the response _functlons can be placed bydo®/dE,, in the MC simulation. Eventually, if our
obtained through Monte Carl®C) simulations. In particu- results were adopted by the SK and SNO Collaborations in a
joint SK-SNO analysis, the corresponding energy ranges and
response functions should be optimally calculated and com-
3t follows that the functiong&®°(E,) in Egs.(7)—(9) are nor-  pared through MC simulations, so as to include also those
malized to unity. minor detector featuremall energy variations of efficien-
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TABLE I. SNO electron energy rangéthird column where the SNO response function&B neutrinos
equalizes the SK response function in tkth electron energy bitsecond column The integral differencé
between the SK and SNO response functions is given in the fourth coltBineutrino cross sections for
electron production in each ran@acluding detector resolution effegtare given in the remaining columns.
See the text for details.

Range [Eg‘in, Ea™ [EMn Ema| A oq o ailog o

i (SK, MeV) (SNO, MeV) X100 (10%cm?) (10 “cn?) (1072 cn?)

1 [8,8.5 [5.10,9.99 6.9 0.1415 0.2191 0.155 0.8092

2 [8.5,9] [5.60,10.3% 5.2 0.1182 0.1819 0.154 0.7740

3 [9,9.5 [6.10,10.80 3.8 0.0970 0.1485 0.154 0.7214

4 [9.5,1Q [6.60,11.30 2.8 0.0781 0.1190 0.153 0.6570

5 [10,10.9 [7.10,11.7% 2.1 0.0616 0.0934 0.152 0.5790

6 [105,11 [7.55,12.30 1.8 0.0475 0.0718 0.151 0.5070

7 [11,11.9 [8.05,12.85 1.8 0.0357 0.0538 0.151 0.4222

8 [11.5,17 [8.50, 13.4% 2.0 0.0262 0.0394 0.150 0.3481

9 [12,12.5 [8.95,14.35 2.6 0.0186 0.0280 0.150 0.2786

10 [125,13 [9.45,14.95 3.1 0.0129 0.0193 0.150 0.2087

11 [13,13.5 [9.90, 18.2% 3.8 0.0086 0.0129 0.150 0.1554

12 [13.5,14 [10.30,2Q 4.4 0.0056 0.0083 0.148 0.1159

13 [14,2Q [11.20,2Q 8.6 0.0081 0.0120 0.148 0.0532
cies, slightly non-Gaussian resolutions, etwhich require =pu, 7) for electron production in the SK rangEre"i”,Eg"aﬂ
the knowledge of experimental details beyond the scope Qfggether with their ratio in the seventh colummhile the
this paper. last column presents th#B neutrino cross sectionsg for

CC electron production in the corresponding SNO range
B. Correspondence between SK and SNO energy ranges [EM EM®, as defined in Eqs(7)—(9) and related com-
In [15] it has been shown that the SK and SNO respons&ents. Figure 1 shows graphically the SK-SNO energy range
functions for the whole spectrum can be equalized, to a gooagrrespondence expressed by the first three columns of Table

approximation, by an appropriate choice of the correspond'—- ) ) ,
ing electron energy thresholds. In this work we make an 19ure 2 shows the approximate equality between the SK

important further step, by showing that the SK responsd€SPonse functionsg® (solid curves and the corresponding
function in each bir[quin' E™| (above 8 MeV is approxi- SNO response functionsg, (dotted curvesin a representa-

mately equalized by the SNO response function in a suitabl)uvf subset of e”:rzgy_ r?ngels-dlgc the ngsé cdsel(:f, high'd
chosen ranggE™” , EI), est energy rangethe integral difference\ does not excee

10%, and it is often much smaller in other ranges. It can be
seen, for instance, thaty for the intervalE.<[10,10.5
MeV in SK (i=5) is almost coincident witlpg for the in-

In this way one can extend the SK-SNO correspondenctervalEe[7.1,11.79, A being as small as 2.1%see Table
from total rates[15] to energy spectra ).> In addition, the functiong§ andp3 in Fig. 1 are graphi-
Technically, for each SK bifEQ"™, ET®, we have deter- cally indistinguishable(they practically coincide with one

mined the extrema of the SNO rangg™™" , ET™] by requir- ~ and the same solid curve for any range _
ing minimization of the integral difference We can summarize such results by stating that there is a

set (=1,2,..,13) of SK and SNO range$ EM™", E™] and
B ere\ c [EM" BT, respectively where the two experiments are
A= f dE, [p&(E.) —pe(E.), 1D characterized by very similar responses?® neutrinos,

pe?(E, [EM", ET™))=pS(E, ,[ET™, EF®)). (10)

which would be zero if Eq(10) were exactly satisfied. The

Ej?iglljt:g,are given in Table I and in Figs. 1 and 2, as we now “The SK energy bins below 8 MeV are not considered in Fig. 1

. . and in Table I, since the corresponding SNO energy ranges would
Table | gives, for each SK spectrum bin above 8 MeVbe (partly) below the expected SNO threshdlti] of ~5 MeV.

