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Status of the solution to the solar neutrino problem based on nonstandard neutrino interactions
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We analyze the current status of the solution to the solar neutrino problem based Hajmonstandard
flavor-changing neutrino interactiondCNI) and (b) nonuniversal flavor diagonal neutrino interactions
(FDNI). We find that FCNI and FDNI with matter in the Sun as well as in the Earth provide a good fit not only
to the total rate measured by all solar neutrino experiments but also to the day-night and seasonal variations of
the event rate, as well as the recoil electron energy spectrum measured by the SuperKamiokande Collaboration.
This solution does not require massive neutrinos and neutrino mixing in vacuum. Stringent experimental
constraints on FCNI from bounds on lepton flavor violating decays and on FDNI from limits on lepton
universality violation rule ouv.— v, transitions induced by new physics as a solution to the solar neutrino
problem. However, a solution involving,— v transitions is viable and could be tested independently by the
upcomingB factories if flavor violating tau decays would be observed at a rate close to the present upper
bounds.

PACS numbegps): 14.60.Pq, 12.66-i, 13.15+g

I. INTRODUCTION sector. Then neutrino oscillations in vaculifi®] or matter
[15,14 [the Mikheyev-Smirnov-WolfensteitMSW) effect]
In recent years the accuracy with which the solar neutrina@an explain the deficit of observed neutrinos with respect to
flux is being measured has been improved significantlythe predictions of the SSYL7-19.
[1-5]. Better statistics and calibration of the pioneering ex- In his seminal paper, Wolfensteja5] observed that non-
periments, as well as the first next-generation experiment atandard neutrino interactiof8lSNI) with matter can also
SuperKamiokande, measuring the solar neutrino spectrumgenerate neutrino oscillations. In particular this mechanism
and the event rate as a function of the zenith angle witttould be relevant to solar neutrinos interacting with the
unprecedented precision, have provided a lot of new infordense solar matter along their path from the core of the sun
mation about the solar neutrino problg¢6]. On the theoret- to its surfacd20—26. In this case the flavor-changing neu-
ical side, several substantial improvements have been madeno interactiongdFCNI) are responsible for the off-diagonal
in the standard solar modé¢SSM) [7-10] which now in- elements in the neutrino propagation matf&milar to the
cludes the diffusion of helium and heavy elements and upAm? sir?26 term induced by vacuum mixingFor massless
dated low energy nuclear cross sections relevant to the solaeutrinos, resonantly enhanced conversions can occur due to
neutrino productiom11]. Furthermore, the SSM has received an interplay between the standard electroweak neutrino inter-
important independent confirmation by the excellent agreeactions and nonuniversal flavor diagonal neutrino interac-
ment between its predicted sound speeds and recent hetions (FDNI) with matter[20,27).
oseismological observatiof8]. While many extensions of the standard model allow for
All five solar neutrino experiments—5| observe a solar massive neutrinos, it is important to stress that also many
neutrino flux which is smaller than predicted by the SSMs. Innew physics models predict new neutrino interactions. The
order to understand this discrepancy it has been suggestatinimal supersymmetric standard model withdrtparity
that neutrinos are endowed with properties which are nohas been evoked as an explicit model that could provide the
present in the standard electroweak thedr§]. These new FCNI and FDNI needed for this mechanism. Systematic
properties allow the electron neutrinos to be converted alongtudies of the data demonstrated that resonantly enhanced
their way from the center of the Sun to the detectors on Eartlscillations induced by FCNI and FDNI for massless neutri-
into different neutrino flavors, i.e., into muon, tau, or possi-nos[21,25, or FCNI in combination with massive neutrinos
bly sterile[13] neutrinos. The fact that the terrestrial experi- [21,26 can solve the solar neutrino problem.
ments are less sensitive to these neutrino flavors explains the In this paper we investigate the current status of the solu-
observed lower counting rates. The most plausible solution i§on to the solar neutrino problem based on NSNI, which is
that neutrinos are massive and there is mixing in the leptotriefly reviewed in Sec. Il. In the first part of our studyec.
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[ll) we present a comprehensive statistical analysis of this 1l. NEUTRINO FLAVOR CONVERSION INDUCED
solution. Our analysis comprises both the measured total BY NONSTANDARD NEUTRINO INTERACTIONS
rates of Homestakgl], GALLEX [2], SAGE [3] and Su-

perKamiokandd5] and, for the first time in the context of
NSNI, the full SuperKamiokande data gebrresponding to

Any model beyond the standard electroweak theory that
gives rise to the processes

825 effective days of operatigrincluding the recoil electron vof— v, f, (1)
spectrum and the day-night asymmetry. We have not in-
cluded in oury? analysis the seasonal variation but we will vof—=v,f, 2

comment on this effect. For the solar input we take the solay h h low f= J=
neutrino fluxes and their uncertainties as predicted in the. ere ( ere and_be ow f=u,d.e and . _“’T.an.d «
tandard sol del by Bahcall and Pi P98 =e,u,T, is potentially relevant for neutrino oscillations in
standarg: soflar modet by bancall and insonnedd the sun, since these processes modify the effective mass of
SSM) [9]. The BP98 SSM includes helium and heavy ele-

10 neutrinos propagating in dense matter.
ments diffusion, as well as the new recommended VEl0g The evolution equations for massless neutrinos that inter-

for the low-energySfactor, S;;=19"5 eV b. We also study act with matter via the standard weak interactions and the
the dependence of the allowed parameter space on the higldnstandard interactions i) and(2) are given by[20,21]:
energy®B neutrino flux, by varying the flux normalization as ;
a free parameter. o d | Adr) Ne(r) €, N(r) A1)
In the second part of our study, for the first time a sys- j— ):\/EGF e nr) € ni(r) ( )
tematic, model-independent investigation of the phenomeno- driA(r) vt vt A(T)
logical constraints on FCNI and new nonuniversal FDNI rel- (3)
evant for solar neutrinos is presenté8ec. 1\). Our two
main goals are(a) to find out whether NSNI can be suffi- WhereAg(r) andA,(r) are, respectively, the probability am-
ciently large to provide a viable solution to the solar neutrinoPlitudes to detect & and v, at positionr. For neutrinos that
problem, andb) to study various kinds of new interactions Nave been coherently produced asin the solar core at
in order to single out those new physics models that caRositionro, the equations ir3) are subject to the boundary
provide such interactions. Since the typical energy scales refONditionsAg(ro) =1 andA(ro) =0. While W-exchange of
evant for solar neutrinos are lower than the weak interactiofe With the background electrons gives rise to the well
scale and therefore lower than any new physics scale, it i§nown forward scattering amplitudg2Gen(r), the FCNI
sufficient to discuss the effective operators induced by heavif! ) lr:duce a flavor-changm.g forward scf':\ttermg amplitude
boson exchange that allow for nonstandard neutrino scatten2Gre, ni(r) and the nonuniversal FDNI if2) are respon-
ing off quarks or electrons. These operators are related by thgible for the flavor diagonal entrﬁGFe’fy/nf(r) in Eq. (3).
SU(2), symmetry of the standard electroweak theory to opere
erators that induce anomalous contributions to leptonic de-
cays. SinceSU(2), violation cannot be large for new phys- Na(r)+2ny(r), f=u,
ics at or above the weak scale, one can use the upper bounds ne(r)= 2n () +no(r), f=d (4)
on lepton flavor violating decays or on lepton universality . P o '
violation to put model-independent bounds on the relevanis the respective fermion number density at positiom

nonstandard neutrino interactions. terms of the protorineutron number densityry(r) [Ny(r)]

We find that nonstandard neutrino interactions can prognd
vide a good fit to the solar neutrino data if there are rather
large nonuniversal FDN(of order 0.5 G¢) and small FCNI G! GfV/V/—GfVeVe
(of order a few times 10° Gg). Our phenomenological e=€, =—(c ande'=¢, =————,
analysis indicates that FCNI could only be large enough to F F
provide v.— v, transitions, whilev.— v, transitions are not describe, respectively, the relative strength of the FCNI in
relevant for the solution of the solar neutrino problem, be-(1), and the new flavor diagonal, but nonuniversal interac-
cause of strong experimental constraints. Large FDNI cafions in(2). G’ , («,B=e,u,7) denotes the effective cou-
only be induced by an intermediate doubletS;D(Z),_ (a pling of the foar-ﬁfermion operator
scalar or a vector bosgmr by a neutral vector singlet. We
conclude that the minimal supersymmetric model with bro- @Lz(yjﬁ)(f_f) (6)
ken R parity [28] is the favorite model for this scenario.

