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We report a search for time variations of the solar 3B neutrino flux using 5804 live days of Super-
Kamiokande data collected between May 31, 1996, and May 30, 2018. Super-Kamiokande measured
the precise time of each solar neutrino interaction over 22 calendar years to search for solar neutrino
flux modulations with unprecedented precision. Periodic modulations are searched for in a dataset
comprising five-day interval solar neutrino flux measurements with a maximum likelihood method. We
also applied the Lomb-Scargle method to this dataset to compare it with previous reports. The only
significant modulation found is due to the elliptic orbit of the Earth around the Sun. The observed
modulation is consistent with astronomical data: we measured an eccentricity of (1.53 4 0.35)%, and a
perihelion shift of (—1.5 £ 13.5) days.

DOI: 10.1103/PhysRevLett.132.241803

Introduction.—Solar neutrino observations are critical
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time to reach the photosphere. Solar dynamics may cause
fluctuations in the solar neutrino flux. The experimental
confirmation of neutrino oscillations with solar neutrinos
solved the long-standing solar neutrino problem (e.g., the
observed average flux of ®B neutrinos is as expected [1-5]),
as well as measured oscillation parameters [6—8].

In addition, instantaneous changes in the solar magnetic
field could modify the neutrino flux if the neutrino has a
magnetic moment. If neutrinos are Dirac particles with a
nonvanishing magnetic moment, the magnetic field will
rotate the neutrino spin orientation. This process is known
as resonant spin flavor precession (RSFP) [9-11]. The
process can occur on the inner tachocline, where a strong
magnetic field is formed [12]. Because the spin-flipped
right-handed neutrinos are sterile, RSFP would reduce the
observed solar neutrino fluxes. If neutrinos are Majorana
particles with a flavor-changing magnetic moment, the
solar magnetic field could convert a v, into a o, or a i,
reducing the observed solar neutrino due to the suppressed
elastic scattering cross sections. Therefore, any time varia-
tion in the magnetic fields in the Sun could result in
modulations in the observed solar neutrino fluxes. The
rotation profile of the interior of the Sun is known for
R > 0.2R,, where R, is the solar radius. The radiative
zone of the Sun in 0.3R,,, < R < 0.7R,, is assumed to be
a solid body rotating at a constant rate [13]. The rotation
profile suggests the existence of a magnetic field in the
radiative zone. The observations of splitting frequencies
of the solar neutrino flux modulation can be used to infer
the magnetic field. Observing a periodic modulation in the
solar neutrino flux would be a significant breakthrough
in understanding neutrinos’ magnetic properties and the
dynamics of the Sun’s inside. We investigate the periodicity
of solar neutrino fluxes using the observed Super-
Kamiokande (SK) solar neutrino data.

Super-Kamiokande is a water Cherenkov detector in
Kamioka, Japan, with a total mass of 50 kt [14]. The solar
neutrino data in this analysis were obtained from May 31,
1996, to May 30, 2018, totaling 5803 days of detector live
time. Table I summarizes the periods of data samples, live
time, energy range, and overall systematic uncertainties of
the solar neutrino flux measurements. While the elastic
scattering rate of solar 3B (99.8%) and hep (0.2%) neutrinos
in the SK water is expected to be about 300 per day,

TABLE L.

most resulting recoil electrons are too low in energy to be
observable. Accounting for energy threshold, detector
efficiencies, and neutrino oscillations, about 20 solar
neutrino interactions per day are observed, while about
45 solar neutrino interactions per day are expected. With
this high rate, we search for periodic modulations with
periods as short as five days. A comprehensive description
of the SK detector can be found in Refs. [1-4].