(labeled by a sequentlfll _nu:nbe# 12,...13), the corre- SNotice that the values of; in Table | are calculated with the
sponding energy randeEg ", E¢®] in SNO (third column  input ingredients described in Sec. Il A. Should such ingredients
where the SK-SNO response function differenkegfourth  (e.g., the SNO resolution functipshange, the extrema of the SNO
column) is minimized. In addition, the fifth and sixth column  yanges[E™" E™}, minimizing A; (and the values of\; them-
present the®B neutrino cross sectiongg and of (a  selves should be recalculated for aiisth interval.
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SK—SNO corresponding energy ranges SK and SNO response functions for B neutrinos
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FIG. 1. Correspondence between electron energy ranges in St /;
and SNO. For each SK energy bin on theaxis, the associated o | Ll AR - N
energy range in SNO is given on tlkeaxis. Ranges are labeled by 4 6 8 10 12 14 16 18 20
sequential numbers. See also Table I. .
a neutrino energy E, (MeV)
pa(E, [ET", ET®)=pd(E, [ET", EF¥), (12 FIG. 2. SK and SNO response functions 8 neutrinos in a

representative set of energy ranges. The functions are nearly coin-

i ~min ~ cident(“equalized”) within a few percent.
PR(E, [ET™, EF™))=p§(E, [ET", ET™). (13 a P

A few comments are in order. The response functiorone shown in Fig. 2, one need&g™, EC*I#[ES" , EC™]
shape is governed by the electron energy windowand, in particular(i) The SNO range widtiE]®—EM™ must
[Eq™, Ee™] and by three functions: the source spectrum be larger than the SK range widlBI™—EM™ (so as to
Mg, the normalized differential cross sectio'rgldaB/d E., “broaden” the SNO response functigrand (i) The central
and the detector resolutioR(E;,E.) [see Eqgs.(7)—(9)]. value of the SNO range must be slightly lower than for SK
Both in SK and in SNO, the bell-shaped functiongandR (S0 as to tune the SNO response function peak at the same
render the response functions also bell-shaped, indepegnergy as in SK Indeed, both conditionsi) and (i) are
dently of the functional form of the differential cross section. fulfilled by the correlated SK-SNO energy ranges reported in
Such functional form, together with the chosen electron enTable 1° We will discuss in the next section how to exploit
ergy window, affects instead the “width at half maximum” the approximate equalization of the SK and SNO response
of the response function. In SK, the normalized cross secfunctions in such correlated energy ranges.
tions as a function of the electron energy;g] *dof/dE,
and (o) "'do3/dE,, are both very similar for any fixed
neutrino energye, [17]. Therefore, it is not surprising that
Eq. (12) holds with very high accuracy.

Conversely, the approximate equal{fy3) is nontrivial. In In this section we derive a linear relation between the SK
fact, the shape of the normalized CC cross section in SNO iand SNO event rates, valid for any of the thirteen couples of
very different from the ES case, being peaked at a total elecSK-SNO energy ranges reported in Table I, and for any func-
tron energy only slight smallefby ~1.5 MeV) than thev tional form of theactive neutrino oscillation probability. We
energy, with a long tail at Iovﬁg [18]. Therefore, ifidentical ~ start with the definition of the unoscillat.ed rates, to which the
electron energy ranges were taken for SK and SNO?XF_}_?]”m?m%' fa(‘)g?as aretu_sually n?rmfléllzedt- et
[EMn EMaX—[EMn EMaX) the SNO response function would e standard’B neutrino event ratéper target electron,
beemuch narro(\e/ve(a;d peaked to slightly higher neutrino ™ eachi-th bin of the SK electron spectrymin the absence

energiesthan the SK response functide.g., compare Figs. of oscillations, is given by

2 and 7 in[13]). The functional difference in the cross sec-

tions and in theirQ-values (and also, to same extent, the

difference in the detectors resolutioRgk# Rgno), render ®The broadening of the SNO energy ranges with respect to SK
the SNO response functiomgpically differentfrom those of  implies that the interval§E™", E™}; are partly overlapping, as
SK. In order to achieve aapproximate equalizatigras the  also evident from Fig. 1.