In Sec. V we discuss how to to confirm or exclude thethat gives rise to such interactions. The Lorentz structure of
solution to the solar neutrino problem based on nonstandar@fv depends on the new physics that induces this operator.
neutrino interactions by future experiments. We argue thaOperators which involve only left-handed neutrinGnd
the magnitudes of FCNI parameters necessaryifer v, which conserve total lepton numbk) can be decomposed
conversion in the sun could be tested independently by thaato a V—A)®(V—A) and a ¥ —A)® (V+A) component.
upcomingB-factories. Finally, we discuss briefly the possi- (Any single new physics contribution that is induced by chi-
bility of distinguishing this solution from the others by future ral interactions yields only one of these two componerits.
solar and long-baseline neutrino oscillation experiments. is, however, important to note that only the vector part of the
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background fermion current affects the neutrino propagatiomNote that tan 2,,= 26‘3//(6"3/— 1) is constant fof =e. P,

for an unpolarized medium at reft5,29. Hence only the g the level crossing probability. The approximate Landau-
(V=-A)®(V) part ofO‘; is relevant for neutrino oscillations zgper expression 0,21

in normal matter. One mechanism to induce such operators is

due to the exchange of heavy bosons that appear in various P.=exd —my/2] with

extensions of the standard model. An alternative mechanism ¢

arises when extending the fermionic sector of the standard

model and is due t&@-induced flavor-changing neutral cur- (e, /€)% n,
rents(FCNCS3. For a discussion aZ-induced FCNC effects y=4\/§G,: . (11
. e—’f d N
on solar neutrinos, see Ref80,31. v, — 2
A resonance occurs when the diagonal entries of the evo- dxine/|

lution matrix in Eq.(3) coincide at some point,along the
trajectory of the neutrino, leading to the resonance conditiowhen neutrinos arrive at the detector during the night, a
modification of the survival probability has to be introduced
e'fy Ne(r e = Ne(F oo - (7) since the nonstandard neutrino interactions with the terres-
‘ trial matter may regenerate electron neutrinos that have been
) ) . transformed in the sun. Assuming that the neutrinos reach
An immediate consequence is that new FDNIfere alone  he Earth as an incoherent mixture of the effective mass-

cannot indupe resonant neutrino flavor conversio'ns. eigenstates; and v,, the survival probability during night
As we will see in Sec. IV onlyv,— v, conversions are tme can be written ag3?]
compatible with the existing phenomenological constraints
on efy/ and e’fv/. We note that in the minimal supersymmet- P _qigs 4P, (1— 2P )
- m 2elL ™

Ve~ Ve Ve Ve

ric standard model with brokeR-parity [28] the relevant phight _ (12)
parameters are given by e ve cos 265,
§ Niar® - Nigy § N33 2=\ 15g? HereP,, is the probability of a transition from the state to

(8) the flavor eigenstate, along the neutrino path in the Earth.
For our analysis we assume a step function profile for the
Earth matter density, which has been shown to be a good
in terms of the trilinear couplingzsi’jk and the bottom squark approximation in other contextsee, e.g., Ref[33] for a
massMy, . recent analysis of matter effects for atmospheric neutrinos
The neutrino evolution matrix in Eq(3) vanishes in Then the Earth matter effects on the neutrino propagation
vacuum and is negligibly small for the matter densities of thecorrespond to a parametric resonance and can be calculated
Earth’s atmosphere. Therefore the probability of finding ananalytically[34],
electron neutrino arriving at the detector during day time is
easily obtained by evolving the equations (@) from the Poe=sir? 65,+ W2 cos 265, + W, W5 sin 265, (13)
neutrino production point to the solar surface. Furthermore,

typically there are many oscillations between the neutrinqNhere the parametel; andW; contain all the information

production and detection point and a resonance. Therefor& the Earth density and are defined in R&4]. (The only
the phase information before and after the resonance is USHifference is that in our case also the off-diagonal element of

aIIy. lost after integration over_the production anq _Qetectionthe neutrino evolution matrix varies when the neutrino
region and one may use classical survival probabilities. TheBropagates through the Earth mafter

at day time we have21] It is this interaction with the terrestrial matter that can
produce a day-night variation of the solar neutrino flux and,
consequently, a seasonal modulation of the dddate that
this seasonal variation is of a different nature than the one
expected for vacuum oscillations from the change of the
baseline due to the eccentricity of the Earth’s orbit around
the sun).

€, =—>—=—, ande') =————,
T 4AMZ\2Ge © 4MEV2Ge

1
Pg:iye=|Ae(rs)|22§+

2

1
=— PC) cos 20P, cos 245, (9)

whererg is the solar surface position and in the analytic
expression in Eq(9) we denote byh and 67, respectively,
the effective, matter-induced mixing at the neutrino produc-

tion point and at the solar surface. In terms of the new phys-  Ill. ANALYSIS OF THE SOLAR NEUTRINO DATA
ics parameters, ¢’ and the fermion densities the effective

mixing is given by[20,21] In this section we present our analysis of the solution to

the solar neutrino problem based on neutrino flavor conver-
sions induced by NSNI in matter. Our main goal is to deter-

foy/”f mine the values of ande’ that can explain the experimen-
tan 20m=ﬁ- (10 tal observations without modifying the standard solar model
€y,M~Ne predictions.
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A. Rates Ga + Cl + SK (Rates Only)

First we consider the data on the total event rate measured
by the chloring(Cl) experimen{1], the gallium(Ga) detec-
tors GALLEX [2], and SAGE3] and the water Cherenkov
experiment SuperKamiokand&K) [5]. We compute the al-
lowed regions in parameter space according to the BP98 49" L
SSM[9] and compare the results with the regions obtained i
for an arbitrary normalizatiofig of the high energy neutrino
8B neutrino fluxes.