Solar neutrino events produce recoil electrons through
neutrino-electron scattering, preferentially aligned with
the Sun’s direction. We calculate the angle cosfy,, for
each elastic scattering event between the reconstructed
Cherenkov ring direction and the Sun’s direction. The data
sample is divided into Ny;, = 21 energy bins: 18 energy
bins between 5 and 14 MeV (AE = 0.5 MeV), two energy
bins between 14 and 16 MeV (AE =1 MeV), and one
bin between 16 and 20 MeV. We perform a maximum
likelihood fit to the cos 6y, distribution in each energy bin i
to the number of solar neutrino interactions S and the
numbers of radioactive background events B; [4]. Each
of the n; events in energy bin i is assigned a signal factor s;;
and a background factor b;; depending on cosf,,: with
the probability density function p for signal (u for
background) these factors are s; = p(cos, E;) and
bi. = u(cos @y, E;).

Npin 1

MC;
PO <Bib,.,< + S sl.,(>.
J J

i=1 k=1

The £ is maximized by optimizing the signal S and the 21
backgrounds B;. MC; is the number of events expected in
energy bin i using the flux and spectrum of ®B and hep
neutrinos assuming no neutrino oscillation. The systematic
uncertainties of the neutrino flux measurements consist
of energy-correlated and uncorrelated errors. The total
uncertainty of the flux is obtained by combining both
errors. Table I lists the total systematic uncertainty for each
SK period. References [1-4] describe the systematic
uncertainties for the solar neutrino flux measurements.
The Sudbury Neutrino Observatory (SNO) measured all
active flavors of the solar ®B neutrino flux and found
(5.25+£0.2) x 10° cm™2s~! [15]. This analysis used this
value as a reference for solar neutrino flux.

Super-Kamiokande (SK) operation period, live time, energy range, total flux, statistical, and systematic uncertainties of

the total flux. The neutrino flux is measured from elastic scattering recoil electrons. For SK-III, 3.99-4.49 MeV is not used; for SK-1V,

3.49-4.49 MeV is not used in the data.

SK Phase Start date-End date Live days Energy range (MeV) Flux (¢,) + (stat) + (sys) [10® cm™2s71]
SK-I 1996-05-31-2001-07-15 1495.7 4.49-19.5 2.35£0.02£0.08

SK-II 2002-12-10-2005-10-06 791.9 6.49-19.5 238+ 0.05f8_-1156

SK-III 2006-05-23-2008-08-17 548.5 4.49-19.5 2.32 £0.04 £0.05

SK-1V 2008-09-15-2018-05-30 2967.7 4.49-19.5 2.31 £0.014 £ 0.040
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Search for periodic modulation.—To search for periodic
variations of the solar neutrino flux, five-day intervals are
defined: 358 for SK-I [16], 175 for SK-II, 141 for SK-III,
and 669 for SK-1V (total 1343 intervals). The solar neutrino
interactions (and uncertainties) are obtained in each interval
with the same extended unbinned maximum likelihood
method mentioned in the previous section. The flux of *B
solar neutrinos is calculated from the observed event rate
without assuming the effect of neutrino flavor oscillation.
Additionally, no corrections are applied to the flux result
for the distance between the Sun and the Earth, which
varies annually around 1 A.U. The detector operation time
is considered by choosing the weighted mean time as the

effective time of the five-day interval. Figure 1 shows five-
day and 45-day (average of nine five-day interval data for
each bin) intervals of solar neutrino fluxes for all SK phases
without corrections for the distance between the Sun and
the Earth, which varies annually around 1 A.U. We provide
the data for five-day interval fluxes and the measurement
time in the Supplemental Material [17]. The statistical
uncertainty of the five-day interval flux is an asymmetric
Gaussian form of the extracted likelihoods. The upper
and lower uncertainties of the five-day data point are the
displacements from the measured flux at which the profiled
likelihood decreases by a factor of e~!/2. The data used for
the modulation likelihood is corrected by multiplying the

6 - 5d:1996/5/31~2000/9/11
45_ { :
0T/07/96 31712/96 01/07/97 3171207 02007798 31/12/98 02/07/99 31/12/99 01/07/00
6 F 5d:2000/9/11~2005/6/9
45— M H
31/12/00 01/07/01 31/12/01 01/07/02 31/12/02 02/07/03 31712703 01/07/04 31/12/04 01/07/05
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4
ol %l‘ili\fﬂ’fﬂﬁﬁ%ﬁ‘#“#w%&fm il Al
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FIG. 1.

