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There are compelling evidences for the existence of a fourth degree of freedomof neutrinos, i.e., sterile neutrino. In the recent studies
the role of sterile component of neutrinos has been found to be crucial, not only in particle physics, but also in astrophysics and
cosmology.This has been proposed to be one of the potential candidates of darkmatter. In this workwe investigate the updated solar
neutrino data available from all the relevant experiments including Borexino and KamLAND solar phase in a model independent
way and obtain bounds on the sterile neutrino component present in the solar neutrino flux.Themystery of themissing neutrinos is
further deepening as subsequent experiments are coming upwith their results.The energy spectrumof solar neutrinos, as predicted
by Standard Solar Models (SSM), is seen by neutrino experiments at different parts as they are sensitive to various neutrino energy
ranges. It is interesting to note that more than 98% of the calculated standard model solar neutrino flux lies below 1MeV.Therefore,
the study of low energy neutrinos can give us better understanding and the possibility of knowing about the presence of antineutrino
and sterile neutrino components in solar neutrino flux. As such, this work becomes interesting as we include the data frommedium
energy (∼1 MeV) experiments, i.e., Borexino and KamLAND solar phase. In our study we retrieve the bounds existing in literature
and rather provide more stringent limits on sterile neutrino (]𝑠) flux available in solar neutrino data.

1. Introduction

H. Bethe proposed that the thermonuclear reactions are
responsible for energy generation inside the stars, and it was
subsequently established too. Sun, being the closest star to
us, glows due to these thermonuclear fusion reactions, which
also produce a huge amount of neutrinos leaving the solar
core without any hinderance. To look for these neutrinos,
the era of the solar neutrino experiments began in the late
1960s with the Homestake solar neutrino detector, which
was headed by astrophysicists Raymond Davis, Jr. and his
theoretician friend John N. Bahcall. This experiment was
designed to understand the mechanism of fusion reactions
taking place inside the sun; instead it discovered a significant
shortfall of neutrino flux as compared to SSM. This is known
as the Solar Neutrino Problem (SNP) [1, 2]. After a journey
of about four decades a leading solution for the SNP was
identified with the help of reactor experiment KamLAND [3]
in Japan, which independently verified neutrino oscillations
through Large Mixing Angle (LMA) [4–11] as the dominant

solution using neutrinos from nearby reactors. Motivated
by peculiar nature of neutrinos, a number of subsequent
experiments were performed, which rather than solving the
mystery of the missing neutrinos deepened it further. It came
to the light that more than 98% of the solar neutrino flux
lies below 1 MeV. The rare 8B neutrino flux is the high
energy tail of solar neutrinos for which statistically significant
measurements have been made so far. As such, the explored
part of the flux is just a tip of an iceberg, there could be more
mysteries hidden deep inside the water. Along with LMA
there might be some subdominant effect (s) also affecting
the nature and dynamics of these so-called ghost particles.
Therefore, the study of low energy neutrino data can give
us better understanding and the possibility of exploring the
presence of sterile neutrinos and other components in solar
neutrino flux.

Neutrinos are special and have a unique status in the
standard model (SM) in the sense that they are massless
and interact solely through the weak interaction. They are
left handed only, i.e., active and partner of a corresponding
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charged lepton in a weak isospin doublet. As such, there is no
place for the right-handed neutrinos in the SM.Right-handed
neutrinos, if they exist, would be weak isospin singlets, i.e.,
not sensitive to evenweak interaction.Theywould communi-
cate with the other SMmember neutrinos (left-handed active
neutrinos) through mixing only. That is the reason, the right-
handed neutrinos are called inactive, i.e., sterile. There are
mounting evidences for existence of additional degrees of
freedom (>3) of neutrinos, which indicate the existence of a
new class of heavy and light sterile neutrinos and possibility
of their mixing with active ones [12–16].

TheStanford group has done analysis of the available solar
neutrino data [17–20] that provided increasing evidence that
the neutrino flux from the sun is not constant but varies
with well-known solar rotation periods. If such findings are
confirmed ever in future, the need for an addition to the
LMA solution will be obvious and will most likely rely on
an interaction of the solar magnetic field with the neutrino
magnetic moment. Since an SFP (Spin Flavour Precession)
conversion to active antineutrinos is unlikely, this interaction
is expected to produce a significant and time varying flux
of sterile neutrinos [12, 21, 22]. It has become evident that
the mechanism of SFP to active antineutrinos in the sun is
either absent or plays a subdominant role. In fact these active
neutrinos would originate a sizeable ]𝑒 flux [23], whose upper
bound has become stricter and corresponds to 0.028% of the
8B neutrino flux.

In the light of latest data available from various solar
neutrino experiments, like the Neutral Current Detectors
(NCDs) phase of Sudbury Neutrino Observatory (SNO),
SuperK-III, SuperK-IV, Borexino, and KamLAND solar
phase [24–29] for neutrinos of energy range ∼1 MeV, we
derive, in a model independent way, bounds on the sterile
neutrino component present in the solar neutrino flux. We
update the limits on the sterile neutrinos (]𝑠) flux and
compare them with the previous results obtained using
various SNO phase data and data from SuperKamiokande
experiments. Various such analyses [30–40] have been done
in the past, but our results include all the experimental data,
in a way that it is a global data analysis and we obtain more
constrained limits on the sterile neutrino flux as compared
to the bounds existing in literature. The degeneracy of SSM
normalisation factor (f𝐵) and active neutrinos (sin2𝛼) is
updated and best fit values for various cases using 𝜒2 analysis
are obtained.

