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The introduction of light sterile neutrinos into the Startti&lodel of electroweak interactions
was motivated by the experimental observations from the D @iicelerator experiment to which
the later data from other accelerator experiments like KARNMICARUS, MiniBoone, along with
Gallium calibration and reactor experiments provided taidgal evidence [1]. These are very short
baseline experiments ¢ fewx 10m) for whose anomalous data an oscillation to one or two steril
neutrino states (s=1 or 2) seems to be implied with [2]

A, Amé; = O([16V?). (1)
Specifically, from accelerator experiments 6r ve appearance fromy, or v,,) it is found that
SiMP20e, = (4—10) x 1073, Am? = (4—7) x 10 1eV? 2)
while for the reactor and Gallium anomalieg éndve disappearance)
SiMP20ee = (70— 200) x 103, An? = (2— 3) x 10 teV? (3)

with the definitionssin?26e, = 4|Ues|?|Uya|?, SiP20ee = 4|Ues|?(1— |Ueq|?). Owing to such a large
oscillation frequency, these sterile neutrinos do not play role in solar neutrino oscillations.

It is usually argued on the other hand that the solar neupiiodlem is 'solved’ which is
not the case. In fact, an estimation made by the BorexinoaBothtion shows that there is a
gap in the knowledge of the neutrino survival probabilitythie vacuum matter transition region
[O(1—5)MeV] [3]. More importantly, besides the long standing problefrtre flatness of the
SuperKamiokande (SK) spectrum [4], [5] which the Large MxiAngle (LMA) solution fails to
explain, also the LMA charged current (CC) spectrum préaaficirom the SNO experiment [6]
seems to proceed in the opposite direction from its LMA prioin.

Investigating a survival probability leading to an eleatemnd CC spectra more consistent with
the SK and SNO CC ones, we were lead to introduce light steeildrinos and search for possible
ranges ofAmZ,,, and Bhen!. Adequate probability profiles were found from oscillatiaio sterile
neutrinos which are quasi degenerate with respect to thesames(AmZ, = 10-°eV?) and with
small mixing to these. Hence they are different from theilstereutrinos that are suggested by
accelerator, reactor and Gallium anomalies. OuA4damiltonian describing the solar neutrino
oscillations is in the weak basis
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whereU is the straightforward 44 extension of the usual leptonic mixing matiic = Gr v/2Ne,
Vne = —Gg/ V2N, with Ne, N, denoting the electron and neutron densities. We use thesepr
tationU = U34U4U14U29013U12. At this early stage of sterile neutrino investigation foe tsolar
case we assume all sterile mixings to be equal wiitf;; = 0.04. We thus get the model survival
probability shown in fig.1 where also the LMA probability isglayed for comparison. As for the

LA similar investigation was performed by the authors of f&]§9].
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Figure 1: Electron neutrino survival probability: LMA (upper curvahd sterile model (lower curve).

relevant physical quantities, we start with the SNO CC gpetievaluated as

Emax E—(Q-me)
/ d";“éE)P(E)/ R(Teff,T)gl‘TjﬁdeE
Rec(Terf) = ~> e eff (5)
P(E) = 1

(see fig.2) wher&) = 1.442 MeV and T, Te¢¢ are the physical and measured kinetic energy of
the electron. In eq.(5R(Tett, T) is the energy resolution function and the rest of the nataito
standard. For the solar neutrino fluxes we used the AGSS09plelrfi7]. We have also evaluated
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Figure2: CC spectrum in SNO: the LMA prediction (upper curve), the elgatediction (lower curve) and
the data [6].
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the electron scattering spectrum (ES) for SNO, SK and Booeftom the expression

Eemax Em doe daH.T
[ o RGEerr. o) [ AE(E) |PedE) G2 + (Pas(E) + Pu(®)) G

Res(Eeff) = = (6)
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whereE, Eq¢; are the physical and measured electron energy. Its LMA armdehpyedictions are
shown together with the SK data from 2010 (fig.3) and 20084)igl' he downturn in the CC data
for the lower energies is clearly seen in fig.2 and a hint ofsthime effect can also be seen in the
ES scattering data, especially in the second set (fig.4h Saeffect which the LMA model alone
fails to account for, is clearly predicted by the sterile miod
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Figure3: ES scattering in SK: the 2010 data [4]. The upper and lowereziare the LMA and sterile model
predictions respectively.

We also evaluated the model predictions for the total rateistware given in table | along
with the LMA ones and the data.

