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Abstract

Since the beginning of 2012, the Borexino collaboration has been reporting precision measurements of the solar
neutrino fluxes, emitted in the proton—proton chain and in the Carbon-Nitrogen-Oxygen cycle. The experimental
sensitivity achieved in Phase-II and Phase-III of the Borexino data taking made it possible to detect the annual mod-
ulation of the solar neutrino interaction rate due to the eccentricity of Earth’s orbit, with a statistical significance
greater than 5o. This is the first precise measurement of the Earth’s orbital parameters based solely on solar neutrinos
and an additional signature of the solar origin of the Borexino signal. The complete periodogram of the time series
of the Borexino solar neutrino detection rate is also reported, exploring frequencies between one cycle/year and one
cycle/day. No other significant modulation frequencies are found. The present results were uniquely made possible
by Borexino’s decade-long high-precision solar neutrino detection.
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Introduction

The motivation for this measurement has a rich his-
torical context, often unnoticed by the modern reader.
The first heliocentric hypothesis, i.e. the astronomical
model in which the Earth and planets revolve around
the Sun at the center of the Universe, was proposed by
Aristarchus of Samos in the third century BC, in or-
der to simplify the complex system of planet retrograde
motions, due to the apparent picture of considering the
Earth at the center of the cosmos. This early brilliant
intuition was definitely overwritten a few centuries later
by the geocentric model by Claudios Ptolemy who re-
ported in his famous treatise The Almagest a full de-
scription of the planet motions as seen from the Earth,
laying the foundation of the long-lasting Medieval con-
ception of the Universe. In spite of the very advanced
level of the ancient Greek science reached during the
Hellenistic age, it is not clear whether the elliptical na-
ture of the Earth orbit was known. Some hypotheses in
favor has been put forward, because the curve ellipse
was largely described in The Conics of Apollonius of
Perga and Sun-Earth changing distance was known [1]],
but there is lack of certain historical sources. For further
details, see [2]].

Many centuries later, as a consequence of the art
and science flowering of the Renaissance period, the
heliocentric model came again into existence in 1543
thanks to Nicholas Copernicus, who first redrew the he-
liocentric model approximating with circles the plan-
ets motions in his famous De Rivolutionibus Orbium
Coelestium. The scientific and philosophical dispute
was really intense at that time, and very well summa-
rized in the Dialogue Concerning the Two Chief World
Systems published by Galileo Galilei in 1632. Later
on, Johannes Kepler, taking advantage of the high pre-
cision astronomical measurement of his mentor Tycho
Brahe, improved the heliocentric model through his
Three Laws of Planetary Motions in which for the first
time the elliptical nature of the planet orbit, including
the Earth, were accurately stated (the first two laws are
in Astronomia Nova, published in 1609, and the last
in Harmonices Mundi, published in 1619). In particu-
lar the First Law states that all planetary orbits are el-
liptical and Sun occupies one of its two foci. Those
important pieces of information allowed Isaac New-
ton to formulate the Law of Universal Gravitation in
his work Philosophiae Naturalis Principia Mathemat-
ica published in 1687, so far considered as one of the
greatest achievements of human thought. For further
details, see [3]. The eccentricity €, defined as the ra-
tio between the difference and the sum of the Earth’s

aphelion and perihelion (see Fig. [T), quoted in the Prin-
cipia is 167/s over 1000 parts, i.e. € = 0.0169 in modern
numbers, very close to the current astronomical mea-
surement [4} 5], rounded to 0.0167 for the purpose of
this work.

perihelion
aphelion

Figure 1: Earth’s orbit around the Sun with parameters of interest.
The Earth revolves around the Sun keeping the distance r(6), where 6
is the angle with respect to the perihelion in polar coordinates. The
eccentricity € is defined as the ratio between the difference and the
sum of the aphelion and perihelion.

In this work, the first precise measurement of the
Earth’s orbit eccentricity exploiting the variation of the
solar neutrino flux produced in the Sun’s core and de-
tected by Borexino on the Earth, caused by the Sun-
Earth distance change as a function of time due to the
non-circular shape of the orbit, is reported. Since neu-
trinos can travel through the Earth and then detected
24 hours a day, the flux change depends only on the
inverse-square of the Earth-Sun distance. Using the po-
lar coordinate, that distance, can be written as

Rl - €?)
ro) = 1 + ecos()

ey

where 7 is the average of the apsides and 6 is the po-
lar angle with respect to the perihelion. Since € < 1,
the solar neutrino flux, produced by the Sun as @y, and
hitting the Earth at the time ¢, can be approximated co-
herently with Kepler’s Second Law by

Dy 5
o)~ — [1+2€cos(y(t - )| + 0. (2)
Where wy, = 2r/T), is the Earth’s average angular veloc-
ity over a year T, and 1, is the phase that can be chosen
at the perihelion (usually falling on the first days of Jan-
uary). The expected percent amplitude variation is of or-
der A = 2e =~ 3.37%. The result presented in this work
is important for two main reasons: first, because it pro-
vides an independent proof of the Kepler’s first law, that
has its own fascinating philosophical aspect; second, be-
cause it proves the unprecedented level of precision and



stability of solar neutrino detection achieved by Borex-
ino. Furthermore, profiting off the very stable time se-
ries, supported by the annual modulation detection, the
full periodogram of the solar neutrino time series, ex-
ploring frequencies up to one cycle/day, is hereby re-
ported. That analysis has its own importance for other
signals of interest for the solar physics and non-standard
neutrino interaction (NSI), as Sun’s rotation or Earth’s
day-night asymmetry.