In Section 2 we present the experimental details and
the data available from all the solar neutrino experiments.
In Section 3 we discuss the entire theory of model inde-
pendent analysis starting from the master equations. Sec-
tion 4 presents results and discussion of our work including
the 𝜒2-analysis for different combination cases of various
experiments, and the conclusions are finally summarized in
Section 5.

2. Data from Various Solar
Neutrino Experiments

Kamiokande, a large water Cerenkov detector, was primarily
designed to do search for proton decay. It was diverted to take

data of solar neutrinos in the second phase, i.e., Kamiokande-
II in 1985, and provided directional information of solar
neutrinos demonstrating directly for the first time that the
sun is a source of neutrinos. Via elastic scattering (ES) experi-
ment this also discovered the atmospheric neutrinos anomaly
and observed neutrino signals from the supernova 1987A.
Super-Kamiokande (SK) was designed after overhauling the
Kamiokande to do search for proton decay, studied solar and
atmospheric neutrinos, and watched the supernovae in the
Milky Way Galaxy. SK is a cylindrical 50 kt water Cerenkov
detector which observes high energy solar neutrinos via
ES of electrons. The SK experiment started taking data in
April 1996 and continued the observation for five years till
July 2001, the running period referred to as SK-I. The SK
detector was rebuilt after an accident met with the half of
the original PMT density in the inner detector and resumed
observation from October 2002, which is referred to as the
beginning of SK-II running period. The SK-II continued the
measurements for three years and finished in October 2005
for the reconstruction work to put the PMT density back
to the SK-I level. The detector restarted observation in June
2006, which is referred to as the SK-III period. The fourth
phase of SK (SK-IV) started in September of 2008, with new
front-end electronics, QBEE (QTC Based Electronics with
Ethernet) [41, 42] for new data acquisition system.

The data obtained SNO consists also of high energy end
part of 8B solar neutrinos. The SNO, based in Canada, detects
neutrinos via three reaction channels: (1) charged-current
interactions (CC) on deuterons, in which only electron
neutrinos participate; (2) neutrino-electron ES, which are
dominated by contributions from electron neutrinos; and
(3) neutral current (NC) disintegration of the deuteron by
neutrinos, which has equal sensitivity to all active neutrino
flavours. So far, the SNO has three stages/phases of running.
Thefirst phasewaswith pureD2O(heavywater) and ran from
November 1999 toMay 2001. In the second phase, to increase
the neutron detection efficiency, 2000 kg of NaCl salt was
added to the target material D2O. This SNO-II (Salt phase)
ran from June 2001 to October 2003.The third and final stage
of SNOphase usedNCDs,whichwas achieved by the removal
of the salt and addition of 36 strings of 3He proportional
counters to provide an independent detection of neutrons.
This SNO-III (NCDs) phase ran from November 2004 to
November 2006. As these three stages have very different
systematic uncertainties for the detection of neutrons, the
stages of the SNO (Phase-I, Phase-II, and Phase-III) can be
considered as three independent experiments in measuring
the flux of 8B solar neutrino flux with the NC reaction. It is
further added that in the second SNOphase of running a data
set of 254.2 days with a 5.5 MeV energy threshold, and in the
third phase of running for 385.2 days of data with a 5 MeV
energy threshold are taken.

Kamioka Liquid Scintillating Anti-Neutrino Detector
(KamLAND) is located in the Kamioka Mine near the
city of Kamioka in the Gifu prefecture of Japan. The reac-
tor experiment KamLAND is exactly located in the old
Kamiokande site within the mine. KamLAND started data
collection in January 2002 and the results were reported using
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only 145 days of data. The detector consists of 1000 metric
tons (1 kilo-ton or 1 kt) of liquid scintillator as both the
target and detection medium for low energy nuclear/particle
physics processes like neutrino ES and inverse beta decay.
The liquid scintillator molecules give off light when charged
particles move through the detector. As such the Kam-
LAND is designed and instrumented to detect this light and
reconstruct the physics processes that produce the light. In
the solar phase, KamLAND is focused to detect medium
energy solar neutrinos (∼1 MeV). We take the latest data
for 8B solar neutrinos based on a 123 kton-day exposure
of KamLAND [29]. KamLAND also reported measurement
of the neutrino-electron ES rate 862 keV 7Be solar neu-
trino based on a 165.4 kton-days exposure of KamLAND
for 616 days between April 7, 2009, and June 21, 2011
[43].

Borexino is an ultra-high radio purity detector located
in the underground laboratory at Gran Sasso, Italy. It is a
low threshold liquid scintillator detector, which detects solar
neutrinos of medium energy range (7Be, CNO, pep) via ES
of electrons. This detector is the first experiment able to do
a real-time analysis of low energy sector solar neutrinos.
The modelling of the detector response has been steadily
improved since the beginning of data taking in 2007, and
invaluable information has been provided by an extensive
calibration campaign in 2009. As a target, 300 ton of liquid
scintillator is contained in a spherical nylon vessel. To provide
a passive shielding, a nonscintillating buffer liquid is used
outside. More than 2200 PMTs are mounted on the inner
surface of a stainless steel sphere to register the scintillation
light. The water volume shields the detector against external
gamma and neutron radiations, which acts as an active muon
veto.

Borexino reports the interaction rate of the 0.862 MeV
7Be solar neutrinos for 192 live days data in the period
from May 16, 2007, to April 12, 2008 (Borexino Phase-
I). The first simultaneous measurement of the interaction
rates of pp, 7Be, and pep solar neutrinos was taken in
an extended energy range (0.19-2.93) MeV. This result per-
tains to the span of 1291.51 days, i.e., Borexino Phase-II
data, which was collected between December 2011 and May
2016 after an extensive scintillator purification campaign.
Borexino is the first experiment to succeed in suppressing
all major backgrounds, above the 2.614 MeV photon (𝛾)
from the decay of 208Tl, to a rate below that of electron
scatterings from solar neutrinos. This allows reducing the
energy threshold for scattered electrons by 8B solar neutrinos
to 3 MeV (Borexino (3 MeV)). Borexino also reported
the 8B interaction rate with 5 MeV threshold (Borexino
(5 MeV)).