We use the minimaj? statistical treatment of the data
following the analyses of Ref$35,36. Our y?-function is 10% ©
defined as follows: |

E 8 T . T T T
; (a) °B flux fixed to BP98 SSM d-quark

90 %CL.
——T-T TN
xé(e,s'[,fs]>=ij_12 (RMe.e'[Lfe) =R™ - —— swscl
Ty ey 10'3 1 1 | 1 1 1
- ’ 040 045 050 055 060 0.65 0.70 0.75
X[ Bl (Rie,e [ f]) —R™),  (14) e
where R" and R°* denote, respectively, the predicted and
the measured value for the event rates of the four solar ex- o Ga + Cl + SK (Rates Only)
periments {=Cl, GALLEX, SAGE, SK). The error matrix 10 F o "Blfl . ‘ ' ' ' ‘
o contains both the experimentalystematic and statistioal » ()" B fuetneg d-quark

and the theoretical errors.
In Fig. 1 the allowed regions in the parameter space‘jof
and e’f for neutrino scattering offi-quarks are shown at 10"
90%, 95% and 99% confidence lev€l.L.). In Fig. 1(a), the
8B flux is fixed by the BP98 SSM predictiorf§=1). The

best fit point of this analysis is found at w |

€9=3.2x10"° and €'9=0.61, (15) 102 | |
with x2.=2.44 for 4-2=2 degrees of freedofDOF). Al- . [90%CL.
lowing an arbitrary®B flux normalization, a different best fit I -~ 95%CL.

point is obtained for €2,e'%)=(2.2x1072,0.59) andfg o 99%CL

=1.36 with x2,,=0.91 for 4-3=1 DOF. The result of this
analysis is shown in Fig.(Ib). (Effects due to deviations of
the hep neutrino flux from the standard solar model predic-
ti_on are expecte_d to be less significant and we do not con- g5 1. Region ofe =¥ and &’ =€'¢ which can explain the
sider them in this worl. total rates measured by the Homestake, GALLEX, SAGE, and Su-
In Fig. 2 the allowed regions in the parameter space,of perkamiokande solar neutrino experiments in terms of nonstandard
and €'Y for neutrino scattering offi-quarks are shown at neutrino interactions withi-quarks.(a) The best fit(indicated by
90%, 95% and 99% C.L. In Fig.(8, the ®B flux is fixed by  the open circlgis obtained for §,&')=(0.0032,0.610) withyZ,
the BP98 SSM prediction. The best fit point of this analysis=2.44 for 4-2=2 DOF. A secondlocal) x> minimum (indicated
is found at by the solid squapeis found at ¢,e')=(0.034,0.610) withy?
=2.63.(b) Allowing for an arbitrary®B flux normalizationf , the
e‘;=1.32>< 1073 and e“;=0.43, (16) best fit (indicated by the open circleis obtained for §£,¢')
=(0.022,0.590) andg=1.36 with y2,,=0.91 for 4-3=1 DOF.

3

10' L I I L L I
0.40 0.45 050 0.55 060 065 0.70 0.75
8’

with x2;,=2.64 for two DOF. Allowing an arbitraryB flux . . _ o
normalizationfg, a different best fit point is obtained for guish between neutrinos of different energies is via the po-
(4,€'%)=(5.8x107%,0.425) and fz=1.34 with y2,  Sition of the resonance.s. Note that according to Ed7),

=0.96 for one DOF. The result of this analysis is shown infresiS @ function ofe” only. As can be seen in Fig. 8/n;
Fig. 2(b). (f=d,u) is a smooth and monotonic function of the distance

It is remarkable that the neutrino flavor conversionfrom the solar center, allowing us to uniquely determine
mechanism based on NSNI provides quite a good fit to théres for @ given value ofe’. From Fig. 3 it follows that a
total rates despite the fact that the conversion probabilitie§€sonance can only occur & [0.50,0.77 for NSNI with
(9) and (12) do not depend on the neutrino energy. This isd-quarks ore/e[0.40,0.46 for NSNI with u-quarks. For
unlike the case of the vacuum and the MSW conversiorboth cases the major part of these intervals corresponds to
mechanisms which provide the appropriate energy depen-.s<0.2R, (Ry being the solar radinsFor €4 , within the
dence to yield a good fit. For NSNI the only way to distin- 90% C.L. regiong(indicated in Fig. 1 and Fig.)2we find
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y Ga + Cl + SK (Rates Only) 0.9 . . . . . .
10 E T T T T T
u-quark
10* : -
= ]
o
w c

10° e

| (@) °B flux fixed to BP98 SSM

[ 190%C.L.
---- 95%C.L.
—— 99%C.L. 0.3 e
10* . | | . . 0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 09 1.0
036 0.38 040 042 044 046 048 "Rgun
€ FIG. 3. The ratio of the number density of electron to thatl-of
andu-quarks in the sumg(r)/n¢(r) (f=d,u), is plotted as a func-
10" Ga + Cl + SK (Rates Only) tion of the distance from the solar center.
b) °B flux free -quark
© e (P(*B))<(P("Be))<(P(pp)). a”
We note that the above relation is still valid when taking into
102 | | account that a significant fraction of tipg neutrinos crosses
the resonance layer twice, if they are produced just outside
resonance. This is—roughly speaking—becausg ahich
w undergoes a resonant flavor transition when entering the so-
lar interior atr sis reconverted into &, at the second reso-
10° 4 nance when it emerges again from the solar core. In our
numerical calculations we properly take into account the ef-
I 50°% C.L, fects of such double resonances.
- ggoﬁgt An immediate consequence of the relation in ELj) is
- that as long agg=1 the NSNI solution predicts thdgy

0.36 0.38 0.40

042 044 046 048
b

<R <Rga, Which is inconsistent with the observed hierar-
chy of the ratesRc<Rgk<Rga, leading to a somewhat

€ worse fit than the standard MSW solutions. However, when

treatingfg as a free parameter, fog~1.3— 1.4, the SK rate

is sufficiently enhanced to give the correct relation between
the rates. In this case also the neutral current contribution
from v, ,e” scattering is increased due to a largegr, flux,
which is consistent with the SuperKamiokande observations.
We find that for the best fit points fore(¢') in Figs. 1b)

and 2b) andfg~1.35, the survival probability fofB, "Be,

and p p-neutrinos are~0.24, 0.4, and 0.7, respectively.

In Figs. 1b) and 2b) the 8B neutrino flux normalization
re~~0.1Ry. Since the nuclear reactions that produce neufg has been varied as a free parameter in order to study the
trinos with higher energies in general take place closer to thdependence of the allowed parameter space on the high en-
solar center(see Chap. 6 of Ref6] for the various spatial ergy neutrino flux. It is interesting to note that the allowed
distributions of the neutrino production reactipna reso- regions in these figures do not completely contain those in
nance position close to the solar center implies that predomiFigs. 1a and 2a), where the boron flux and its uncertainty
nantly the high energy neutrinos are converted by a resonaare determined by the BP98 SSM. In order to explain this
transition. Forr .e~0.1 Ry, practically all®B neutrinos cross apparently inconsistent result we have plotygdas a func-
the resonance layer, fewéBe neutrinos pass through the tion of fg in Fig. 4, allowingfg to vary within a sufficiently
resonance, while most of thep-neutrinos are not be af- broad interval (8<fg<<100) for every point in the £,&")
fected by the resonance since their production region extengsgrameter space. The horizontal lines indicate the 68%, 90%,
well beyond the resonance layer. Therefore for most of thend 99% C.L. limits for two DOF. The intersection of these
allowed region in Figs. 1 and 2 the respective average sutines with thex? curve determines the relevant ranges of the
vival probabilities fulfill boron flux allowed by the experimental data. The vertical

FIG. 2. Same as in Fig. 1 but far-quarks.(a) The best fit
(indicated by the open circle is obtained for §£,&')
=(0.0013,0.430) withy?2,,,=2.75 for 4-2=2 DOF. A secondlo-
ca) x® minimum (indicated by the solid squarés found at
(e,6")=(0.0083,0.425) withy?=2.70. (b) Allowing for an arbi-
trary 8B flux normalizationfy, the best fit(indicated by the open
circle) is obtained for §,¢")=(0.0058,0.425) andg=1.34 with
x2n=0.96 for 4—3=1 DOF.
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10.0
99%C.L. "99%C.L.
o~ =4
= <
Esop o 1 £ s0 I
“'>I< 80%C.L : 90%C.L.
o e 68%C.L T T T T el L
0.0 ' \ / 1 0.0
0.0 3.0 ‘0.0 3.0

1.0 2.0 .0 2.0
v(B)-flux factor v(BY)-flux factor

FIG. 4. Minimum x? calculated as a function of the boron neutrino flux far d-quark and(b) u-quark.