Measured 3B solar neutrino fluxes for five-day (top five panels, black data points) and 45-day (bottom panel, blue data points)

intervals without 1/R? correction. The five-day (45-day) plot errors are asymmetric (symmetric) errors of the average fluxes. The solid-
red curve in the 45-day plot is the expected sinusoidal solar neutrino flux based on the Earth’s elliptical orbit.
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squared distance between the Sun and the Earth. The
predicted flux in the time bin is obtained by

1 Inf .
g,(w;A, B) :go—l-ﬁ/ fdt(Acosa)t—i-Bsma)t),
rf = triJit,;

where the frequency (w) is scanned with a step of
2 x 107 days~! and amplitudes (A and B) are free param-
eters, 7, ; is the initial and 7, ; is the final time of the rth time

interval. gy is the average of all data points. A log-
likelihood is defined as

. 1 Dr_gr<w;A’B) 2
(e |

Oy

where D, is the data point at r, and o, is the asymmetric
statistical uncertainty o, , (o_,) for D, < g, (D, > g,).
The likelihood of the null hypothesis (L) is tested by
setting the A = B = 0. The power of the likelihood is
defined as P; = —log(Ly/L). Tt is assumed that the
average of the second term of the g, equation never
deviated from zero for any frequencies. Ten thousand
Monte Carlo (MC) samples are generated assuming the
null hypothesis to examine a broad range of modulation
frequencies. Each MC sample consists of asymmetric
Gaussian variations with mean g, and errors given by
the upper and lower statistical uncertainties in each interval.
Then, the power for each MC set is calculated at all tested
frequencies, and the maximum power for each MC set is
selected. The area of the maximum power distribution
less than the corresponding power gives the (1 — p) value.

10

8

Power
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FIG. 2. Power distribution of likelihood method (top) and 1 — p
(bottom) in percent for 1/R? corrected five-day interval solar
neutrino data, which is made by multiplying the original five-day
interval data by the squared distance R>.

Figure 2 shows P; values and (1 — p) for the five-day
sample. The maximum power is 9.9 at 0.126 days~' with
(1 = p) =13.7%, which is the area of the distribution
below a maximum power of 9.9. The results indicate no
significant short-term periodic modulation in the measured
SK solar neutrino data sample.

The sensitivity of the SK solar neutrino data to find a
true periodicity is tested using a pseudoexperiment study.
One thousand MC experiments are generated to simulate
the five-day interval solar neutrino flux for each frequency
(from 4 x 107* days™! to 0.2 days™') and various modu-
lation amplitudes. The power for each MC sample is
calculated using a log-likelihood method. Figure 3 shows
the sensitivity of finding the true period for given ampli-
tudes and periods with 95% confidence level (CL). The
false alarm criteria Py is larger than 19.48 for a 98% chance
of rejecting the null hypothesis. The sensitivity varies
rapidly near 0.2 day~' close to the sampling frequency.
For frequencies greater than 0.2 days~!, amplitude fluc-
tuation is canceled when the flux is averaged over a five-
day interval. The results indicate that the solar neutrino flux
modulation is ruled out for amplitudes greater than 5.1%
with 95% CL (or rule out greater than 5.2% amplitude with
90% CL for a 99% chance of rejecting the null hypothesis)
in the frequency range of < 0.15 days™'. The results
significantly improved compared to SK-I results (ruled
out 10% amplitude) [16]. It is a factor 2 stronger constraint
than the results from SNO (10.5% amplitude, 90% CL, and
99% false alarm) [18] as summarized in Table II.