The summary of SNO-I, II, III, SK-I, II, III, IV, SK
Combined, KamLAND Solar Phase, Borexino (3 MeV), and
Borexino (5 MeV) data is shown in Table 1. In Table 2,
survival probabilities of 7Be solar neutrinos fromKamLAND,
Borexino Phase-I, and Borexino Phase-II are given. In Table 3
we present the data in terms of the corresponding rates with
reference to the SSM flux [45].

Table 1: Solar neutrino flux measured by various experiments in
units of 106 cm−2 s−1.

Data 𝜙𝐶𝐶 𝜙𝑁𝐶 𝜙𝐸𝑆 Reference
SNO-I 1.76 ± 0.11 5.09 ± 0.45 2.39 ± 0.27 [24]
SNO-II 1.68 ± 0.10 4.94 ± 0.41 2.35 ± 0.27 [24]
SNO-III 1.67 ± 0.09 5.54 ± 0.47 1.77 ± 0.24 [24]
SK-I - - 2.38 ± 0.08 [26]
SK-II - - 2.41 ± 0.17 [26]
SK-III - - 2.40 ± 0.07 [26]
SK-IV - - 2.308 ± 0.044 [26]
SK Combined - - 2.345 ± 0.04 [26]
KamLAND - - 2.77 ± 0.41 [29]
Borexino (3 MeV) - - 2.55 ± 0.20 [27]
Borexino (5 MeV) - - 2.70 ± 0.45 [28]

Table 2: Solar electronic neutrino survival probability measured by
various experiments for 7Be neutrinos.

Experiment P𝑒𝑒 Reference
KamLAND 0.66 ± 0.15 [43]
Borexino Phase-I 0.51 ± 0.07 [28]
Borexino Phase-II 0.53 ± 0.05 [44]

Table 3: Different rates with errors for the SNO, SK, KamLAND,
and Borexino experiments.

Experiment R𝐶𝐶 R𝑁𝐶 R𝐸𝑆

SNO I 0.32 ± 0.04 0.93 ± 0.14 0.44 ± 0.07
SNO II 0.31 ± 0.04 0.90 ± 0.13 0.43 ± 0.07
SNO III 0.30 ± 0.04 1.01 ± 0.15 0.32 ± 0.05
SK I - - 0.43 ± 0.05
SK II - - 0.44 ± 0.06
SK III - - 0.44 ± 0.05
SK IV - - 0.42 ± 0.05
SK Combined - - 0.42 ± 0.05
KamLAND - - 0.51 ± 0.09
Borexino (3 MeV) - - 0.46 ± 0.06
Borexino (5 MeV) - - 0.49 ± 0.10

3. Model Independent Analysis Theory

In the master equations [37, 38] of the model independent
analysis given below we neglect electronic antineutrino com-
ponent as evidence from KamLAND results [23]

𝜙𝐶𝐶 = 𝜙]
𝑒

, (1)

𝜙𝑁𝐶 = 𝜙]
𝑒

+ 𝜙]
𝑥

+ 𝑟𝑑𝜙]
𝑥

, (2)

𝜙𝐸𝑆 = 𝜙]
𝑒

+ 𝑟𝜙]
𝑥

+ 𝑟𝑥𝜙]
𝑥

. (3)

From these equations we can see that the NC is sensitive
equally for all neutrino components, the ES is more sensitive
to electronic neutrino component than the nonelectronic
ones, and the CC is only due to the electronic component of
the neutrinos.
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Figure 1: 𝜙𝐸𝑆 Overlap region (shaded) from all experiments.

The quantities 𝑟 and 𝑟𝑥 used are the ratios of the NC
neutrino and nonelectronic antineutrino event rates to the
NC + CC neutrino event rate, respectively. The remaining 𝑟𝑑
is the ratio of the antineutrino deuteron fission to neutrino
deuteron fission event rate. We calculate them using the
following forms of expressions:

𝑟 =
∫ 𝑑𝐸]𝜙 (𝐸]) ∫ 𝑑𝐸𝑒 ∫ 𝑑𝐸


𝑒 (𝑑𝜎𝑁𝐶/𝑑𝐸𝑒) 𝑓 (𝐸


𝑒, 𝐸𝑒)

𝜎𝑁C → 𝜎𝑁𝐶+𝐶𝐶
, (4)

𝑟𝑥 =
∫ 𝑑𝐸]𝜙 (𝐸]) ∫ 𝑑𝐸𝑒 ∫ 𝑑𝐸


𝑒 (𝑑𝜎𝑁𝐶/𝑑𝐸𝑒) 𝑓 (𝐸


𝑒, 𝐸𝑒)

𝜎𝑁𝐶 → 𝜎𝑁𝐶+𝐶𝐶
, (5)

𝑟𝑑 =
∫ 𝑑𝐸]𝜙 (𝐸]) 𝜎𝑁𝐶 (𝐸])

𝜎𝑁𝐶 → 𝜎𝑁𝐶
. (6)

Here the energy resolution function is 𝑓(𝐸𝑒, 𝐸𝑒) and 𝜎’s are
the cross sections. The subscript 𝑥 in ]𝑥 and ]𝑥 stands for
the nonelectronic (𝜇/𝜏) components. One can extract the
expression for ES flux from the master equations (1)-(3) as