dotted lines indicate the d and 3» ranges of the boron tion: 403.2 effective days for the day events and 421.5 effec-
neutrino flux in the BP98 SSM. tive days for the night events. The experimental results sug-
Note that they? minima are obtained for a boron flux gest an asymmetry between the total data collected during
significantly larger (g~ 1.35) than the one predicted by the the day(D) and the total data observed during the nig¥ix
SSM (fg=1.0), as we already anticipated in the discussion37]:
of Eqg. (17). Moreover, from Fig. 4 it follows that forfg
<1 the fit to the experimental data imposes stronger con- AZZN_D —0.065+0.03Xstah = 0.013sysh. (18)
straints on the boron flux than the SSM. Fgr>1 the situ- N+D ' o '
ation is exactly the opposite. Therefore the effect of relaxing
fg from its SSM value is that regions in the,g’) param- In order to take into account the Earth matter effect we de-
eter space where the averaged survival probability38r fine the following y2-function that characterizes the devia-
neutrinos{P(®B)) is smaller can be easily compensated by ations of the six measuredzf" from the predicted Z\"
larger boron flux and obtain a lower value fgﬁ. On the values of the rate as a function of zenith angle:
other hand, regions wheké(B)) is rather large require a
small boron flux which is more difficult to achieve when
eliminating the SSM constraint ofig. This is the main
mechanism behind the changes of the allowed regions upon
relaxing the SSM constraint ofy . It explains why the re-
gions with larges are allowed in Figs. () and 2a) and are  Hereoz; refers to the total error associated with each zenith
ruled out in Figs. ib) and 2b). Here(P(®B)) is rather large angle bin and we have neglected po;sible_correlations be-
and a small boron flutg~1 like in the SSM is preferred to tween the systematic errors of these bins. Since we are only
explain the data. The opposite occurs in the area between thiterested in the shape of the zenith angle distribution, we
two disconnected regions in Figs.(al and Za). Here have introduced an overall normalization factat,, which
(P(®B)) is comparatively small and therefore a larger boroniS tr_eated. as a free parameter and determined.from the fit.
flux increasesc in this region leading to the merging of the (Using this procedure also prevents over-counting the data

separated contours in Figsibl and 2b) whenf is treated  ©N the total event rate when combining all available data in
as a free parameter. Sec. Il E) Note that the experimental value of the day-night

asymmetry in Eq(18) is not used in the fit, since the six
zenith angle bins already include consistently all the avail-
able information about the Earth effects.

Next, we consider the zenith angle dependence of the so- N Fig. 5 we show the allowed regions in the,¢’) pa-
lar neutrino data of the Superkamiokande experiment. Ad@Meter space for neutrino scattering dff and u-quarks,
mentioned above, NSNI with matter may affect the neutrind €SPectively. The contours in Fig. 5 correspond to the al-
propagation through the Earth, resulting in a difference bel0Wed regions at 90%, 95%, and 99% C.L. The tzjestngnrt
tween the event rates during day and night time. The datdicated by the open circleis obtained for €,,€"))
obtained by the Superkamiokande collaboration are divided® (0.251,0.62) andr,=0.819 with x;,=1.10 for neutrino
into five bins containing the events observed at night and ongcattering offd-quarks and atqj,,e'}) =(0.229,0.690) and
bin for the events collected during the dg§7] and have a,=0.685 with x2,,=1.44 for neutrino scattering off

been averaged over the period of SuperKamiokande opera-quarks(having 6—3=3 DOF in both casgs

(azZ{(e,6") = Z{")?
X%((‘?,S,ya’z):_ 2 2
=1,..., 6 UZ,i

(19

B. Zenith angle data
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of these bins have a width of 0.5 MeV and are grouped into
two bins for a super low energy analysis with energies be-
tween 5.5 and 6.5 MeV and 15 bins with energies ranging
from 6.5 MeV (the low energy limitto 14 MeV. The last bin
includes all the events with energies larger than 14 MeV.

Since the electron neutrino survival probability does not
depend on the neutrino energy in the NSNI scenario, the
spectral distortion of the recoil electrons frof8 neutrino
due to the presence ofig, . component in the neutrino flux
is expected to be very smdlB8] and therefore, even a rela-
tively small spectral distortiotisuch as the one expected in
small mixing angle MSW solutigncould rule out this solu-
tion.

The y?-function that characterizes the deviations of the
measured $°° from the predicted 8" values for the elec-
tron recoil spectrum therefore provides an important test of
the NSNI solution. It is defined as:

xi(e,8' ag)= 12 lg(ass}“w,s')—S."b%

X[ o4l (asS(z,e) =S, (20)
where the error matrixsquared
[04]i; = &;[ o¥(sta + aZ(uncory ]+ o;(corn o ( corm)
+ oi(theonaj(theon (21

includes statisticdlo;(stat)] and systematic experimental er-
rors (including both the uncorrelateldr;(uncorr)] and the
correlated oj(corr)] contribution$ as well as the theoretical
errors [oi(theor)] (see Refs.[17,18 for more details
Again, as in the analysis for the zenith angle dependence, we
introduce an overall normalization factaeg, which is taken

as a free parameter and determined from the fit, in order to

FIG. 5. Region of: = €% ands’ =€’ which is excluded by day avoid over-counting the data on the total event rate. Fitting
and night data(contained in 5 bing as measured by the Su- the present data to our scenario we obtgff,=20.0 for
perkamiokande solar neutrino experiment in terms of nonstandargg— 1 =17 DOF, which is still acceptable at the 27% C.L.

neutrino interactions with(a) d-quarks and(b) u-quarks. For
d-quarks, the best fitindicated by the open circlas obtained for
(e,6')=(0.251,0.620) andv,=0.819 with x2,,=1.10 for 6-3
=3 DOF. A secondlocal) x? minimum (indicated by the solid
squarg is found at €,¢')=(0.0316,0.570) and,=1.02 with x>
=5.20. Foru-quarks, the best fitindicated by the open circlés
obtained for €,e')=(0.229,0.690) anda,=0.685 with x2,,

=1.44 for 6-3=3 DOF.

D. Seasonal variations

The Earth matter effects on neutrino flavor transitions in-
duce a seasonal variation of the déteyond the expected
variation of the solar neutrino flux due to the eccentricity of
the Earth’s orbit due to the variation of the day and night
time during the year. Since these variations can be relevant
to other neutrino oscillation scenarif®9], a positive signal

Finally, in Fig. 6 we show the expected zenith angle dis-could help to distinguish the various solutions and it is

tributions for SuperKamiokande using the values efe()

worthwhile to analyze the effects of such a variation in the

determined by the best fit. For comparison, we also preserMSNI scenario.
in this figure the expected zenith angle distributions for the The present SK solar neutrino data do not provide any

best fit values of €,¢") found in the combined analysithat

will be discussed in Sec. Il E

C. Recaoil electron spectrum

conclusive evidence in favor of such a variation, but indicate
only that the variation seems to be larger for recoil electron
energies above 11.5 MeV. In our scenario, however, we do
not expect any correlation between the seasonal variation
and the recoil electron energies, since the electron neutrino

We also consider the measurements of the recoil electrosurvival probability does not depend on the neutrino energy.
spectrum by SuperKamiokandi87]. The available data, af- Therefore any range of parameters that leads to a consider-
ter 825 days of operation, are divided into 18 bins. Seventeeable seasonal modulation for energies above 11.5 MeV is
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0.6 T T T 7 T 0.6 T T 7 T :
a) d-quark - (£,)=(0.251,0.620) b) u-quark —-— (£,€)=(0.091,0.430)
(€.£')=(0.018,0.585) ———— (£,€'}m(6.3x10°,0.425)
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FIG. 6. Expected zenith angle dependence with our best fit values, of)(determined only by the SK zenith angle déiashed ling
as well as the combined analysis f@ d-quarks andb) u-quarks(full line).