In Sec. [I] the main results of Borexino concerning
solar neutrino physics are summarized. In Sec. 2] data
selection criteria are described. In Sec. [Blthe Gener-
alized Lomb-Scargle for the frequency analysis is re-
viewed and applied to the Borexino time series for the
periodic signal quest. In Sec. [ the eccentricity and
other Earth’s orbit parameters are reported and com-
pared to previous solar neutrino experiments. Finally,
in Sec. [3] the search for other possible modulated sig-
nals is largely detailed.

1. The Borexino detector

Borexino is the only solar neutrino experiment able
of reconstructing the position and the energy of each
event in real-time with an analysis energy threshold of
E,;, = 150 keV, thanks to the ultra-low level of its ra-
dioactive background.

Borexino is located in the Hall C of Laboratori
Nazionali Gran Sasso (LNGS-INFN) [[6]. The detec-
tor is made of concentric shells with increasing radiop-
urity (see e.g. Ref. [7]): the innermost core, en-
closed in a 125 um thick ultra-pure nylon vessel of ra-
dius 4.25 m, is made of about 280 tons of liquid scin-
tillator (1,2,4-Trimethylbenzene with 1.5 g/l of PPO
wavelength shifter). The active core is contained in
a stainless steel sphere (SSS) filled up with ~ 1000
tons of buffer liquid (1,2,4-Trimethylbenzene with DMP
quencher), whose internal surface is instrumented with
more than 2000 PMTs for detecting the scintillation
light. Finally, the SSS is located inside a 2000 tonne wa-
ter Cherenkov detector, equipped with about 200 PMTs.
Thanks to an intense calibration campaign carried out
in 2010, the Borexino detector is able to reconstruct
the event position with an accuracy of ~ 10cm (at 1
MeV) and with energy resolution of about o(E)/E =
5%/ N(E/[MeV]) [8].

The Borexino data-set is traditionally divided in
three Phases, spaced out by hardware milestones:
Phase-I, from mid-2007 to beginning of 2010, ends with
the calibration campaign, in which the first measure-
ment of the ’Be solar neutrino interaction rate [9] [0} [T1]]
has been performed; Phase-II, from the-beginning of

2012 to mid-2016, starts after an intense purification
campaign, based on water extraction, with unprece-
dented suppression of the radioactive contaminants, in
which the first evidence of the pep neutrinos [12] and
a 10% measurement of the pp neutrinos [13] has been
published, later updated in the solar neutrino compre-
hensive analysis [14} (15} 16]; Phase-III, from mid-2016
(end of the thermal insulation installation) to Octo-
ber 3rd 2021 (beginning of the detector decommission-
ing). In the first part of Phase-III the first detection of
the CNO neutrinos [17] has been performed. Table E]
summarizes the most important results concerning so-
lar neutrinos interaction rates measured by Borexino.

Species Rate [cpd/100t] Flux [ecm™2 s7!' ]

op (134 = 10)°5, 6.1=0.5)703 - 107
"Be @83+ 1.4 (4.99+0.11)%0% . 10°
pep (HZ) (2.7 +0.4)"0) (1.3 +0.3);91 - 10°

“B 0.223+0021 5.681042 . 109

CNO 7.2f?:(7) 7.03:8 108

hep <0.002 (90% CL) < 1.8-10° (90% CL)

Table 1: Solar neutrino interaction rates and fluxes measured by
Borexino. Rates are reported in counts per day per 100 tonne
(cpd/100t), while fluxes are reported in cm=2s~!. The pep rate is re-
ported under the high-metallicity hypothesis (HZ), see [14] for further
details.

Thanks to its unprecedented radio-purity level, Borex-
ino has also set important limits on rare processes (see
e.g., [18l [19] 20l 21] 22]] and performed other neutrino
physics studies, as e.g. geo-neutrino detection (for re-
view, see e.g. [23]).
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Figure 2: Borexino energy spectrum as a function of the energy esti-
mator “geometry-normalized Npe”. Typical contribution to the spec-
trum in terms of solar neutrino electron scattering and S-like back-
ground are reported in the legend. The vertical yellow band shows the
constant energy window region used for building up the time series of
the total rate.