𝜙𝐸𝑆 = 𝑟𝜙𝑁𝐶 + (1 − 𝑟) 𝜙𝐶𝐶 − (𝑟𝑟𝑑 − 𝑟𝑥) 𝜙]
𝑥

. (7)

If we neglect the antineutrino component, as there are
stringent limits from KamLAND, the expression for ES flux
is obtained as

𝜙𝐸𝑆𝑛𝑜]
𝑥

= 𝑟𝜙𝑁𝐶 + (1 − 𝑟) 𝜙𝐶𝐶. (8)

Since we are specifically interested in estimating the flux
of sterile neutrinos, therefore we derive an expressions for
the active neutrino (]𝑒 + ]𝑥 + ]𝑥), nonelectronic neutrino
component (]𝑥) and thereafter the sterile neutrino (]𝑠𝑡𝑒𝑟𝑖𝑙𝑒)
fluxes can be estimated as

𝜙𝑎𝑐𝑡𝑖V𝑒

=
[(𝑟 − 𝑟𝑥) 𝜙𝑁𝐶 + (1 − 𝑟𝑑) ((1 − 𝑟) 𝜙𝐶𝐶 − 𝜙𝐸𝑆)]

𝑟𝑟𝑑 − 𝑟𝑥
,

(9)

𝜙𝑁𝐶]
𝑥

= 𝜙𝑁𝐶 − 𝜙𝐶𝐶, (10)

𝜙𝐸𝑆]
𝑥

=
𝜙𝐸𝑆𝑆𝐾 − 𝜙

𝐶𝐶

𝑟
. (11)

We can get the expression for the sterile neutrino flux if
we subtract the active neutrino flux from the SSM predictions
as

𝜙𝑠𝑡𝑒𝑟𝑖𝑙𝑒 = 𝜙
𝐵

𝑆𝑆𝑀 − 𝜙𝑎𝑐𝑡𝑖V𝑒. (12)

The active-sterile admixture can also be estimated as the
mixing angle 𝛼 between the active and sterile neutrinos,
such that sin2𝛼 will denote the fraction of all the active
neutrinos. Therefore the component of the sterile neutrinos
is proportional to cos2𝛼. Excluding the electronic component
the fraction of active neutrino flux, as measured by CC flux,
present in the solar neutrino flux can be calculated by the
following relation:

sin2𝛼 =
𝜙𝑎𝑐𝑡𝑖V𝑒 − 𝜙

𝐶𝐶

𝜙𝑆𝑆𝑀 − 𝜙𝐶𝐶
. (13)

The degeneracy between the sterile neutrino component
and the parameter designated as f𝐵, the normalisation to the
SSM 8B neutrino flux, can be clearly seen if we rewrite the
model independent flux equations in terms of the expressions
for the CC, NC, and ES rates [36]

𝑅𝐶𝐶 = 𝑓𝐵𝑃𝑒𝑒, (14)

𝑅𝑁𝐶

= 𝑓𝐵𝑃𝑒𝑒

+ 𝑓𝐵 (1 − 𝑃𝑒𝑒) [sin
2𝛼 sin2𝜓 + 𝑟𝑑 sin

2𝛼 cos2𝜓] ,

(15)

𝑅𝐸𝑆

= 𝑓𝐵𝑃𝑒𝑒

+ 𝑓𝐵 (1 − 𝑃𝑒𝑒) [𝑟 sin
2𝛼 sin2𝜓 + 𝑟𝑥 sin

2𝛼 cos2𝜓] .

(16)

As evident from above equations, these are reduced rates.
Here we exploit the near energy independence in the range of
interest and factorize the electron neutrino survival probabil-
ity P𝑒𝑒 out of these integrals as in (14)-(16). The above equa-
tions clearly show that the conversion of electron neutrinos
into the other flavours is directly proportional to 1-P𝑒𝑒. Here
sin2𝜓 gives the measure of antineutrino components. Since
we assume negligible antineutrino components, it is safer to
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Table 4: Grouping of data in different sets.

Set 𝜙𝐶𝐶 𝜙𝑁𝐶 𝜙𝐸𝑆

1. SNO-III SNO-III SNO-III
2. SNO-III SNO-III SK Combined
3. SNO-III SNO-III KamLAND
4. SNO-III SNO-III Borexino (3 MeV)
5. SNO-III SNO-III Borexino (5 MeV)
6. SNO-III SNO-III 𝜙𝐸𝑆 Overlap

take sin2𝜓 = 1. Rearranging the rate equations we get sin2𝛼
and f𝐵 degeneracy equation as

sin2𝛼 = 𝑅𝐸𝑆 − 𝑅𝐶𝐶

(𝑓𝐵 − 𝑅𝐶𝐶) 𝑟
. (17)

Using ES rate equation and the survival probability P𝑀𝑒𝑒
for intermediate energy neutrinos, we obtain

𝑅𝐸𝑆 = 𝑃𝑀𝑒𝑒

+ (1 − 𝑃𝑀𝑒𝑒 ) [𝑟 sin
2𝛼 sin2𝜓 + 𝑟𝑥 sin

2𝛼 cos2𝜓] ,
(18)

where 𝑟 and 𝑟𝑥 are cross-sectional ratios as defined above.
From the above equation, rate for no antineutrino component
(sin2𝜓 = 1) and a sterile admixture with the active neutrinos
is given as

𝑅𝐸𝑆𝐵𝑂𝑅/𝐾𝐿 = 𝑃
𝑀

𝑒𝑒 + (1 − 𝑃
𝑀

𝑒𝑒 ) 𝑟 sin
2𝛼. (19)

In both cases, the value of cross-sectional ratios 𝑟 will be
different. As of today we know the corresponding ES rates
(R𝐸𝑆𝐵𝑂𝑅 and R𝐸𝑆𝐾𝐿) and the survival probabilities for medium
energy neutrinos (P𝑀𝑒𝑒 ) from the experiments; therefore
using these, we estimate the sterile neutrino flux component
present in the observed data.