disfavored by the data for lower energies. However, for theo a solution at the 27% C.lsee Fig. 8)]. These results
range of parameters:(¢’) that can solve the solar neutrino have to be compared with the fit for standard model neutri-
problem, Earth regeneration effects are never strong enougios, that do not oscillatéwhere the C.L. is smaller than
to induce a significant seasonal variation. Hence taking intd0 ’), as well as to the standard solutions of the solar neu-
account the data on seasonal variations neither changes ttrmo problem in terms of usual neutrino oscillatiof86%

shape of the allowed region, nor the best fit points. C.L)[17,18.
Finally, in Fig. 6 we show the expected zenith angle dis-
E. Combined analysis tributions for SuperKamiokande using the best fitted values

Our final result is the fit derived from the combined analy-Of (€,€’) from the combined analysis.

sis of all presently available solar neutrino data. In Figs. 7
and 8 we show the allowed regions foed(e’?) and
(e,.€'}), respectively, using both the results from the total |n this section we investigate whether the allowed regions
rates from the chlorine, GALLEX, SAGE, and SuperKamio- for the parametergfv and E'fy are at all phenomenologi-
kande solar neutrino experiments together with the six bin ¢ .

f he S Kamiokand ith le data di d %ally viable. The analysis of nonstandard neutrino interac-
rom the SuperKamiokande zenith angle data discussed Prgng that could be relevant for the solar neutrino problem is
viously. Although adding the spectral information to our

: ) similar to the discussions in Refl$10,41], where the possi-
analysis does not change the shape of allowed regions N@fi that FCNI explain the LSND result§42,40 or the
the best fit points, it is included in order to determine theatmospheric neutrino anomal¢3,41 was discu,ssed
quality r?f the globa}l fit. _pre\_/er, we do Sﬁ;%ake |Intc_> ac- Generically, extensions of the standard model include ad-
count 'Le sffeaso_na V?”‘fig'lon In-our combingd analysis,  gitional fields that can induce new interactions: A heavy bo-
S'”Ee the et ectis ngg g1 e%ﬂ ks. the best fit for th sonB that couples weakly to some fermion biline&s with

or neutnno scattering oft-quarks, the best it 1or e ¢ yrjjinear couplings\;; , wherei,j=1,2,3 refer to fermion

combined data is obtained for generations, induces the four-fermion operﬁﬂ;Bk, at tree-

IV. PHENOMENOLOGICAL CONSTRAINTS ON € AND €’

e‘j=0.028 ande’f=0.585, (22) level. The effective coupling is given by
with x2,,=29.05 for 28-4=24 DOF, corresponding to a atg MM
solution at the 22% C.Llsee Fig. 7a)]. Allowing fg# 1, the Gy = 4 2M2’ (24
B

best fit is found at ¢%,e’'%)=(0.018,0.585) andz=1.38

With xmin= 26.62 Eor 28-5=23 DOF, corresponding 10 @ for energies well below the boson mads;. Thus, in terms
solution at the 27% C.Lsee Fig. T)]. For neutrino scat- ot the trilinear coupling\,; that describes the coupling of

tering off u-quarks the best fit for the combined data is 0b-gome heavy bosoB to v, («=e,u,7) and a charged fer-

tained for mion f=u,d,e, the effective parameters (%) are given by
€'=0.0083 ande’Y=0.425, 23
' ' @3 N iNer IN 2= \ed?
e =—2—— ande! =—"——"— (25
with x2..=28.45 for 28-4=24 DOF corresponding to a "7 4\2M2Ge " 4\2M2Ge

solution at the 24% C.Usee Fig. 83)]. Allowing fg# 1, the

best fit is obtained for d;,€’})=(0.0063,0.426) andg  Since any viable extension of the standard model has to con-
=1.34 with 2= 26.59 for 28-5=23 DOF, corresponding tain the SM gauge symmetry, the effective theory ap-
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. Ga + Cl + SK (Rates + Zenith + Spectrum) , Ga + Cl + SK (Rates+Zenith+Spectrum)
1 0 T T T T T 10- T T T
(a) °B flux fixed to BP98 SSM a) °B flux fixed to BP98 SSM
. u-quark
d-quark :
2
10-1 10 E
w
w
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—— 99%C.L. 10 ‘ . ‘ . .
5 0.36 0.38 0.40 0.4;2 0.44 0.46 0.48
10 L L L L L 1
0.40 045 0.50 0.55 0.60 0.65 0.70 0.75 €
8,
10" Ga+Cl+SK (Rates+Zenith+Spectrum)
o Ga + Cl + SK (Rates + Zenith + Spectrum) b) °B flux free u-quark
(b) ®B flux free
d- k
quarl B 10% | |
107 3 w
w 10° ¢ J
) [Jo%cC.L
107 ¢ 7 ——-95%C.L
—— 99%C.L
l:l 90 % C.L. 1 0'4 . . . . \
----95%C.L 0.36 0.38 0.40 0.42 0.44 0.46 0.48
—— 99%C.L. e
10-3 L 1 1 1 L 1 . . .. _
040 045 050 055 0.60 065 070 0.75 FIG. 8. Same as in Fig. 7 but fmlfqua_rks.(a) Fixing fg=1 tr,1e
e’ best fit (indicated by the open circleis obtained for £,e')

=(0.0083,0.425) Withs(zmin= 28.45 for 28-4=24 DOF. A second

FIG. 7. The allowed region fos =% ande’ = ¢'% obtained by ~ (loca) x* minimum is found at £,&')=(0.0013,0.430) withy?
the combined analysis using 4 rates6 zenith angle bins+ 18  =30.27 (indicated by the solid square(b) Same as ina) but
spectrum bins for nonstandard neutrino interactions witiuarks. ~ allowing a freefg. The best fit(indicated by the open circlds
(a) Fixing fs=1 the best fit(indicated by the open circlés ob-  Obtained for ¢,s')=(0.0063,0.426) andfg=1.34 with g,
tained for ,£')=(0.028,0.585) withy?,,=29.05 for 28-4=24  =26.59 for 28-5=23 DOF.
DOF. There are two additionallocal) y?> minima at €,e’)
=(0.0033,0.610) withy?=29.40 (indicated by the solid square same trilinear couplings ,; that give rise to nonzerefy/ or
and (¢,2")=(0.21,0.61) withy*=33.1(indicated by the cross(b)  +f 550 induce other four-fermion operators. These opera-
Same as irta) but allowing a freefz . The best fitindicated by the 7 . .
open circlg is obtained for ¢,s')=(0.018,0.585) andg=1.38 tors involve theSU(2), partners of the neutrinos, i.e., the

with x2,,=26.62 for 28-5=23 DOF. charged leptons, and can be used to constrain the relevant
couplings.
proach presented in Ref10,41] is completely sufficient to Noting that Lorentz invariance implies that any fermionic

describe any new physics effect for the energy scales typicdlilinear B;; can couple to either a scalaf) or a vector {)
to present neutrino oscillation experiments. Even though théoson, it is straightforward to write down all gauge invariant
effective theory obviously does not contain all the informa-trilinear couplings between the bilineatthat contain SM
tion inherent in the full high-energy theory, the parameters ofermions and arbitrary bosons andV that might appear in
the effective theory are all of what is accessible at low enera generic extension of the standard modele Tables 1-3 of
gies, when the “heavy degrees of freedom” are integratedRef. [41]). From these couplings one then obtains all the
out. effective four-fermion operators relevant to the solution to
The crucial point for our analysis is the following: Since the solar neutrino problem in terms of NSNI as well as the
the SM neutrinos are components $fJ(2), doublets, the SU(2)_-related operators that are used to constrain their ef-