Assuming the modulation of solar neutrino flux is only
attributed to variations of the solar core temperature, as
¢(v) = aT?, where the a is a coefficient, the stability of
the solar core temperature is 67/T =~ (1/25)6¢(v)/¢p(v).
Under this assumption, our result implies that the solar core

70

[ ]SK-I

60

— SK-I/nminv

50

40

30

20

Modulation amplitude [%]

10

\\\\\IIS*P\\Ill"'[!lli\ll‘!l?\\|

Frequency [1/days]

FIG. 3. The search sensitivity of solar neutrino modulation
amplitude for each frequency with 95% CL. The shaded area is
ruled out using SK-I solar neutrino data [16]. The solid curve
shows the results of this analysis.
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TABLEII. Comparison of time variation study results from SK,
SNO, and Borexino experiments. The Kepler constants [eccen-
tricity (e) and perihelion shift (6#,e)] and sensitivity limit of
amplitude (A;) are from Refs. [18,19].

€ [%] Olperi [days] A [%] (CL)
SK (®B) 1.53 +£0.35 —-1.5+135 5.2 (90%)
SNO (®B) 1.43 +0.86 - 10.5 (90%)
Borexino ("Be)  1.84 £0.32 7420 -

temperature has less than 0.2% variations, which can be
compared to the SK-I result of 0.4%.

The RSFP process and Mikheyev-Smirnov-Wolfenstein
effect in a radiation zone or a tachocline of the Sun may
cause potential modulations of solar neutrino flux. The
probability of electron neutrino disappearance is numeri-
cally estimated with an exponent reduction factor for a
magnetic field B and a magnetic moment g,

Prres, = 51~ €0820,(1 — 2P(uB = 0)~Crst)
where 6, is the vacuum mixing angle, P is a hopping
probability of mass eigenstates in the passage through the
resonance region [20]. The C consists of the squared
neutrino mass difference, neutrino energy, and a constant
exponent proportional to the electron density [21]. For the
large mixing angle solution, with an average solar magnetic
field of 10° G and a neutrino’s magnetic moment less
than 10~ yp, flux modulation is expected to be less than
2% [20,22], and the sole RSFP effect in solar amplitude is
less than 0.1% [20]. These are yet to be probed in future
experiments.

In the former study in Ref. [16], we searched for solar
neutrino flux modulations using the Lomb-Scargle periodo-
gram method [23,24]. We performed the period search
using the same method to compare the results directly.

In the Lomb-Scargle method, the normalized Lomb
power is given by

1 ([Z(¢; = @) cosw(t; — 7))
T 26 ( ¥;cos’w(t; — 1)

Z;(¢; - $) sin w(t; — T)]2>

2 sin‘w(1; — 1)

Py(o)

+

where the measured flux in the jth bin is ¢;. The
average time with live time weight in the jth bin is ¢;, @
is the frequency for the test, =2V ¢;/N, o’ =
=N (¢i — @)?/(N = 1), and offset time 7 is defined by
tan(207) = (Z;sin2wt;) /(X;cos2mt;). We scanned 100 000
frequencies in the range of 10~ days™! to 0.2 days™'. A
maximum Lomb power of 9.39 is observed at the frequency
0.143 days™'. To evaluate CL, 10 000 MC experiments are
generated. Random Gaussian fluctuations at a measured

mean flux value and the measured standard deviations
are used as the error values. The mean of gaussian is
2.36 x 10° cm™2s~! and the error is 0.486 x 10° cm™2s~!.
34.3% of these MC experiments exceeding maximum
power 9.39. Therefore, we found no significant periodic
modulation in the five-day solar neutrino sample using the
Lomb-Scargle method. We tested the generalized Lomb-
Scargle method to consider the errors in each data point
[25], and found no modulation either.