4. Results and Discussions

The SSM predictions [45] for 8B solar neutrino flux to
be observed at all experiments are taken to be 𝜙𝑆𝑆𝑀 =
5.46 ± 0.65 × 106 cm−2s−1. One has a number of possible
combinations for doing analysis; we use only the ones, which
are giving us the most constrained limits on the unknown
parameters under investigation. So, for first three analyses we
choose the sets inwhichwe use fluxes𝜙𝑁𝐶, 𝜙𝐶𝐶 from SNO-III
with 𝜙𝐸𝑆 from SNO-III, SK Combined, KamLAND, Borexino
(3 MeV), Borexino (5 MeV), and flux of 𝜙𝐸𝑆 common to all
experiments as shown in Figure 1. We take all experiments
one by one and derive constraints on f𝐵, active, and sterile
neutrinos. These sets are shown in Table 4.

The values of 𝑟, 𝑟𝑥, and 𝑟𝑑 used are shown in Table 5.

4.1. �e sin2𝛼-f𝐵 Degeneracy. Using the equation which re-
lates the f𝐵 and sin

2𝛼, i.e., (17), we obtain sin2𝛼-f𝐵 degeneracy
plots for all the chosen sets. Since we know from experiments
that R𝐸𝑆𝑖 > R𝐶𝐶𝑆𝑁𝑂 (where i = SNO, SK, KamLAND, and

Table 5: Cross-sectional ratios for various experiments.

Experiment r 𝑟𝑥 𝑟𝑑
SNO-I 0.150 0.115 0.954
SNO-II 0.150 0.115 0.954
SNO-III 0.151 0.116 0.955
SK-I 0.149 0.114 -
SK-II 0.151 0.116 -
SK-III 0.151 0.116 -
SK-IV 0.151 0.116 -
SK-Combined 0.151 0.116 -
KamLAND 0.210 - -
Borexino (3 MeV) 0.213 0.181 -
Borexino (5 MeV) 0.213 0.181 -

Borexino), possibility of sin2𝛼 = 0, i.e., total conversion to
sterile neutrinos, is rejected. However sin2𝛼 can approach
to zero if f𝐵 is very large, which is unlikely. To make sin2𝛼-
f𝐵 plots, we vary f𝐵 from 0 to 1.2 and obtain a common
parameter space. From this we get constraints on sterile
neutrino percentage and the lower value of f𝐵. The varia-
tion of fB with sin2𝛼 for the fixed value of sin2𝜓, i.e., 1,
obtained from the analysis is shown in Figure 2 for different
sets. Just to have reference, the dotted vertical line in the
plots corresponds to the central value of f𝐵 = 1 ± 0.12
[45].

From these plots we calculate bounds on active neutrinos
(sin2𝛼) and hence the sterile neutrino percentage as shown in
Table 6.

We find the most constrained results in case of SNO-III
(0− 38.7%) and KamLAND (0− 39.3%) with 0.85 ≤ f𝐵 ≤ 1.2,
which is close to f𝐵 = 0.88, i.e., the lower side of f𝐵 = 1 ± 0.12
[45].

4.2. �e 𝜙-Active Flux. We use (9), (12), and (13) and obtain
the results via two different analysis techniques: (1) sterile
neutrino flux (𝜙𝑠𝑡𝑒𝑟𝑖𝑙𝑒) and (2) sterile neutrino component
percentage calculated as [(1-sin2𝛼)∗100], i.e., depicted in
column 6 of Table 7. It is noted that, for no sterile neutrinos,
the CC/NC flux ratio in SNO is a direct measure of the
average survival probability of 8B solar neutrinos that were
detected through experiment as P𝑒𝑒 = 𝜙𝐶𝐶/𝜙𝑁𝐶. Solving it
with errors, we will have P𝑒𝑒= 0.306 ± 0.04 with SSM and
P𝑒𝑒 = 0.301 ± 0.03 with NC for high energy neutrinos. The
difference in above two results for NC and SSM flux indicates
the possibility for sterile neutrino flux present in the solar
neutrino flux.

The constraints for active and sterile neutrino fluxes are
depicted in columns 3 and 4 of Table 7.We calculate the upper
bound on the 𝜙𝑠𝑡𝑒𝑟𝑖𝑙𝑒 present in the solar neutrinos for the all
the sets as

𝜙𝑠𝑡𝑒𝑟𝑖𝑙𝑒 ≤ 0.11 × 10
6 cm−2s−1 (SNO-III)

𝜙𝑠𝑡𝑒𝑟𝑖𝑙𝑒 ≤ 0.95 × 10
6 cm−2s−1 (SK Combined)

𝜙𝑠𝑡𝑒𝑟𝑖𝑙𝑒 ≤ 1.93 × 10
6 cm−2s−1 (KamLAND)
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(b) sin2𝛼 vs f𝐵 plot for SK Comb
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(c) sin2𝛼 vs f𝐵 plot for KamLAND
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(d) sin2𝛼 vs f𝐵 plot for Borexino (3 MeV)
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(e) sin2𝛼 vs f𝐵 plot for Borexino (5 MeV)
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(f) sin2𝛼 vs f𝐵 plot for 𝑅𝐸𝑆 Overlap

Figure 2: sin2𝛼 vs f𝐵 common parameter space plots for all six sets.

Table 6: Results from sin2𝛼-f𝐵 degeneracy plots.