I1l. LINKING SK AND SNO SPECTRAL RATES FOR
ACTIVE v OSCILLATIONS
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0ji _ 50 e
Rok=Pece e & Peggz‘ f dE, Ped E,) [p®'(E,)s—p§'(E,)]
where the cross sectiom¢' is given in the 5th column of
Table I, while®] is the ®B neutrino flux from the reference sf dE, PeelpS' —pS'[=A, . (21
standard solar model “Bahcall-Pinsonneault-BasiBPB)
2000[8], ®3=5.15< 10° cm 2s~*. Analogously, the stan-
dard rate in the correspondingh energy range of the SNO
spectrum is given by

It turns out that the errof(P,¢)k is often much smaller than
its upper limitA; for typical oscillation solutions of the solar
neutrino problem, being usually @(1%)2
In other words, Eqs(20),(21) show that, for anyi-th
R =D od, (15)  couple of SK and SNO energy intervals in Table I, the two
experiments probéwithin a typical accuracy of a percent
. ; i 8
where our evaluation of the cross sectiefy' is given in the "€ 3”0' the same average surwyal probabiiRy,) for °B
Bisg neutrinos. Therefore, the normalized SK and SN® event

last column of Table I. A b ”
In general, the event rates measured in SK and SNO cafles can be written as

be different from the previous expectations, as a result of i ai

either neutrino oscillations or of deviations from the standard o= B —fg| (P e>i + U—B(l—(P e>i ) (22)
model predictiongor both. Here we assumactiveneutrino SRy PN R e ee/Br
oscillations, described by a generig survival probability

function P.(E,)=<1. Deviations from the SSM flux are pa- ' R .

rametrized through an unknown factbg multiplying the r'SNoE%):fMPee)'B- (23
standard flux®3 . The event rates measured in SK and SNO SNO

should then be equal to . . .
An immediate consequence is that the presence of NC events

_ _ _ in the i-th SK bin, due tov, interactions a=u,7), can
sk= Rex+ R&x (16)  emerge in a model-independent way by observirg
—I'sno>0:

:f (I)O e,i P e,i+ a,i l_ P a,i , 1 . )
8 Plos’ (Pegs’ + 05" (1-(Pedg)], (17 r'sk—r'sno™ 0= ve— v, . channelopen.  (24)

and By eliminating (P.o)5 from Egs.(22),(23), a linear rela-

) ) ) tion between the SK and SNO normalized rates emerges in
Reno= g P 0f' (Peo)’ (18) - i -
sNo~ BB OB (Fee/B > eachi-th couple of energy intervals €1, ...,13):

a,i i

respectively. The terms(P.o5" (X=e, a, c) represent the . . op oy

. . . . . . | |
average survival probability in thieth bin, weighted by the rsk=rsno| 1= —7 | e (25)
appropriate®B response function, i i

where the numerical values ofy'/og' are given in the 7th
(P, é,i:f dE, p)é,i(EV) P.{E,) (X=e a,c). column of Table . Notice that, since _the ab_ovg equation does
not depend on the average probabikfy.e)y, it holds for
(19 any functional form of the unaveraged survival probability
. . _ Pe«(E,), i.e., for anyactive v oscillation solution of the solar
Notice that Eqs(17)—(19) are exact, i.e., they are definitions e trino problem.
which hold without any approximation. For the benefit of the reader, we have explicitly expressed
We_now apply the approximate equality of the SK andgq (25) for each energy range in Table II. In all the equa-
SNO "B response functions expressed by E(E2),(13).  tons listed in last column of such Table, the numerical co-
Such equality |mpI|e_s that the average probabilities in Edgfficients are obviously very similar, since the rafig'/og
(19) are also approximately equal to each other, depends weakly on energy. The nonobvious fact is that such
equations hold with good accuracy for any functional form
, of P.JE,), provided that the SNO energy ranges are chosen
(200 according the third column of Table Il, for any fixed SK
energy bin in the second column of the same table.

(Pedh=(Peot' = (Pead'=(Pea)%' (i=1,...,13

within errors smaller than the corresponding valuea ¢Eq.
(11)] given in Table I:

8The error &(Pge is smaller thanA; even whenP,, is largest
[PeoE,)=1, no oscillation} since the differencep®'(E,)s
In Eq. (17), the contributions fromv, and v, (a=pu,7) are ex-  —p&'(E,) changes sign as a function Bf, (Fig. 2. See also the
plicitly separated. related discussion in Sec. V §15].
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TABLE II. Linear relations linking the normalized SK and SNO spectral régst column in SK-SNO
corresponding energy rang@sported for completeness in the 2nd and 3rd colynfisch relations hold for
any functional form on the, survival probability, assuming active oscillations.