073001-9



S. BERGMANN et al. PHYSICAL REVIEW D 62 073001

fective couplings(We do not consider here operators thatsulting four-fermion operators only mediate FDNI is true
violate total lepton number which can be induced if there isbecause for the solar neutrinos we only care abqut v,
mixing between the intermediate bosddg].) transitions.[For atmospheric neutrinos alsg,— v, transi-
While we refer the reader to Refgl0,41] for the details tions induced by nonstandard neutrino interactions with the
of this model-independent approach, we present here twelectrons are of interest. In this case the coupllnquﬂ_(e)S
explicit examples relevant to solar neutrinos to demonstrateo (L,L.){ via singlet exchange inducing FCNI is possible

how SU(2), related processes can be used to constrain thgi1].]

parameterse or e'f _- First, consider the bilineat f The effective interactions that are mediated by a scalar

(where L denotes the lepton doublet arfd=e,u,d) that Singlet of massvl that couples tol(,L)s with the elemen-
couples via a scalar doublet to its hermitian conjudate. tary coupling) . are given by

In terms of the component fields the effective interaction is IN o2
e

o Le) (e —(erf)(/Tve)

AC‘“‘”w fr)(Frv >+A“f“f<l Rl p)
M2 M3 g + (7 ) (w0 — (v’ ) (¥oeD)]
)\af)\ﬁ |/e|

(va¥"v) (fry,fR) [(ew"eL)(v/nv/) (e v ve) (v, v,/ 1)

1

Nk gt — T (ve ¥ ve) (L Ly ) — (vey e/ Ly v )],
(19" 5)(fry,f , 26
M2 (Iyy )( RYu R) (26) (30)

wherel ,=e_ ,u 7 for a=e,u,r. A4 is the trilinear cou- Where we used a Fierz transformation and the identity

pling of L,fg to the scalar doublet an¥,, denote the A°y“B°=—By*A to obtain(30). One can see that in this
masses of itsSU(2), components. The important point is case(’)e is generated together with three more operators that
that the scalar doublet exchange not only gives rise to thBave the same effective couplirigp to a sign. However,
four-Fermi operato© ! in (6) [with (V—A)® (V+A) struc-  unlike for the case of intermediate doublets triplets, all

ture], but also produces theU(2), related operator these operators involve two charged leptons and two neutri-
nos.

Of=(l (), (27)

A. Experimental constraints
which has the same Lorentz structure@§, with the neu-
trinos replacedby their charged lepton partners. Moreover,
the effective coupling of(9| , that we denote b)Gaﬁ,

1. Flavor-changing neutrino interactions

There is no experimental evidence for any nonvanishing

f fo. .
related ton by Gef/. Therefore, wheneve©, is generated together with
O', one can use the upper bounds @}, to derive con-
2 straints ontVe,,/. The most stringent constraints &%, are
1
G, VB_Gaﬁw- (28)  due to the upper bounds om~—e ete” and 7
2 —e e'e [45,46;
Constructing all the relevant four-fermion operators that BR(u —e ete )<1.0x10 12 (31)
are induced by the couplings between the bilinears listed in
Tables 1-3 of Ref[41], one finds that in generatD,f is BR(7 —e eTe )<2.9x10 6. (32

. f’ ’ .
generated toget_her Wm” - Heref can_be different fron Normalizing the above bounds to the measured rates of the
only for interactions with quarks, that is in some ca&®$

(09 is generated together with® (©Y). The leptonic op- "clated lepton flavor conserving decays, BR(e ver,)
eratorO°¢ is always generated together with® unless the ~100% and BR¢™ —e” ver,)=0.18[46], we obtain

interaction is mediated by an intermediate sca$dy(2), €=G° /G.<1.0x10 © (33)
singlet that couples to K P ’
. =GS /Gp<4.2x10°3, (34)
(L/Le)szﬁ(”gel-_/f”e)' (29 Note that the bounds o#, do only coincide with those for
f

€, in the SU(2) symmetric limit. We will comment on
Note that the singlet only couples between two different flapossible relaxations due ®U(2), breaking effects later in
vors, since the coupling has to be antisymmetric in flavorSec. IV B.

space. Consequently a singlet that couples to the bilinear To CO”Strai”Ggu we use the upper bounds pn—e con-
(L,Lg)s cannot induce a nonzerdj/. The fact that the re- version from muon scattering off nuclgt6],
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new physics contribution the vector and axial-vector parts
- 4.3x10 12 (350  have the same magnitude and we can (sg to constrain
o(u” Ti—capturg the isosinglet component aP{'. In case there are several
contributions, whose axial-vector parts cancel each other

o(u Ti—e Ti)

o(u~Pb—ePb) 1 [41], the =0 component could still be constrained by the
4.6X10 7, (36) bound — N hile th |
o(u~ Pb—capture upper bound on BR{" —e" 7" =) in (42). While the cal-
culation of the rate is uncertain due to our ignorance of the
o(u S —e 3% spectra and the decay constants of the isosinglet scalar reso-
— - 7x10° 1, (37)  nances, we expect that the normalization will be similar to
o(pu” S—v, Pr) that of therr, p, and# discussed before. Finally we note that

the decayr” —e~ w would be ideal to constrain thie=0
vector part, but at present no upper bound on its rate is avail-
4=cd —10-5 able.
€u=Ce,/Gr=10 38 While one can always fine-tune some parameters in order
is a conservative upper bound irrespective of the inhererf© avoid our bounds, our basic assumption is that this is not
hadronic uncertainties for such an estimate. the case. Thus frort43) and(44) we conclude that
To constrainGg_ we may use the upper bounds on various

concluding that

d— 4 -2
semi-hadronic tau decays that violate lepton flavi®,46): €:=Ge,/Gr=10"". (45)
BR( T_*)e_ﬂ'o)<3_7>( 1076, (39 2. Flavor diagonal neutrino interactions
_ _ So far we have only discussed the upper bounds on FCNI.
0 6

BR(7"—e p7)<2.0<10°7, 40 However, if the neutrinos are massless then in addition to the

- 5 FCNI that induce an off-diagonal term in the effective neu-
BR(7"—e"7)<82<10 7, 4D trino mass matrix, also nonuniversal flavor diagonal interac-
BR(7 —e 77 )<1.9x10 °, (42) tions are needed to generate the required splitting between

the diagonal terms.
Let us first consider the tau decays intd and p°. Since In general any operator that induces such FDNI is related

these mesons belong to an isospin triplet we can use tHQ other Iepton' flavor conserving operators, that give addi-
isospin symmetry to normalize the above bouri@®) and tional contributions to SM allowed processes, and therefore

(40) by the measured rates of related lepton flavor consen/iolate the lepton universality of the SM. Then the upper

ing decays. Using BR(_—»,m)=0.11[46] and BR(~ bou_nds on lepton universglity violatiop can be used to con-
—v,p )=0.22[47,46, we obtain strain these operators. Using the relation to the operators that
induce the FDNI one may also constrain the latter.
G (m)<8.2x10 3Gg, and GI (p)<4.2x10 3Gg. As we mentioned already for massless neutrinos, only a

(43 nonzerOe"j/ (g=u,d) can lead to a resonance effect, while

FDNI that allow for scattering off electrons alone are insuf-
ficient to solve the solar neutrino problem. Therefore we
only need to discuss the effective flavor diagonal operator

Since thew (p) is a pseudoscaldrectoy meson its decay
probes the axial-vectdvecton part of the quark current.