GaAll,< ClI SNQCC) SNONC) SNQES SK Borexino

Dec2007) (SNU) (x10°  (x10°  (x10°F (x10° (x1cP

(SNU) cnts™t)  cnfsl) cents!) cnPsl) cnfstl)
661 256 167 554 177 232 240

Data +£31 +£0.16 985  +83% 4222 1004 +04
+0.15 +£39%  £93¢ 0% 1005 +01
LMA 624 270 169 522 221 221 227
Model 610 260 161 513 214 214 212

Tablel: the data and the LMA and model predictions for the total rdthsts are in SNU for
Gallium and Chlorine and in fan?s! for the remainder. For Ga all data from SAGE and
Gallex/GNO are included up to Dec.2007
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We next perform an analysis of the quality of the fits to theadatsing the standarg? definition
[10]
2 h 2 -1 ~h
X = Z (Rtjl - leexp) [G (tOt)] ivjz (Rtjz - Rjzexp) (7)
J1:)2
where indicesj1, j» run over the 7 solar neutrino experiments and the error rmatcudes the
cross section, the astrophysical and the experimentalriaitiges, we obtain for the rates only,
with A2, ;. and Bseriie as free parameters,

X2ies(LMA) =81/5dof. , xZedmode) =153/5dof. (8)

A word of caution must be inserted here as regards the imtludithe Ga rate, since its contribution
t0 X2tes iS OVerwhelming. Had we taken for instance the Ga/GNO daltafoom the period 1998-
2003 (62.9:5.4+2.5 SNU) the result would be

X2 LMA) =55/5do.f. , x2,ed{mode) =125/5d.o.f 9)

SO X2tes Strongly depends on the Ga data period one considers. Mardow Ga rate has been
decreasing all along its history of data taking (see tablealfact whose origin remains unclear.

GallexI <Junel992 |83+19
GallexlIl [Aug92 — Jurf94|764+ 10
GallexlIl1|Oct94 — Oct'95|54+ 11

1991- 97 1998- 03
Gallex)GNO 77.5+6.2453 629+544+25
SAGE 792+86+53 639+5.0

2003 2004 2005 2006 2007
SAGEG60+£10 725+125 53+9 68+10 585+ 8.5

Tablell: the evolution of the Ga rate over time (units are in SNU).

Hence the abovg2,. values may well be meaninglessly high and misleading. Rémgahe Ga
rate from the calculation, one gets instead

X2 LMA) =57/4dof. | xZedmode) =59/4dof [no Garatg (10)

and thus fits of equivalent quality for LMA alone and the $¢éeneutrino models. Turning now to
the spectral fits, we have for the SNO CC spectrum (see fig.2)

Xéc specrurkLMA ) = 24.0/13 dof. | x&c specrrurkMode)) = 21.6/13 dof (11)

where we took into account all 15 data points. As expectezstirile neutrino model fits the data
better than LMA, as it reflects the downturn of the spectruntte lower energies. Regarding the
ES spectrum, it should be noted that not only this appears fitah but there is also a hint for a
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Figure4: The same as fig.3 for the 2008 data [5].

downturn at the lower energies (see figs.3 and 4). To this endesformed as well g2 analysis
for both SK data sets. For the 2010 data (fig.3) we find

XEs spectrurbLMA ) =19.2/16 dof. | XZs specrurhMode) = 19.5/16 do.f (12)
so that the two fits look similar for this set. For the 2008 d#ita4) on the other hand
XEs spectrurhLMA ) = 3.6/12 dof. | XZs specrurkMode) = 2.6/12 dof (13)

and thus a better fit for the sterile model, as expected. Matethe smaller magnitude of the’s
in the 2008 data is a consequence of both the smaller numtmrgoées of freedom and the fact
that the predictions, especially the sterile model onepiaetically all within the data error bars,
which is by no means the case for the 2010 data set.

We next summarize our conclusions:

e We still need to fill the gap in our knowledge of the solar nexatisurvival probability in the
intermediate energy range, the vacuum matter transitigiome

e The LMA prediction seems to point in the wrong direction at tow energy end of the
electron spectra, especially the charged current one.

e Oscillations to a sterile neutrino which is almost degeteewdth the active ones withmg, =
10-%eV? andsinf;4 = 0.04 seem to provide a solution to these inconsistencies.

e Inserting such a sterile neutrino, which would be the 5thtbm@&utrino, adds to the already
confusing situation concerning sterile neutrino scersario

2In egs.(12) and (13) we have not taken into account the higitesgy data points in the calculation in view of
their poorer statistics.
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e However from the experience with neutrino oscillations, lvese learned that a confusing
picture at the start may eventually emerge, after an acaitionol of experimental tests for
several years, as a clear and positive one. This may wellebeabe with the sterile neutrino
extensions of the electroweak standard model.
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