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Massless “just-so” solution to the solar neutrino problem
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We study the effect of the nonresonant, vacuum oscillationlike neutrino flavor conversion induced by
nonstandard flavor changing and nonuniversal flavor diagonal neutrino interactions with electrons in the Sun.
We have found an acceptable fit for the combined analysis for the solar experiments total rates, the Super-
Kamiokande energy spectrum and zenith angle dependence. Phenomenological constraints on nonstandard
flavor changing and nonuniversal flavor diagonal neutrino interactions are considered.
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Nonstandard neutrino interactions with matter can generhave nonstandard FC as well as FD interactions only with
ate neutrino flavor oscillations. This phenomenon was sugelectrons which could be realized in some models such as the
gested by Wolfenstein in his seminal 1978 pajddr Appli-  minimal supersymmetric standard model withdRitparity
cations of this idea to the solar neutrino problem were firs{10] or SU(3)c®SU(3), ® U(1)y (331 models[11].
suggested in 199[2,3] when it was observed that resonantly  In this work, we take a phenomenological approach by
enhanced neutrino oscillations induced by nonstandard negimply considering the following general evolution equation
trino flavor changing(FC) as well as nonuniversal flavor for massless neutrinos in matfe],
diagonal (FD) neutrino interactions can explain the solar
neutrino experimental dafa], which clearly indicates a so- d [Adr)) 26 1 eer|[Adr)
lar neutrino flux smaller than what is predicted by the stan- 'Sr A(r)) FNe(r) €l €4\ A(T)
dard solar model§5].

Interestingly enough, such oscillations can be resonantlwhereA.(r) andA(r) (I=w,7) are, respectively, the prob-
enhanced even if neutrinos are massless and no vacuum mixbility amplitudes to detect a. and »; at positionr, and
ing angle exist§2], as a result of an interplay between the
standard electroweak neutrino charged currents and nonuni- G,y , P C P
versal nonstandard flavor diagonal neutrino interactions with €= G and = G 2
matter. In fact, in this mechanism, resonance plays a crucial F F

role in order to provide a viable solution to the solar neutrinogescribe, respectively, the relative strength of the FC and FD
problem[6-8]. (but nonuniversalinteractions, whers, , (a,8=eu,7)

Fcltai?joggj ig?;;gggﬁg'éig T)érl]tl 'f;ﬁﬁzgggﬁgdr?gdrgsegrﬁg?]ﬁjenotes the effective coupling of the respective interaction.
y ’ this mechanism the mixing angle in mattéy, does not

conversion can occur because the mixing angle in matter i : o .
constant, as we will see later, contrary to the case of th(§epenOI on the electron density, and is simply given by
usual Mikheyev-Smirnov-WolfensteitMSW) effect[9], or
the case withd-,u-quark FC and FD interactions. From this Sif20=———————.
point of view, the oscillation induced by nonstandard neu- (1—€')?+4¢€°
trino interactions with electrons alone is similar to the
vacuum oscillation mechanism despite the difference that i¥Ve see that no MSW-like resonance can occur because the
occurs only in matter, inside the Sun. mixing angle in matter is constant and does not change along

This nonresonant neutrino conversion was first mentionedhe neutrino trajectoryhowever, see Ref12]).
as a solution to the solar neutrino problem in Héf. Nev- Let us introduce the two variablesand ¢ which define
ertheless, so far, no quantitative analysis of this scenario hdge production point of neutrinos in the Sun, as shown in Fig.
been presented. 1. Then, for given values ofe(e’) and a given production