In general, any semi-hadronic operatdf can be decom-
posed into an=0 and an =1 isospin component. Only the Oqz(,,_y " )(a,y,uq) (46)
effective coupling of the latter can be constrained by the oo enee '
upper bounds on the decays into final states with isovectofyherea=e,u,r andgq=u, r,d, r.
mesons, like ther and thep. If the resulting operator is |t js easy to check that for FDNI induced by heavy boson
dominated by thé=0 component, the bounds 43) do not exchange® ! is always induced together with
hold. But in this case we can use the upper bound on
BR(7~—e™ n) in (41). Since thez is an isosinglet, isospin OEEU—)’ | )(q—,yﬂq,) (47)
symmetry is of no use for the normalization. However, we e '
can estimate the proper normalization using the relation beyhereq’ =u, 5,d, 5 can be different frony. Moreover, in-
tween the?] a.nd o hadroniC matl’iX elementS, Wh|Ch iS just termediate Séa'ar ’Sing|ets and tnp'éﬂsat Coup|e th L) as

the ratio of the respective decay constanty/f.=1.3  \ell as charged vector singlets and triplétsat couple to
[47,46|. Taking into account the phase space effects, we ob6

; L) al ive rise t
tain from (41) that ) also give rise to

GY(7)<1.1X10 2Gg. (44) O =(layura) Ay al), (48)

Since they is a pseudoscalar meson its decay probes th¥/hereg’=u.d for g=d,u. [See(30) as an example for
axial-vector part of thé=0 component of the quark current, FDNI mediated by an intermediate scalar singlgince Oy,
while the neutrino propagation is only affected by the vectorinduces an additional contribution to the SM weak decay
part. As we have already mentioned, for any single chiralri— 7rv, for «=rand tor—|,v, for a=e,u, the relevant
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effective couplingG{', can be constrained by the upper €% <101, (57)
bounds on lepton universality violation in semi-hadronic de- a

cays. The latter leads to a deviation of the parameters  hjle there is no model-independent bound eff . For

— — Gl —GY intermediateSU(2), doublets the bound it57) could be
T _ \/i I'(m —e ﬁe) 14 e M (49) relaxed somewhat, since the effective couplings of the rel-
ol N D7 —u v,) Ge ’ evant operators may differ due 8U(2), breaking effects,
which we discuss next.
1 F(T_—)VTW_) G?’VT_G?LV”'
’TT,ME — — ——=~1+ , B. Constraining SU(2), breaking effects
NI(7"—p v, Gk o
(50) The excellent agreement between the SM predictions and
the electroweak precision data implies tidii(2), breaking
- — _ ffects cannot be large. To show that the upper bounds on
/1 T(W G}, —Gd, € ge. 1o sh bper bour
RV =+/= (W _—7v) 14— % G|, (or G)) translate into similar bounds fdg', if their
NT(W™ —eve) < related operators stem from the saBig(2), invariant cou-

(51 pling, we recall from Eq(28) that in general the ratio of the

i f f f f . .

from unity. HereN denotes a normalization factor, which is COZUphggS'G”a”ﬂ/G”‘B (or G"a”B/G“”B)’ 's given by rat_lo
just the ratio of the above two rates in the SM such that1/M>. Here M, and M, are the masses of the particles
Raup=1if GI', =G{' , . In the approximation we assume belonging to thesU(2), multiplet that mediate the processes

oa_ BB described byG/ (GLVB) and G’ | respectively. IfM,

that G,<Gg. From the most recent experimental data _ : _ GG _
[48,44 it follows that # M, this multiplet will contribute to the oblique parameters
[51] S,U and, most importantlyT. A fit to the most recent
7, =1.0017£0.0015, (52)  precision data performed in Rg#1] determined the maxi-
mally allowed ratio (Vllle),znax to be at most 6.8at 90%
™ =1.005+0.005, (53  C.L) for intermediate scalargVector bosons in general are
am .
expected to have even stronger bounds for the massg.ratio
R\;\//e: 0.987+0.023, (54) Consquently the upper Ii.mits on the effective coupfli@gg
agree with those we derived for the correspond@g (or
implying that Gf,,) within an order of magnitude even for maxin&U(2),
breaking. Thus, barring fine-tuned cancellations,
Gf/v/_ vae 5 f f i i
E/q/EG—Fs]_O— (55) €, <6.8¢, ande', <6.8,, (58)

at 90% C.L.
is a conservative upper bound. @}, is induced together ’

with ©9, then in theSU(2), symmetric limite’?=¢€'9, but

a modest relaxation due ®U(2), breaking effects is pos-

sible (see Sec. IV B In this section we discuss how to test the solution to the
It is essential to realize that not all new physics operatorsolar neutrino problem based on nonstandard neutrino in fu-

that induce the FDNI relevant to solar neutrinos are related teure neutrino experiments.

O . For an intermediatSU(2), scalar double{see Eq. Let us consider first the possibility of obtaining stronger

(26) for f=q] or a vector doubletthat couples t@°L) or a  constraints on new physics from future laboratory experi-
neutral vector singlet, onl{ is induced together wit®%. ~ ments. Our phenomenological analysis shows that FCNI
In this case one may only use the upper boun@rthat s~ could only be large enough to provide— v, transitions
due to the constraints on compositeness. The present datlle, model-independentlyy.— v, transitions are irrel-

from pp—e*e ,u* u+X [49,46 imply an upper limit on evant for solar neutrinos. Even far,— v, transitions, the

. ) required effective coupling has to be close to its current up-
:?:nsslgii ig{()composnenes&(qqlal 2)=1.6 TeV, which per bound, which we derived from limits on anomalous tau

decays. Therefore the solution to the solar neutrino problem
studied in this paper could be tested by the upcoming
B-factories that are expected to improve the present experi-
) , ) mental bounds on several rarelecays. For example, assum-
as a conservative estimate far=e, .. (One-loop contribu- 5 a1 integrated luminosity of 30 4 (corresponding to
tions to theZ width due toO{ lead to a similar constraint on 3% 107 pairs for the BaBaf52] experiment, the upper lim-
Gde [50].) However, no upper bound of(qqr7) is avail- jts on the branching ratios i(89)—(42) could be reduced by

V. IMPLICATIONS FOR FUTURE EXPERIMENTS

G,qalas 101G (56)

able. _ one order of magnitude. This would decrease the bound on
For a neutral vector singleB!| =GJ , and from(5) 9 in (45) to a value close to the smallest possible best fit
and (56) it follows that values fore (cf. Figs. 7 and 8 ruling out a large region of
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TABLE I. Future solar neutrino experiments and their rates pre- 1.0 .
dicted by the NSNI solution.

a) d-quark
Start Main neutrino  Rate predicted 0.8 - 1
Experiment of operation source by NSNI

SNO 1999 B 0.22-0.43 06 - ]
BOREXINO 2001 "Be 0.30-0.52
KamLAND 2001 ‘Be 0.30-0.52
HELLAZ >2002 pp 0.52-0.83
HERON >2000 pp 0.52-0.82

I:{/RSSM

04 - T

02 - .
the parameter space and making the NSNI solution increas-
ingly fine-tuned.