Set Data Bounds on f𝐵 Bounds on sin2𝛼 Sterile%
1. SNO-III 0.85 ≤ f

𝐵
≤ 1.2 0.613 ≤ sin2𝛼 ≤ 1 0− 38.7

2. SK Combined 0.71 ≤ f𝐵 ≤ 1.2 0.434 ≤ sin2𝛼 ≤ 1 0 - 56.6
3. KamLAND 0.85 ≤ f

𝐵
≤ 1.2 0.607 ≤ sin2𝛼 ≤ 1 0− 39.3

4. Borexino (3 MeV) 0.74 ≤ f𝐵 ≤ 1.2 0.470 ≤ sin2𝛼 ≤ 1 0 - 53.0
5. Borexino (5 MeV) 0.71 ≤ f𝐵 ≤ 1.2 0.443 ≤ sin2𝛼 ≤ 1 0 - 55.7
6. R𝐸𝑆 Overlap 0.77 ≤ f𝐵 ≤ 1.2 0.500 ≤ sin2𝛼 ≤ 1 0 - 50.0
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Table 7: Constraints on active and sterile neutrino fluxes in units of 106 cm−2 s−1 .

Set Data Set 𝜙𝑎𝑐𝑡𝑖V𝑒 𝜙𝑠𝑡𝑒𝑟𝑖𝑙𝑒 sin2𝛼 Sterile%
1. SNO-III 6.313 ± 0.708 -0.853 ± 0.961 1.225 ± 0.281 0− 05.6
2. SK Combined 5.395 ± 0.599 0.065 ± 0.884 0.983 ± 0.231 0 - 24.8
3. KamLAND 4.879 ± 1.185 0.581 ± 1.352 0.847 ± 0.345 0 - 49.8
4. Borexino (3 MeV) 5.428 ± 0.794 0.032 ± 1.026 0.991 ± 0.269 0 - 27.8
5. Borexino (5 MeV) 5.127 ± 1.134 0.333 ± 1.307 0.912 ± 0.338 0 - 42.6
6. 𝜙𝐸𝑆 Overlap 5.789 ± 0.686 -0.329 ± 0.945 1.086 ± 0.259 0 - 27.3
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Figure 3: 1𝜎 plot of sin2𝛼 vs R𝐸𝑆 for KamLAND (dotted lines),
Borexino Phase-I (red lines), and Borexino Phase-II (blue lines).
The shaded region corresponds to the overlapping region of all three
experiments.

𝜙𝑠𝑡𝑒𝑟𝑖𝑙𝑒 ≤ 1.06 × 10
6 cm−2s−1 (Borexino (3 MeV))

𝜙𝑠𝑡𝑒𝑟𝑖𝑙𝑒 ≤ 1.64 × 10
6 cm−2s−1 (Borexino (5 MeV))

𝜙𝑠𝑡𝑒𝑟𝑖𝑙𝑒 ≤ 0.62 × 10
6 cm−2s−1 (𝜙𝐸𝑆 Overlap)

(20)

Column 5 of Table 7 represents the fraction of active
neutrinos present in the solar neutrino flux using (13). The
1𝜎 range of sin2𝛼 for KamLAND indicates strong possibility,
i.e., up to 49.8%, of sterile neutrino (which is proportional to
cos2𝛼) percentage given in column 6 at 1𝜎 range. However, in
the SK Combined case there is a possibility up to 24.8% for
sterile fraction at 1𝜎. The 1𝜎 range of sin2𝛼 for Borexino (3
MeV) and Borexino (5 MeV) indicates much less possibility
up to 27.8% and 42.6%, respectively. However, in the Set-1
there ismuch less possibility for sterile fraction, which is 5.6%
at 1𝜎.

4.3. �e Medium Energy Neutrino Data. Here, we use (19),
which relates sin2𝛼 and R𝐸𝑆𝐵𝑂𝑅/𝐾𝐿, and obtain sin2𝛼 vs R𝐸𝑆𝐵𝑂𝑅/𝐾𝐿
plots for different values of P𝑒𝑒 from different experiments.
The values of P𝑒𝑒 for different experiments are taken from
Table 2. In Figure 3 we show a plot of sin2𝛼 vs R𝐸𝑆 for
KamLAND (dotted lines), Borexino Phase-I (red lines), and
Borexino Phase-II (blue lines).

We zoom in the overlapped shaded region in Figure 4 and
project the three lines (dotted) vertically on it corresponding
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Figure 4: 1𝜎 plot of sin2𝛼 vs R𝐸𝑆 zoomed for overlapping region
of KamLAND, Borexino Phase-I, and Borexino Phase-II. Vertical
dotted lines correspond to R𝐸𝑆 equal to 0.57, 0.58, and 0.66.

to three different arbitrary values of R𝐸𝑆 to have some useful
results. The fraction of sterile neutrinos is computed as 1-
sin2𝛼 (in the overlap region). It is clear from Figure 4 that
there is 14.03% sterile neutrino component in the solar
neutrino flux corresponding to R𝐸𝑆 = 0.57 at 1𝜎 and 15%
sterile neutrino component corresponding to R𝐸𝑆 = 0.58 at
1𝜎. Here R𝐸𝑆 = 0.66 corresponds to no sterile component.