In this Brief Report we investigate this possibility by per- point in the Sun defined byand ¢, the survival probability
forming a detailed fit to the most recent solar neutrino dataof electron neutrinos at the solar surface can be writtdi6 ps
We conclude that nonresonant neutrino oscillations induced V(r.4)
by nonstandard neutrino interactions can only provide an ac- ) PR : '
ceptable fit of the data when not only the total rates measured P(ve—veil, ¢)=1=si 26,sin’ 2 @
by Homestake, GALLEX/GNO, SAGE, and Super-
Kamiokande(SK) [4] were taken into consideration but also where
the full SK recoil electron spectrum and the zenith angle .
dependence. We find also that this fit requires the new non- =4+ (1-¢)? f max
standard neutrino interaction parameters to be close to their W(r.¢)=VAe"+(1-¢)?V2Ge 0 Ne(r: 4. x)dx,
experimental upper bounds. Here we assume that neutrinos (5)
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FI_G' 1 Defini_tions Of the variables and_¢' (The size of the FIG. 2. Allowed parameter region. Region allowed by the total
neutrino production region was enlarged just for the purpose OFates. The best fit is obtained whée=2.4x10* and |¢’ — 1|

illustration) —2.7%10°%, with x2, =7.5 for 2 d.o .

where Ne(r, ¢,x) is the electron density profile along the 1o50h the solar surface, similar to what happens in the case of

neutrino trajectory which starts at the creation poinif)  the |ong-wavelength vacuum oscillation solution to the solar
corresponding tx=0, and ends at the solar surface corre-,qtrino problen{13].

sponding tox=X,,ax- Note that there is no energy depen-
dence in the probability.
From Eqg.(4) we can estimate the oscillation length as

In order to settle this issue we have performed a detailed
x? analysis in the same way as we did in our previous work
[8], using the latest standard solar mo@EM) of Bahcall,
Basu, and Pinsonneal] (BBP98 as well the latest results

2 of the current solar neutrino experiments coming from
Losc= \/EGFNe\/l——e’)m Homestake, GALLEX/GNO, SAGE, gnd SK4]. In our
analysis, we compute the solar neutrino rates assuming the
probability given in Eq.(4), with neutrino production distri-

2.4x 107 65 mol/c butions[5] properly taken into account.
= (1—e)2+ae Ng m, (6) In Fig. 2 we show the allowed parameter region deter-

mined by oury? analysis. We have used only the total ob-
served rates of solar neutrinos by four experiments. The best
where we takeN,=N.(R=0.1R;)=65 mol/cc as a refer- fit is obtained at [e],|€’' — 1) =(2.4,2.9<10°* with 12,
ence value. From Ed6) we see that if eithefl —€’| or | ’ A 1! Xmin
: =7.5 for 4(datg —2 (free parametejs=2 d.o.f. which cor-

is of the order of 0.01, the oscnlanpn Igngth IS typ_mally less responds to 2.4% C.L., indicating a poor fit. This is because
than a few percent of the solar radius in the neutrino product-

tion region. This implies that for such values efand ¢’ he integrations 01_‘ the su_rvival probability over the variables
there are rﬁany oscillations before neutrinos reach the sol rr.and ¢ tend to kil the Just-so” SUPPressions of the neu-
surface, and that the final survival probability which is aver—etlrlno fluxes, and the flnal average_d p robabilities from differ-
aged 0\,/er the neutrino production point will be ent sources end up with rather S|m_|lar vaIu_es to each other.
9 P P We have also performed g analysis allowing®B flux to
1 vary freely but we do not find any significant change of the
~1— g fit.
(P(re=ve))=1 25|n226m @ The whole situation significantly improves when we in-
clude the energy spectrum and zenith angle dependence ob-
for any values off and ¢ and therefore for any sources of served by SK in oun? analysis. This is because, consistent
neutrinos[6]. Therefore, such a rapid oscillation cannot fit with the data, the mechanism we are analyzing in this paper
the solar neutrino data well. does not distort théB energy spectrum and, for the values
As pointed out in Ref[6], an interesting possibility re- obtained for the parameteesande’, the neutrino oscillation
mains if both|1—¢’| and |e| are smaller than~0.01. For length in the Earth is much larger than the radius of the
suche’ ande, if ¥~ (2n+ 1)7 with smalln, neutrinos pro-  planet, inducing no significant zenith angle dependence.