Range [EMN, M| [Emn BT Relation between normalized
i (SK, MeV) (SNO, MeV) event rates in SK and SNO
1 [8,8.5] [5.10,9.9Q I gk=0.845X 1 gyt 0.155% f
2 (85,9 [5.60, 10.35 r g=0.846X I gyt 0.154% f
3 [9,9.5 [6.10,10.80 r k= 0.846x 1 gyt 0.154 f
4 [9.5,10 [6.60,11.30 r = 0.847X I gnot 0.153% f
5 [10,10.5 [7.10,11.7% r gk=0.848X 1 gyt 0.152% f
6 [10.5,11 [7.55,12.30 r k= 0.849 r g+ 0.151 f
7 [11,11.5 [8.05,12.85 I gk=0.849X gyt 0.151X f
8 [11.5,13 [8.50, 13.45 I gk=0.850X I gyt 0.150% f
9 [12,12.5 [8.95,14.35 I gk=0.850X I g+ 0.150% f
10 [12.5,13 [9.45,14.95 I gk=0.850X g+ 0.150% f
11 [13,13.5 [9.90, 18.2% r g=0.850X I gy 0.150% f
12 [13.5,14 [10.30, 2 r = 0.852X I gnot 0.148% f
13 [14, 20| [11.20,2Q r = 0.852X I gnot 0.148% f

Equation(25), explicitly expressed in Table I, represents to make such cross-check, with the great advantage that no
the main result of our work. It implies a one-to-one corre-prior assumption is needed about thaknown and unob-
spondence between thirteen couples of SK and SNO electraervable function P.(E,).
event rates induced b§B neutrinos, independently of the Pending official and definite CC spectrum data from
specificactive v oscillation solution. It also explicitly incor- SNO? we use Table Il to make a sort of “prediction” for the
porates possible deviations from the standdf® flux ~ SNO spectrum, based on the measured SK specf@zh
through the factorfg. The physical content of such result Figure 3 shows, in the upper panel, the normalized SK spec-
can be expressed as follows: for aith SK bin above 8 trum rg, [22] above 8 MeV. In each of the thirteen bins
MeV, it turns out that there is a SNO energy interval wheref E™Mn EM3]. | the height of the gray box is equal to thel.o-
the average suppressiofP¢¢)s) of the v, flux due to oscil-  statistical errorsry, . Inverting the relations in Table II, and
lations is the same jn the two experiments. Then, modulassuming fg=1, we propagate the SK data SétiSK
factors asfg and Ug"/ag"_y one can get also the average + gr,}; to a set of “predicted rates{rsyo* orgyghi for
suppression of the, flux in SK (a:,fL,T)., Qnd thus a link SNO, in the corresponding energy intervaB™", ~Emax]i_
between the SK and SNO rates which is independent of thgne results are shown in the lower panel of Fig. 3, where the
spec!flc proballbllle functiorP.«(E,). We discuss now some gray boxes have now a width determined [/"", Emx)
possible appl!catlons of E¢25). i . and are thus partially overlapping. The meaning of such ex-

When official CC spectrum datand thus thesyos) will  grcise is the following: In the presence of generic active
be released by SNO, ERS) will provide a determination of  gscillations, and fofg=1, the measured SNO spectrum has
fg, namely, of the absolutéB flux at the Sun {gX®B).  to be consistent with the lower panel of Fig. 3, in order to be
This fact was derived i15] by usingtotal SK and SNO  compatible with the present SK data and theito (stat)
rates with appropriate thresholds; our Table Il generalizegrrors. The exercise in Fig. 3 can be repeated fot 1 (not
such result to several energy spectrum rangesl(...,13), shown.
so that the value of ; will be overconstrainedNotice that A final remark is in order, concerning the uncertainties
such constraints of will precedethe independent determi- affecting Eq.(25). Besides the experimental uncertainties in
nation of fz through the neutral curredNC) measurement the SK and SNO rates, the main theoretical uncertainty is
planned in the near future in SNQ1]. related to theabsolutenormalization of thes® cross section