4.4. �e 𝜒2-Analysis. In order to perform 𝜒2-analysis, we
focus on the reduced rates (henceforth to be called “rates”) of
various experiments as shown in Table 3.Therefore, the avail-
able data need to reclassified in various best possible cases to
obtain useful results. In this exercise we arrange the data in
various five cases as the most meaningful combinations. In
Case-I we use R𝑁𝐶, R𝐶𝐶, and R𝐸𝑆 from all the experiments.
Then in Case-II we consider just the experimental results
having best precision measurements. So we use R𝑁𝐶 from
SNO-II, R𝐶𝐶 from SNO-I, SNO-II, and SNO-III, and R𝐸𝑆
from SK-I, SK-III, SK-IV, and SK Combined. In Case-III we
use R𝑁𝐶 and R𝐶𝐶 from all the SNO-I, SNO-II, and SNO-III
experiments and R𝐸𝑆 from all experiments except SNO-III as
it has quite different rate as compared to other experiments
as shown in Figure 5. We consider the R𝐸𝑆 of SNO-III as
an independent case, i.e., Case-IV, where we take R𝑁𝐶 and
R𝐶𝐶 from all the SNO-I, SNO-II, and SNO-III experiments
and R𝐸𝑆 from SNO-III only. In Case-V we use R𝑁𝐶 and
R𝐶𝐶 from all the SNO-I, SNO-II, SNO-III experiments and
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Figure 5: R𝐸𝑆 Overlap region (shaded) from all experiments.

Table 8: Different cases for 𝜒2-analysis.

Case 𝑅𝐶𝐶 𝑅𝑁𝐶 𝑅𝐸𝑆

I SNO-I, SNO-II,
SNO-III.

SNO-I, SNO-II,
SNO-III.

SNO-I, SNO-II, SNO-III, SK-I, SK-II, SK-III, SK-IV, SK
Combined, KamLAND, Borexino (3 MeV) and

Borexino (5 MeV).

II SNO-I, SNO-II,
SNO-III. SNO-II SK-I, SK-III, SK-IV and SK Combined.

III SNO-I, SNO-II,
SNO-III.

SNO-I, SNO-II,
SNO-III.

SNO-I, SNO-II, SK-I, SK-II, SK-III, SK-IV, SK
Combined, KamLAND, Borexino (3 MeV) and

Borexino (5 MeV).

IV SNO-I, SNO-II,
SNO-III.

SNO-I, SNO-II,
SNO-III. SNO-III

V SNO-I, SNO-II,
SNO-III.

SNO-I, SNO-II,
SNO-III. R𝐸𝑆 Overlap

R𝐸𝑆 from the overlapping region of all the experiments for
R𝐸𝑆 as shown inFigure 5. All these different caseswith various
combinations of rates are shown in Table 8.

Here, we perform the 𝜒2-fitting for various cases with all
the possible degrees of freedom using the 𝜒2 formula given
by the equation below:

𝜒2 = Σ𝑖
(𝑅𝑖 − 𝑅𝑡ℎ𝑖 )

2

𝛿𝑅2
𝑖

. (21)

The sum extends over all the experimental data points
(i = ES𝑆𝐾, ES𝑆𝑁𝑂, ES𝐾𝐿, ES𝐵𝑜𝑟, NC, CC, etc.) as depicted in
Table 3. Here R𝑖 and 𝛿R𝑖 denote the experimental rates and
the corresponding errors, and R𝑡ℎ𝑖 are the theoretical values
given by (14), (15), and (16). 𝜒2𝑚𝑖𝑛/𝑛 in column 5 of Table 9
is reduced 𝜒2-minimum, where “𝑛” represents the number of
degrees of freedom (dof). We fix the value of sin2𝜓 = 1, i.e.,
no antineutrino component possibility as taken in the entire
investigation.

Here, the maximum number of experimental data points
is 17 (3R𝑁𝐶 + 3R𝐶𝐶 + 11R𝐸𝑆) as can be seen from Table 3.
However the maximum number of free parameters are three

as shown in Tables 9. As such, we get the number of dof
accordingly for all the cases discussed.

From all these plots and 𝜒2-fitting tables, it is interesting
to note that the best fit point for active neutrino fraction
gives incidentally the same value for all the cases as shown
in the Table 9, i.e., sin2𝛼 = 0.970. This leads to just 3% sterile
neutrino fraction given by all the cases irrespective of the data
combinations taken.

As can be seen fromFigure 6, themost constrained results
correspond toCase-V. In this case, there is the least fraction of
sterile neutrino component which is 18.4% at 1𝜎, as shown in
the last rowof Table 9. In the sameTable 9, the sterile neutrino
fractions for all other cases at 1𝜎 are also shown. For Case-I,
there is a possibility of 31.5% for Case-II; 22.5%, 26.8%, and
19.4% sterile neutrino fractions are shown for Case-II, Case-
III, and Case-IV, respectively.

In all the above four subsections, we discuss five different
model independent analysis techniques to constrain the per-
centage and flux of sterile neutrinos. From the results of the
four analysis techniques, we get sterile neutrino percentages
summarized in Table 10.

We can see that, from sin2𝛼-f𝐵 degeneracy, most con-
strained limits on sterile neutrino component at 1𝜎 are
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(d) 1𝜎 and 2𝜎 contour plots in the f𝐵, sin2𝛼 plane for Case-IV
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Figure 6: 1𝜎 and 2𝜎 contour plots for all five Cases. The dot represents the best fit point.

obtained in Set-1 (38.7%) and Set-3 (39.3%), where we use
SNO-III and KamLAND data, respectively. From sin2𝛼, we
see that, in the Set-1, there is much less possibility for sterile
fraction, which is 5.6% at 1𝜎. In these two techniques shown
in columns 2 and 3 in Table 10, we use same sets which
are described earlier. Medium energy analysis gives a sterile
neutrino percentage of 0 − 15%. From 𝜒2 analysis we obtain
most constrained limit as 18.4% in Case-V as shown in
Table 10. However, the fifth technique puts constraints on the
fluxes of sterile neutrinos as shown in Section 4.2. It is clear
that more constrained upper bounds on 𝜙𝑠𝑡𝑒𝑟𝑖𝑙𝑒 are obtained
in Set-1 (SNO-III). It has been noted that the Set-6 in which

we use 𝜙𝐸𝑆 Overlap is also giving quite constrained bounds
on sterile neutrino flux.