duced as, can be almost, (x=u,7) at the solar surface. The total combinegz,;, can be computed by simply add-
On the other hand, i ~2n, v, remains as, at the solar  ing two constant contributions from the spectrum and zenith
surface. angle without affecting the allowed parameter region pre-

Since neutrinos from different nuclear reaction originssented in Fig. 2. In this case, we have obtainég,=25.6
have different production distributions, there is a possibilityfor 24 d.o.f., which corresponds to 37.4% C.L. This makes
that neutrinos from different reaction origins could have dif- this solution to the solar neutrino problem comparable, in the
ferent oscillation probabilities. In principle, this could occur quality of its fit, to the standard solutions based on usual
if neutrinos oscillate only once or a few times before theyneutrino oscillations, 36—-50% C.L., depending of the spe-
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Cl + Ga + SK (Rates Only) Note, furthermore, that these bounds ercan be also

' > relaxed by a factor of 5—6 due to the breaking of 81é(2)_
symmetry[8]. Therefore, assuming that the neutrino transi-
tions involve the first and third families, the required value of
€ is compatible with the phenomenological limits.

The challenge to this solution is related to the required
value of the parametet;|, since universality experimental
tests in the leptonic sector are very much stringent. In Ref.
[16] constraints involving the second and third lepton fami-
lies, i.e., interactions involving transitions of the type

v, v, were obtained. It was found thgi6]

10
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FIG. 3. Same as in Fig. 2, but the systematic error in the Home-
stake experiment was assumed to be three times larger. The best
is obtained whenle|=2.3x10* and |’ —1|=3.1x10 4, with
XZin=3.3 for 2 d.o.f.

~ Note, however, that the parameter relevant for our present
é{'ﬁalysis of the solution to the solar neutrino problem neces-
sarily involves the first neutrino familyif). Such a con-
straint can be obtained following the same steps as in Ref.
- , . [6]. No direct limit can be obtained fot,.. Nevertheless,
cific solution of sola_r neutrino p_roblev[r1_4]. . sincee, =€, — €’ _, limits on this parameter are found con-
Here let us consider, as an interesting exercise, the Casstlederineg; thewexpg;imental constraints of E#0) and limits
when the systematic error of the Homestake is assumed to be ™,
three times larger than it has been reported. In Fig. 3 we" Cep - . . .
present the region allowed by the rates under this assump- Nonzero values fofeee (€,,) give addlt!onal contribu-
tion. We have obtainegt?,,=3.3 for 2 d.0.f.(19.2% C.L) tions to.thevee—> ve&(v,e— v, ,e) cross section, and can put
for rates only. Including the energy spectrum data and zenitﬁons'tr"Jllnts Oreee ande,, [6]. We use the most recent data
. = about thev,e— v.e total cross sectiofl7]. This cross sec-
angle dependence reported by SK, we obta|n§:,q1—21.4 o e~ "¢ A .
for 24 d.o.f., corresponding to 61.5% C.L. This indicates alon 'S_ a functpn Ofee andGVe”e_/GF. (the a>.(|al part OT the
significant improvement over the case presented in Fig. 2€ffective coupling of the respective interactiowe obtained

We note that this kind of exercise could be worthwhile to

consider when taking into account the possibility of some —2.56<G,, /G¢<0.63 (11)

unknown systematic effect of the Homestake experiment, as

this has not been calibrated with a radioactive source. at 90% C.L. for arbitraryG% , /G¢. This is not a trivial
e’e

Let us consider if the required magnitudes for the non+eq 1t We are considering neutrinos propagating in an unpo-

standard parameters of the FC and nonuniversal FD neutrir‘,grized medium. In this case’, ~ 1 implies that the forward
: er

interactions with electrons are compatible with constraints O%mplitudes ofv.e and v e scatterings are very close to each
e T