Table Il can also be used to cross-check possible spectrffr CC interactions in SNO, which enters in the calculation
deviations(or their absendein SK and SNO. If there ignoty  Of Rsno[Ed. (15)]and thus propagates to the normalized rate
a specific spectral distortion pattefnl,#const;—;—;5 in  "snolEd-(23)]. Such error is estimated [23] to be~6% at
the SK spectrum above 8 MeV, a similar pattern must ShOV\;l'U’I byt' co(mpdarmg %Tferentdcallcoulatlolr:jsg ahmﬁlre ddefmlte
up, independently ofP.., in the sequencdr! L evaluation(and possibly a reductiowould be highly desir-
agove 52 MeV il}nl SNC%\jvithin uncertgintie;qaggg}rarlwélﬁo able. Compared with such uncertainty, the error induced by
Table Il. Although it is intuitively clear that, if SK finds hints
of spectral deviations, they should also be found by SNO
[21], Table Il provides a quantitative and well-defined way °Preliminary SNO results have been reportedif].
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SK and SNO electron energy spectra SK and SNO response functions for hep neutrinos
L s e e o A R 0.5 TTorTTTTTTrm e T e
%91 SK, observed (1117 day) ] 0% (SK)
0.8 | .
<
SNO
= o _ o p° (SNO) ]
L osf ) 1
E .
S o) nﬂ““ﬂﬂnﬂunﬂ
8 0.4 4
& o3l 1 03 ¢ 1
0.2 | E phep 13
01 .
0 1 1 I Il 1 1 1 0,2 - -
4 6 8 10 12 14 16 18 20
1 T T I T T T T
0.9 - 1 . 1 _ T
SNO, 'predicted" (fe=1, v,—>v,,)
0.8 | . o1 L ]
% 0.7 | 1
L o6t 1
E o5l L d
_b o O PR S SR S | oo IR W NN SR SR NS S "
AT R : ° 4 6 g8 10 12 14 16 18 20
Q
7] 0.3 | B .
sl ] neutrino energy E, (MeV)
01 F ] FIG. 4. SK and SNO response functions to hep neutrinos for
R S R three representativiéhigh) energy ranges.
" 6 8 10 12 14 16 18 20 P veigh) gyrang
Total electron energy E, (MeV) neutrino contribution to the SK and SNO event rates, modulo
a redefinition of the factofg .
FIG. 3. Upper panel: SK observed energy spectfadil7 day The latest evaluatioBP 2000 of the standard hep flux is

exposure[10]), normalized to the BP 2000 expectations fiB (I)ﬁeng_?,)( 1077 cm 2g! [8]' with |arge (unquoted un-
neutrinos{8]. The width and height of each gray box represent thecertainties. We parametrize such uncertainty by introducing
bin energy range and the 1o statistical uncertainty, respectively. (analogously tdf ) a free parametef;, ., multiplying q)gep_

Lower panel: SNO “predicted” energy spectrum, as obtained byThe neutrino energy spectrum at the Sas far as SK and
projecting each SK energy bin rate onto the SNO correlated energ¥No are concernadecomes then

range(and propagating the SK statistical ernorshe “prediction”
(made forfg=1) is valid for active oscillations, independently of BEV=Fa PON(E )+ fr DO )\ E 26
the functional form of the flavor transition probability. See the text (B,)=Te PgAa(E,)H repPheprned Eu)y - (26)

for details. where\pe(E,) is the hep neutrino energy spectri#].

the approximate SK-SNO equalizatipiq. (21)] is typically We rec_aII that the slight “excess” of events in the high-
less relevant, except perhaps in the worst casel@ energy ~ €nergy tail of the SK normalized spectryh0] is roughly
range. Finally, notice that Table Il involves thirteen couples consistent with the standard contributidiy{,~1) from hep

of quantities, which have correlated errors. Besides the ob2eutrinos8], and provides a 90% C.L. upper bound to such
vious bin-by-bin correlation of detector systematics in SKcontribution,

(and, independently, in SNOthe 8B spectrum shape uncer-

tainty [16] represents a systematic errorgommonto SK fhep=3,

and SNO. Moreover, since the energy rangBS"™, E™] 45 derived in[10] through an analysis with unconstrained
partially overlap in SNO(Fig. 1), the corresponding SNO f_ As an example of relatively “large” hep flux we con-
ratesr o are also statistically correlated. All such “compli- sider then the reference casig (fnep = (1, 3).

cations” of a joint SK-SNO analysis can actually be handled  As for 8B neutrinos/Egs.(4)—(6)], one can introduce for

by standard statistical teChniqU@g., covariance matriCES hep neutrinos three new response functions,
however, pending detailed data and official evaluations of

uncertainties in SNO, we do not furtherly explore this matterp?fep(EV)= response function to hep neutringX=e, a, ),
at present. 27)

which are defined analogously to Eq%)—(9), modulo the
In this section we show that our main resitig. (25)] is  replacement okg(E,) with Ao (E,). Correspondingly, one
basically preserved in the presence of a nonnegligible hepan define three new averaged probabilities,

IV. EFFECT OF hep NEUTRINOS
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TABLE lll. Cross sections for electron production by hep neutrinos in the SK and SNO corresponding
energy ranges. The ratio of hep 8 contributions in each bin is also given, assuming standard BP 2000
neutrino fluxes:®3=5.15<1¢° cm 2s* and ®(,,=9.3x10° cm 2s ™! [8]. The last column gives the
integral difference among the SK and SNO response functions for the reference case of “large hep flux”
(frep=3 andfg=1), as discussed in the text.

e
Range Thep

a
Uhep

c
O-hep

Uﬁep/o-g Uﬁeplo'g Uﬁeplo'g A(fhep:'?’)