Next we consider the implications for future solar neu- 0.0 SNO Borexino Hellaz/Heron
trino experimentg53-57. In Table | we present the ex- KamLAND
pected ranges for the event rat@®rmalized to the SSM
expectation in the absence of neutrino flavor transijiafs 1.0
those experiments, if the solar neutrino problem is explained )
by NSNI. In Fig. 9 the predicted rates are presented graphi- b) u-quark
cally. The ranges correspond to the 95% C.L. regions for 0.8 - -
(e,&") in Figs. 7b) and &b). As before we use the BP98
SSM predictions for the initial neutrino fluxes and the sur-
vival probability in Eq.(9) to compute the expected rates for 06 T
each of the five detectors. Specifically, there are three types 3
of detectors:(a) The Sudbury Neutrino Observato($NO) o
[53], which is measuring théB neutrino charged current & 0.4 | ]
(CO) rate, (b) the BOREXINO [54] and KamLAND [55]
experiments that are designed to observe tBe neutrino
signal and(c) the HELLAZ [56] and HERONI[57] experi- 02| 1
ments dedicated to a precise measurement of the low-energy
pp neutrino flux. 0.0

The predictions for the rates in Table | reflect the relation ’ SNO Borexino  Hellaz/Heron
between the predominant neutrino fluxes that we presented KamLAND

in Eq.(17), i.e., neutrinos with higher energies are in gengral FIG. 9. The predicted ranges of the ratios of event rates for
produced closer to the solar center and therefore more likel¥no BOREXINO. and HELLAZ/HERON to the corresponding
to pass through a resonance and undergo flavor conversiogyent rates predicted from the SSM assuming that the neutrino con-
As can be seen from Fig. 9 the suppression pattern of thgersion induced by FCNI as well as FDNI is the solution to the
NSNI solution is clearly different from the one predicted by solar neutrino problem. Histograms indicate the predictions with the

the small angle MSW solutiofc.f. Fig. 1 of Ref.[58]). But  pest fitted parameters whereas the error bars indicate the range de-
there is a striking similarity between the NSNI solution andtermined by varying parameters within 95% C.L. regions fa()

the LMA solution, including the preference for largg (c.f. in Figs. 1b) and §b).

Fig. 7 of Ref.[17]), the absence of 4B spectral distortion

and the modest day-night effect. Consequently, using soldrom different nuclear reactions in the sun are not equal. Due
neutrino data, it will be difficult to distinguish the NSNI to this feature, the following simple relation between the
scenario from the LMA MSW solution. We note, however, SuperKamiokande solar neutrino event r&tgx and the
that the KamLAND experiment will provide an independent SNO CC event rat&S,, (both normalized by the SSM pre-
test of the oscillation parameters of the LMA MSW solution dictions holds:

by observing antielectron neutrinos from several nuclear re-

actors around the Kamioka mine in Japan. Thus, if Rsk=R§id(1-1)+rfg, (59
KamLAND would indeed confirm the LMA MSW solution, ce . .

then the NSNI solution discussed in this paper will be irrel-WhereRsk and Rgyo are defined exactly as in Eq@l) and

evant. (6) of Ref.[59] andr is given by
Since SNO[53] already started taking data and is ex-
pected to have some results soon, let us consider some im- f dEeR(Ee)f dEV¢BB(Ev)UV o(E,Ee) 4
T

plication for this experiment. As we have pointed out one of -
the important features of the NSNI conversion mechanism is 8g

the absence of any distortion in the solar neutrino spectrum f dEeR(Ee)f dE,d *(E,) o, e(E, Ee)

even though the averaged survival probabilities of neutrinos (60)

r= =
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Here,E, andE, are the electron and neutrino energy, respec- VI. CONCLUSIONS
tively, R(E,) is the SuperKamiokande resolution and effi- . . L
Y, R(Ee) P According to oury? analysis, nonstandard neutrino inter-

. . 8g . 8 .
ciency function,¢ = is the "B neutrino flux, ando, . and  4tiong(NSNI) can provide a good fit to the solar neutrino
o, e denote the elastic scattering cross sectionsvf@  data provided that there are rather large nonuniversal FDNI
—ve andv, e —v, e, respectively. (of order 0.%5¢) and small FCNI (of order 102

We note thatRgx and RS, are defined such tha®sx  —1073Gg). The fit to the observed total rate, day-night
=RSyo in the absence of neutrino flavor transitions includ-asymmetry, seasonal variation and spectrum distortion of the
ing the case wherég# 1. [Strictly speaking, a slight viola- recoil electron spectrum is comparable in quality to the one
tion of the equality in Eq(59) could be induced by the Earth for standard neutrino oscillations.
matter effect on these two experiments, since they are lo- From the model-independent analysis we learn that NSNI
cated at somewhat different latitude4Jsing the relation induced by the exchange of heavy bosons cannot provide
(59), the true flux of the 8B neutrino flux (¢>SB)true large enoughve— v, transitions, whilev,— v, FCNI in prin-
:fB(¢SB)SSM could be precisely determined by combining ciple could be sufficiently strong. However, the current
SuperKamiokande and SNO solar neutrino measurements, ffounds will be improved by the upcomirjfactories, pro-
the solar neutrino problem is indeed due to NSNI. viding an independent test of the NSNI solution. The re-

Finally let us discuss briefly the possibility of testing the quired large nonuniversal FDNfor v, transitions into both
solution studied in this paper by future long-baseline neuw, andv,) can be ruled out by the upper bounds on lepton
trino oscillation experiments. Since oniyg— v, transitions  universality, unless they are induced by an intermediate dou-
are viable, an independent test would require,gv,) ap-  blet of SU(2), (a scalar or a vector bospor by a neutral
pearance experiment using an intense beamwof(v,),  Vector singlet. Foe— v, there exists a bound due to the
which could be created at future neutrino factofiese, e.g., limit on compositeness in this case, but far— v, there is
Ref.[60]). no significant constraint at present.

Assuming a constant density and using the approximation Generically only very few models can fulfill the require-
thatnyg=n,=3n, in the Earth, the conversion probability for ments needed for the solution discussed in this paper: mass-
a neutrino which travels a distanten the Earth is given by: less neutrinos, small FCNI and relatively large nonuniversal

FDNI. As for the vector bosons the most attractive scenario
is to evoke an additionaJJ(l)B_s,_T gauge symmetrywhere

36¢” sir? B is the baryon number and, denotes the tau lepton num-
36e2+(1—3¢")2 ber, which would introduce an additional vector singlet that
only couples to the third generation leptons and quiits
Among the attractive theories beyond the standard model
where neutrinos are naturally massless as a result of a pro-
61) tecting symmetry, are supersymmet@d)(5) models[62]
that conserveB—L, and theories with an extended gauge
structure such aSU(3)c®SU(3), ®U(1)y models[63],
Numerically, the oscillation length in the Earth matter can bewhere a chiral symmetry prevents the neutrino from getting a
estimated to be mass. These particular models, however, do not contribute
significantly to the specific interactions we are interested in
this paper.SU(5) models have negligible NSNI since they
are mediated by vector bosons which have masses at the
km. GUT scale.SU(3)c®SU(3) ®U(1)y models can provide
5 large e, and €, but these models do not induce NSNI with
(62) quarks. From Eq(7) it follows that no resonant conversion
can occur in this case.
Using Egs. (61) and (62) and the approximatiom,~2 Therefore we conclude that the best candidate for the sce-

mol/cc (which is valid close to the Earth’s surfaceve find ~ hario we studied is supersymmetric models with broken
that, for the case of nonstandard neutrino scatterindg-parity, where the relevant NSNI are mediated by a scalar
off d-quark, P~fewx 10 * for K2K (L=250 km) and P doublet, namely the “left-handed” bottom squark. Although
~fewx 10 2 for MINOS (L=732 km for our best fit pa- in this model neutrino masses are not naturally protected
rameters. Similarly fou-quark,P~fewx 10 ° for K2K and ~ from acquiring a mass, one may either evoke an additional
P~fewx 10" 4 for MINOS for the best fit parameters. These symmetry or assume that nonzero neutrino masses are not in
estimates imply that it would be hard but not impossible, a@ range that would spoil the solution in terms of the non-
least for the case of scattering affquarks, to obtain some standard neutrino oscillations we have studied in this paper.
signal of v.— v, conversions due to NSNI interactions by = Even though we consider the conventional oscillation
using an intense’, beam which can be created by a muonmechanisms as the most plausible solutions to the solar neu-
storage ring 60]. trino problem, it is important to realize that in general new

P(re—v,iL)=

1
X E¢3682+(1—38')2@3FneL .

2 mol/cc
L ose~8.1X 10°

Ne

1
{\/3682—#(1—38’)2
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