5. Conclusions

Theconstraints on the flux of sterile neutrinos present in solar
neutrino data would reveal many riddles still hidden in the
solar neutrino physics, as well as in the neutrino astrophysics
as a whole. In this work, we derive such constraints in a
model independent way, i.e., on the flux of sterile neutrinos
]𝑠, which are more stringent as compared to the existing
in literature. The global and comprehensive analysis of the
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Table 9: Results of 𝜒2-analysis for all cases.

Case No. of dof 𝑓𝐵 𝑃𝑒𝑒 sin2𝛼 𝜒2min/𝑛 Sterile % (1𝜎)

I
16 0.974 0.327 0.970 0.363 0 - 31.5
15 0.975 0.327 0.970 0.387 0 - 31.5
14 0.975 0.327 0.970 0.415 0 - 31.5

II
7 0.962 0.332 0.970 0.138 0 - 22.5
6 0.965 0.332 0.970 0.161 0 - 22.5
5 0.965 0.332 0.970 0.194 0 - 22.5

III
15 0.982 0.330 0.970 0.127 0 - 26.8
14 0.985 0.330 0.970 0.136 0 - 26.8
13 0.985 0.330 0.970 0.146 0 - 26.8

IV
6 0.921 0.322 0.970 0.441 0 - 19.4
5 0.924 0.322 0.970 0.530 0 - 19.4
4 0.924 0.322 0.970 0.662 0 - 19.4

V
6 0.956 0.328 0.970 0.118 0 - 18.4
5 0.957 0.328 0.970 0.141 0 - 18.4
4 0.957 0.328 0.970 0.177 0 - 18.4

Table 10: Sterile neutrino percentage obtained from various model independent ways.

S.No. sin2𝛼 - f𝐵 Degeneracy sin2𝛼 Medium Energy Analysis 𝜒2 - Analysis
1 0− 38.7% 0− 05.6% 0− 14.03% 0 − 31.5%
2 0 − 56.6% 0 − 24.8% 0 − 15% 0 − 22.5%
3 0− 39.3% 0 − 49.8% - 0 − 26.8%
4 0 − 53.0% 0 − 27.8% - 0 − 19.4%
5 0 − 55.7% 0 − 42.6% - 0− 18.4%
6 0 − 50.0% 0 − 27.3% - -

solar neutrino data available from all the solar neutrino
experiments including KamLAND solar phase and Borexino
(3 MeV) and Borexino (5 MeV) have been done. This kind
of updated analysis has been done for the first time, thereby
appearing in literature. Therefore, it becomes interesting to
present the bounds obtained by such investigation.

From sin2𝛼-f𝐵 degeneracy plots, it is clear that most
constrained limits on sterile component are obtained in Set-1
(38.7%) and Set-3 (39.3%), where we use SNO-III and Kam-
LAND data, respectively. It is clear that more constrained
upper bounds on 𝜙𝑠𝑡𝑒𝑟𝑖𝑙𝑒 are obtained in Set-1 (SNO-III). Set-
6 in which we are using 𝜙𝐸𝑆 Overlap is also giving very
constrained bounds on sterile neutrino flux. It may be noted
that these bounds are more constrained as compared to the
ones obtained earlier in literature [30, 35–40]. In Table 7,
we observe that, in Set-1, there is much less possibility for
sterile neutrino fraction, which is 5.6% at 1𝜎. From medium
energy data analysis, we see that there is a possibility of no
sterile component corresponding to reducedR𝐸𝑆 = 0.66. Also
from 𝜒2 analysis we obtain that there is a possibility of 31.5%,
22.5%, 26.8%, 19.4%, and 18.4%sterile component forCase-I,
Case-II, Case-III, Case-IV, and Case-V, respectively, as shown
in Table 9.

The indication for the existence of sterile neutrinos
has emerged from Wilkinson Microwave Anisotropy Probe
(WMAP) data as well, which suggested that the number of
neutrino families in the early universe was more than three

[46]. There are several models suggested in literature, which
fit the sterile neutrinos in the scheme like a 3+1model, i.e., the
three ordinary neutrinos and a sterile one. From the present
work it is clear that there is a substantial number of sterile
neutrinos and active-sterile mixing in solar neutrino flux.
Such additional mass eigenstates are light and could be of ∼1
eV scale as assumed in 3+1 and other particle physics and
cosmological models including light sterile neutrinos and
their mixing.

The Liquid Scintillator Neutrino Detector (LSND) anom-
aly indicated the signal of light sterile neutrinos of mass scale
∼1 eV. The data from Mini Booster Neutrino Experiment
(MiniBooNE) are consistent in energy and magnitude with
the excess of events reported by the LSND, and this excess is
significant at 6.0𝜎, when the results of both experiments are
combined together [47]. On the other hand, the joint analysis
of Main Injector Neutrino Oscillation Search (MINOS) and
MINOS+ (continuation of MINOS) experiments sets strin-
gent limits on active-sterile mixing (in 3+1 model) for values
of Δm2

41 > 10−2 eV2. However, the final year of MINOS+
data with ongoing analysis improvements will increase the
sensitivity for future limits on sterile neutrinos even further
[48]. As such, more statistics and analysis techniques are
awaited to conclude about the issue. Sterile neutrinos are well
motivated extensions of the SM, and symmetry protected
seesaw scenarios allow for electroweak scale sterile neu-
trino masses and active-sterile mixings. This work strongly
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indicates the existence of sterile neutrinos and therefore, such
a study is quite promising for the future searches of this class
of neutrinos.
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