i (10*cnm?) (10 ®cn?) (107 %cenP) XD JDY X dp /DY X PP JPE X100

1 0.2826
2 0.2615
3 0.2403
4 0.2192
5 0.1982
6 0.1777
7 0.1579
8 0.1388
9 0.1207
10 0.1037
11 0.0880
12 0.0736
13 0.2576

0.4476
0.4107
0.3745
0.3391
0.3048
0.2718
0.2402
0.2103
0.1821
0.1560
0.1319
0.1100
0.3823

1.2478
1.3449
1.4285
1.5137
1.5605
1.6317
1.6613
1.6881
1.7395
1.6646
1.6893
1.5465
1.2133

0.004 0.004 0.003 7.2
0.004 0.004 0.003 5.4
0.005 0.005 0.004 4.1
0.005 0.005 0.004 3.1
0.006 0.006 0.005 2.5
0.007 0.007 0.006 2.1
0.008 0.008 0.007 2.2
0.010 0.010 0.009 2.3
0.012 0.012 0.011 2.7
0.015 0.015 0.014 3.1
0.018 0.018 0.020 3.8
0.024 0.024 0.024 4.4
0.057 0.057 0.041 13.2

(Pehep= f dE, predE,) Ped E,)  (X=¢,a,0).

Figure 4 shows the SK response functigsfy, and ppe,
(graphically coincident with the solid curvén three repre-

(28)

same table, we also report the ratios between the standard
contributions of hep neutrinosh(.,oh.,) to B neutrinos

(® oF) in eachi-th energy range. Since such ratios are
small, the combined response functiop’ [Eq. (31)] are
always dominated by th,eé component, even for a relatively
large hep flux(e.g.,fne,/fg=3). Therefore, we expect that,

sentative high-energy bins, together with the SNO responsgjihough the SK and SNO response functions to hep neutri-
function pe,, (dotted curvg in the corresponding energy nos can be noticeably differerisee Fig. 4, the combined
ranges given in Table I. The response functions are somggsponse functions tB+hep neutrinos can still be taken as
what different from each other, the difference becoming rapapproximately equal in SK-SNO corresponding ranges. Such

idly larger in lower energy intervaléot shown. Therefore,

expectation is confirmed by Fig. 5, were the combined re-

we cannot derive a reasonably approximate equality of thgponse functions are shown in the same representative en-
Kind (Pee)hep=(Peethep [as it was instead the case f8B

neutrinos, Eq(20)]. However, this potential problem practi-

cally disappears in the combination wifi8 neutrinos.

In fact, let us consider the combined+HBep response
functionsp* for a source flux as in Eq26). Such functions

are given by

p*(E,)=(B+hep response function (X=e, a, )

(29

 fg @305 pa(E,) + frepPhepThepPhed Ey)

0 X 0 X
1:BCI)B UB+ 1Ehepq)hepa'hep

0 X

X fhepq)hepo'hep
pe(E)+t——o ~—
fg®Pgop

phesE.)

0 X
fhepq)hepa-hep

0 X
fgPgop

where our evaluations of the cross sectioﬁgp (defined in a

(30

(31

ergy ranges of Fig. 2, but for the reference case of relatively
large hep flux €z, fnep) =(1,3)° The SK and SNO com-
bined response functionsolid and dotted curves, respec-
tively) are indeed approximately equal in any energy range,
the integral differencé being a few percenfas reported in
the last column of Table I} except for the last bin where it
exceeds 10%. We remind that the situation would be better
(smallerA) for the phenomenologically preferred cd46)]

of frep/fg<<3. Therefore, if we average the oscillation prob-
ability over the combinedresponse functions in eadhkth
energy range,

(Pee>x‘i=f dE, p*'(E,) PedE,), (32

we can still assume them as approximately equal to each
other,

(Pe)'=(Pea® =(Pea®'=(Ped  (i=1,...,13,
(33

1%ne can appreciate the contribution of hep neutrinos in the up-

way analogous tars) are given in the second, third, and per tail of the response functions by comparing Fig.fRe=3)
fourth column of Table Il forX=eg,a,c, respectively. In the  with Fig. 2 (f,,,=0).
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Combined B+hep response for fg=1, f,,= 3 we now include the hep neutrino contribution in the numera-