Annual modulation.—We test the annual variation of the
solar neutrino flux, which changes by about 7% due to the
Kepler orbital eccentricity of the Earth around the Sun. We
divide the solar neutrino data into 12 bins for each SK run
period. Each bin width corresponds to 365.25/12, and all
years for the SK period are combined. For example, the first
bin of SK-IV includes 10 months of statistics for a 10-year
data taking. Figure 4 shows the distribution for each SK
phase. To check consistency with astronomical data, we
minimize a y* for the solar neutrino flux at 1 A.U., the
eccentricity € and the perihelion shift 67, to the astro-
nomically observed perihelion 7p.;:

12
Dy = Epp(f. € Otperis 6,) )
7= Y [3 (Pt el ).

p Lb=1 p.b
f(l _ 5])6§ux syst)

E b — )
P I‘% (€, [peri + 5tperi)
28 SK-I
2.6
2.4 B
2.2
E SK-II
3=

2

w

2-5? | el ] I -
=

Flux[10° cm? sec’!]
%
=

o
3]

Do

LN
o

Do Do
[N
o RERARE RRNRRRR N RARNREN

0.2 0.4 0.6 0.8 1
Time [year]

FIG. 4. The seasonal variation of the solar neutrino flux for
SK-I/II/II/IV. The red curve and shade are flux and error in best
fit, f = (2.335 £ 0.036) x 10° cm™2s~! at 1 A.U. times inverse
of squared distance between the Sun and the Earth.
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FIG. 5. Ay? for Kepler constants (e, t,) with contours Ay’ =
16,20,30; €= (1.534+0.35)% (expected value = 1.67%,
yellow cross), 8tpeq = (—1.5 4 13.5) days shifted from January

3 with minimum y2/NDF = 48.74/(48 — 3).

where D, ; is total solar neutrino flux for each SK run
p = L IL I, IV and month b = 1-12. E,, , is the expected
flux with statistical error ¢}, r;, is the distance from the
Sun to the Earth, and f is the flux at 1 A.U. The total
number of bins is 48 with three free parameters (f, €, 5tperi )

four nuisance parameters J,, and four systematic errors

o™ ¥ The systematic errors are different because the SK

detector is renovated for each period, such as installation of
more photomultiplier tubes, change of data acquisition
system, etc. [1—4]. The y? minimization is carried out by
scanning a 400 x 400 grid (e, Ofyi) parameter space.
Figure 5 shows the Ay contour of eccentricity and
perihelion parameters.

The best fit of eccentricity is € = (1.53 £ 0.35)% which
is consistent with the astronomical observation of 1.67%.
The best fit of perihelion date shifted 6t,.; = (—1.5 &
13.5) days from the expected date (January 3). The mini-
mum y?/NDF (number of d.o.f.) is 48.74/(48 — 3). The
measured average solar neutrino flux at 1 A.U. is
f=(2.33540.036) x 10° cm=2 s~!, where four nuisance
parameters, Oyyqpry, for the best fit are —0.23,-0.16,
—0.60, 0.62. The observed annual modulation of the solar
8B neutrino flux is consistent with a flux proportional to the
inverse of the squared distance between the Sun and the
Earth. This is consistent with the other results of solar
neutrino experiments. Borexino experiment measures
e=(1.84+£0.32)%, Oty = (74 20) days from the sea-
sonal flux of "Be solar neutrino flux data [19]. The SNO
experiment measures ¢ = (1.43 £ 0.86)% [18]. The results
are summarized in Table II.

Conclusion.—We presented a time variation study of
solar neutrino flux at Super-Kamiokande over 5804 days

(SK-I, II, III, IV). The flux of solar neutrinos exhibits
annual modulation. The Kepler constants for the Earth-Sun
orbit are evaluated. The measured eccentricity (1.53 £
0.35)% and perihelion shift (—1.5 £+ 13.5) days are con-
sistent with astronomical measurements. The potential
periodic modulation is tested with five-day interval solar
neutrino data using the likelihood and Lomb-Scargle
periodogram methods. The results indicate that there is
no significant solar neutrino flux modulation greater than
5.1% (< 0.15 days™!) of modulation amplitude.
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