:mgn frl]at\;]oer ;’g Iag?:rh‘ggrr dzf;'?]t'ciarl]eindal%s'bseSheorw‘c;].thhatother. Nevertheless this does not necessarily mean that the
Nulgo,g h P . L ED . fv )clj 19N cross sectiong(ve.e) ando(v,€) are identical. This is be-
(€er~ ), the nonuniversa parametef; is found to cause the unpolarized medium averages out the axial contri-

be of the order of 1. _ _ _ bution to the forward scatteringl8], while both axial and
The value of the FC parameteris compatible with the \ectorial couplings have to be taken into account in the cal-

available phenomenological tests to the flavor conservatioation of the cross section. The standard model limit is also
law. In fact, the most stringent constraints on this parametef, . qed in Eq(11) for G, , /Ge=G"  /Gg=0
are due to the upper bounds qu”—e e e and 7~ ' Veve! —F T Pveve SF T

e e'e [15]: ~ To avoid large eﬁ‘fc'gs ie+_e‘—>l 17 (I=e,u, 1) scatter-
ing at the(CERN) e"e™ colliders LEP-I and LEP-II ener-
BR(u —e e' e )<1.0x10 12 gies, the only possible option is the case where the ex-

changed particle is a charged Higgs bo§bh|. The Michel
parameters for the decays pfand r can be used to test the
hypothesis of a charged Higgs bosptf]. We found, by
arguments similar to those of R¢f.9], that only Higgs trip-
at 90% C.L. Normalizing the above bounds to the measuregkts or doublets plus triplets can be allowed to hayg~1.
rates of thE related lepton flavor conserving_ decays, Taking the value quoted by Barget al. [6], —0.18
BR(n™—e vev,)~100% and BRf —e™ vev,) <G, , /G < 0.14, we obtained thaigﬂ is bounded to
=0.178[15], we obtain[8] e

BR(7~—e e'e )<2.9x10°© (8)

o o iocios - 0.81<¢,<2.70, (12)
= VYeu F . ’

€ep

at 90% C.L. Using the constraints from Eq&0) and (12),
€0,=G,,/Gp<4.2x10 3. (9)  we finally obtain
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—1.81<e, —1<1.70 (13)  ing the parameterse,,—1|<1 and e,~10 *—10"3, we

can obtain a fit for the combined analysis of the solar experi-
at 90% C.L. From this constraint, we conclude that it isments total rates, the SK energy spectrum, and the SK zenith
possible to satisfy the experimental constraints of FD couangle dependence, comparable in quality to the most ac-
plings, and at the same time to be compatible with the aleepted solution to the solar neutrino anomaly based on usual
lowed region of the solar neutrino analysis. Additional cau-neutrino oscillations. We conclude that constraints on flavor
tion is necessary, because the same FD couplings that indueilation and nonconservation of universality still allow us a
neutrino oscillations can also change the detection cross sesmall €., and a large value foe._, which are compatible
tion o(vee— vee) used for SK. We check that the absolute with the preferred values of our solar neutrino analysis. In
values of the elastic cross section inside the range given ithis solution, no spectrum distortion, no significant zenith
Eq. (11) are compatible with the assumed theoretical errorsingle dependence, and no seasonal effects are expected.
of the solar neutrino fluxes used in the solar neutrino analyAlso, only negative results are expected in long-baseline ex-
sis. Also the shape of recoil electron in SK is not changegeriments due to the very large oscillation length.
significantly due to the FD couplings.

Concluding, we have shown here for the first time a quan- This work was supported by Fundacde Amparo &Pes-
titative analysis of nonstandard flavor changing and nonuniguisa do Estado de 8&Paulo(FAPESBH, by Conselho Na-
versal flavor diagonal neutrino interactions with electrons asional de Ciacia e Tecnologi#CNPq, and by the European
a possible candidate to solve the solar neutrino problem. UdJnion TMR network ERBFMRXCT960090.
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