0.5 LI AL R L R BN R ] torS RISK and RiSNO:
— 0% (sKk : : : . :
e Ro= 1o 9] 105' (Ped'+ 3 (1 (Pedg)]
[ e p SNO 1
04 F b ] +(Behep, (35
i ] Rsno=fs 3 o' (Peos'+ (B hep. (36)
03 | 3
P The above Eq935),(36) are exact, i.e., they do not imply
any approximation. By applying to such equations the ap-
02 | ] proximate equalities expressed by E(&3) and(34) we ob-
] tain, after some algebra,
: ] : o8 .
01 F g I’ISK:(fB'*'Eifhep) <Pee>l+T(l_<Pee>l) . (37
, ] o
o L . AR, SN Fsno=(fa+ €fhep) (Ped)', (38
4 6 8 0 12 14 16 18 20
neutrino energy E, (MeV) from which we can eliminate the average probabi{iB)’
to get
FIG. 5. Combined SK and SNO response function$Boand g
hep neutrinos, assuming a hep neutrino flux three times larger than _ _
the BP 2000 expectatiori8]. The functions are approximately co- i : g-g" ag"
incident(typically within a few percent A comparison with Fig. 2 Fsk=rsno| 1~ e +(fg+ Eifhep) i (39
shows that the hep contribution modifies the upper tail of the curves OB OB

for the highest energy ranges, but does not really spoil the approxi-

mate equality between the SK and SNO response functions. The above equation holds with an accuracy comparable to

. . , that of Eq.(25), namely,O(1%) for typical solutions to the
as it was the case fofB neutrinos only{Eq. (20)]. Finally, o1 e ytring problem. The only difference with EB5) is

we remark that the approximate equalization of the COMipa re : ;
: . R ; placementg— fg+ €fep, Wheree; [defined in Eq.
bined SK and SNO response functions in Fig. 5 is partly due{34)] is tabulated in the fifth column of Table Ill. Therefore,

also to the fact that the relative hep contribution in eachy o considerations in Sec. IV, related to the existence of a

energy range is approximately independent of the interactiownear relation between SK and SNO rates in appropriate en-
processX(=e,a,c), ergy ranges, hold also in the presence of a nonnegligible hep

neutrino contribution, up to the mentioned replacement for
fg (barring perhaps the last range 13, where the approxi-
mations may not be particularly gopd .
the differences being a few 10 2 (compare the 5th, 6th,  In addition, suppose that both thi,’s and ther 5y's are
and 7th columns of Table Il except, once again, for the last measured with high precision, and thaf is also precisely
range (=13), where the above approximation is not asdetermined from the NC measurement in SNQJ: then the
good. only unknown would bé,¢,, which could be hopefully de-
Let us discuss the effect of a nonzero hep flux on thgermined by applying Eq39) to the highest energy ranges
results of the previous section. We redefine the expected nofsay, i=11,12, and possibly 13) wherg is largest. Of
malized rates’, andriyoas in Eqs(22),(23), with denomi-  course, at the level of accuracy required to determine the
natorsRY, andR%, still given by the standard rate frois  absolute hep neutrino fluk,e Ppe, from the SK and SNO
neutrinosonly,'! as defined in Eqg14) and(15). However, data, one needs a very careful estimate of all the uncertain-
ties involved, including the intrinsic approximations of our
approach.

0 e 0 a 0 c
=thep0'hep_ q)hepo-hepNCI)hepo-hep

€= , (34
- @Ry dRoR DY

YThe “standard” rate to which one should normalize the mea-
sured rate may or may not include the SSM hep neutrino contribu- . EFFECT OF EARTH MATTER AND OF STERILE

tion (in addition to SSM®B neutrinog, the choice being purely NEUTRINOS

conventional. Our choicéhep neutrinos not included in the stan-

dard unoscillated rateR2, andR%},) leads to more compact ex-  In this section we briefly discuss some limitations or
pressions in the context of our approach. modifications of our results, which can arise when neutrino
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oscillations are affected by Earth matter effef@4—26, or SNO electron energy spectrum
by transitions to a sterile state,. 1 ————1 17—
°9T sNo, 'predicted" (v.—>v,) 1
A. Earth matter effects os 1
L s o7} 1
So far, we have implicitly assumed one and the same® Z: i
probability function P.(E,) for both SK and SNO. This > | . <
inn i id i i E o5t L o @
assumption is no longer valid in the presence of sizable Eartt 5 s S
matter effectgduring nighttime, since the different SK and ¢ 041 1
SNO latitudes imply different nadir angleyj exposures for & 03t .
the two experimentR27]. Although the SK data have already 02 - -
excluded a significant fraction of the parameter space where o1 | i
Earth matter effects are largé0], one cannot exclude that o , , ‘ , , , ,

more precise SKand SNQ data may still reveal some dis- 4 6 8 10 12 14 16 8 20
tortion in the nadir distributiorisee, e.9.[23,28 and refer-
ences therein In such case, the probability functioB,.
could be significantly different in SK and SNO, especially  FIG. 6. As in the lower panel in Fig. 3, but for the case of sterile
along the inner trajectories traversing the Earth core, whergeutrino oscillations.
mantlet+core interference effects can ocd@9], and where
the exposure functions in SK and SNO are significantly dif-independent relation between the SK and SNO rates analo-
ferent. gous to Eq(25). However, one can eliminate at led#t,)'

It follows that, if sizable Earth matter effects would to get the relation
emerge in SK or SNO nighttime data, our approach could be

Total electron energy E, (MeV)

strictly applied only to daytime events. Notice, however, that riSK_ riSNO(l_ c,aB,i/Ug,i) _
the SK and SNO exposure functions, although different in NTRY =fg(1—(Pgg"), (42
principle, turn out to be approximately similar in the nadir oglog

angle range 04 »=<0.8 (see Fig. 3 in[27]). Therefore, _ _ . _ -
modulo such approximation, one could still assume one an#hich might still provide a useful test ofe— vs transitions.
the same functiofP.(E,) in SK and SNO(and thus apply In fact, the quantityfg(1—(Pcg') is independent of energy

our resulty for the fraction of nighttime data withy  range index only if P.(E,)=const. Therefore, variations
€[0.4,0.9. of the left-hand side of Eq42) in different energy ranges

would provide a signature of.— v transitions with energy-

dependent probability. ‘

. _ . . Further links betweeng, andr gy can only be obtained
Recent global fits to solar neutrino data, including theby making some assumptions abd®g.. For instance, by

latest SK result$10], tend to disfavor pure,— v oscilla- assuming pure sterile oscillations £P.+ P,J), one gets

tions [10,30 as compared toe— v, ., although it is per-  fom Egs.(40) and (41) that

haps too early to claim rejection of the scenarig/30]. In

any case, mixedactivetsterile solar neutrino oscillations

are certainly still allowed30], and can also be made consis-

tent with the atmospheric neutrino oscillation evidef8g].

In the general case of activesterile oscillations, Eqs22)

and(23) are modified as follows:

B. Sterile neutrino oscillations

pure ve— v oscillations=rg.=rk.o, (43)

i.e., the normalized rates in the SK and SNO corresponding
ranges are expected to be eqdile to the absence of, ,
NC contributions in SK The above equation is interesting

pY because, independently of the functional formPRf(E,), it
ro—f (P )i+ B (1—(P.)—(P Y|, (40  Pprovides a possible way to distinguish pure sterile oscilla-
s<= o | (Ped a‘é"( (Ped = (Ped tions[Eq. (43)] from pure active oscillationgEqg. (25)]. Fig-

ure 6 shows, for instance, the “predicted” SNO spectrum for
‘ , pure v,— v¢ oscillations, as obtained from Eg3). A com-
rsno= e (Pee)s (41)  parison with Fig. 3(“predicted” SNO spectrum for active
oscillations shows how the normalized SNO rates are ex-
o _ pected to be less suppressed for the sterile case, on the basis
where the unitarity relation %Peet Pe,+ Pes r12as been  of the present SK data. Finally, notice that E4@) does not
used,Pes being thev— v oscillation probability: i allow to determine g, nor to discriminate pure sterile oscil-
Unifortunately, one cannot eliminate bo#Pce' and  |ations from no oscillations. Such loss of predictive power
(Peg)' from the above equations, so as to derive a modelsimpyy reflects the fact that, for increasing amplitude of the
ve— Vg Channel, there is a decreasing NC contribution in SK,
so that the SK and SNO event rates tend to be equally sup-
Similar relations were discussed 5] for the total SK and  pressed, their combination providing eventually little addi-
SNO rates. tional information.
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VI. CONCLUSIONS data. We have also discussed the effects and implications of
a nonnegligible hep neutrino flux, of relatively large Earth
matter effects, and of sterile neutrino transitions. We con-
clude by stressing that, should our results be adopted by the
'SK and SNO Collaboration to perform a joint SK-SNO spec-
tral analysis, dedicated Monte Carlo simulations would be
Besirable to assess all the uncertainties and their correlations,

In this work, we have shown that the SK detector re-
sponse to®B solar neutrinos, in each bin of the electron
energy spectrum above 8 MeV, can be accurately approx
mated by the SNO detector response in appropfidiféer-
end electron energy ranges. In a sense, it is possible t

tune” the SNO energy “bandwidth” so as to "equalize as well as to quantifythrough a more detailed description of

the SK response in various spectrum bins. As a CcoNseqUENGte instrumental respongethe approximations associated
we have derived a set of linear relations among the SK an ith our approach

SNO spectral rates, whose distinguishing feature is the inde-
pendence on the functional form of tkactive) neutrino os-
cillation prol%ablllty. _Such relations can be used to determine ACKNOWLEDGMENTS

the absolute®B neutrino flux from SK and SNO data, and to
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