The B-like event selection in Borexino for neutrino
candidate identification is described in details in [24]:



the basic idea is to select point-like events in the in-
nermost part of the Inner Vessel, avoiding cosmogenic
background induced by muons crossing the scintillator
and limiting the internal contamination from radioactive
decays. It is worth mentioning that the evidence of the
annual modulation of the solar neutrino flux due to the
Earth’s orbit eccentricity in Borexino was already re-
ported in Phase-I (3 years, = 30 level [24]) and the first
part of Phase-II (5 years, 3.50 level [25]). The previous
analysis was performed using the Lomb-Scargle method
[26 27], the Empirical Mode Decomposition approach
[28]], and the standard least square sinusoidal fit.

2. Data selection

The time analysis of the solar neutrino interaction
rate in Borexino is performed through signal process-
ing techniques, applied to the time series of the total
event rate in a fixed energy window. The energy esti-
mator is the number of photo-electrons after an event
position-dependent correction for the spherical geom-
etry (“geometry-normalized Npe”), see Ref. [24]. To
maximize the signal-to-background for solar neutrinos,
a region of interest (Rol) in the energy spectrum is cho-
sen according to the following Figure of Merit (FoM):

Rg
0 (Rior) ’

where Ry is the solar neutrino rate in the energy interval
AE and o(R,,;) is the width of the distribution of the to-
tal rate R,,, in said energy range. The chosen energy Rol
is 150-428 Npe, corresponding to 300-827 keV, is high-
lighted in yellow in Fig. 2| The mono-energetic peak
of quenched 'Po alpha events is drastically reduced
via high efficiency pulse shape discrimination based on
multi-layer perceptron (MLP) [15, [29]]. What is left in
the energy Rol is mostly from the mono-energetic 'Be
solar neutrinos, whose electron scattering is character-
ized by a typical Compton-like shoulder, and a sub-
dominant contribution from pep and CNO neutrinos.
Backgrounds contributing to this region include: >'°Bi
and 33Kr g decays, a small y-ray contribution from 4°K,
214Bj, 2081 external to the fiducial volume, and cosmo-
genic ''C 8+ decays. The Borexino S-like spectrum is
reported in full detail in Ref. [24]].

The analysis is performed on data taken between
December 117 2011 and October 3" 2021, when de-
tector decommissioning operations began. This period
of almost 10 years, includes the Phase-II and Phase-III
data used in the aforementioned analyses, extended to
include data collected after February 2020. Data are

FoM (AE) = 3)

selected in a spherical fiducial volume (FV) of 3 me-
ter diameter (about 100 tonnes). This volume is larger
than the typical FVs used by Borexino in previous solar
neutrino analyses and unavoidably includes more back-
ground, notably from y-rays from external detector ele-
ments such as the Nylon Vessel and its supporting struc-
tures, and the PMTs. These contributions are, however,
basically constant or very slowly varying and are re-
ferred to as secular variations in the following.

We do not include the Phase-I data in the present
analysis because of the high content of ?'°Po and the
drastically different contribution of other backgrounds,
such as 2'°Bi and ¥Kr, that were significantly reduced
by the scintillator purification campaign at the end of
Phase-I. Due to the difference in detector conditions be-
fore and after purification, the inclusion of Phase-I in
the current analysis would not significantly improve the
measurement.

The secular variation in the Borexino time series,
clearly visible in Fig. ] (Top), has a different origin. The
initial fast decay is attributed to leakage of alpha events
through the MLP pulse shape discrimination due to its
~ 1% tagging inefficiency. Alpha particles originate al-
most exclusively from the >'°Po decay. At the begin-
ning of Phase-II, the out-of-equilibrium 2'°Po present
in the scintillator bulk is measured at ~ 1400 cpd/100t
After three >'°Po life times (~ 600 days), this decay
component becomes sub-dominant, but a residual >'°Po
migration from the Nylon Vessel is observed for the en-
tire period with a rate of about 30 c¢pd/100t in the FV.
Details about the >'°Po migration and its importance in
the CNO analysis is described in Ref. [17]. Finally, an
almost constant component of >!Po, supported by the
decays of parent 2'°Bi in secular equilibrium with trace
amounts of long-lived 2!°Pb (7 ~ 32 years) in the scin-
tillator is also present and hardly visible.

A further secular variation comes from the 2!°Bi ini-
tial non-uniformity (Phase-II). Following the last stage
of scintillator purification via water extraction, a more
radio pure scintillator was introduced from the top of the
detector which generated a top—bottom asymmetry in
the 2!1°Pb activity. This asymmetry gradually smoothed
out through convective motions in the scintillator and
was gone when the thermal insulation of the detector
began to enable the measurement of CNO neutrinos.
Another possible secular variation of the total rate in
the Rol is ascribable to ¥Kr (r ~ 10 y). This contam-
inant was drastically reduced by the scintillator purifi-
cation from an initial activity of ~ 30 cpd/100t to < 5
cpd/100t. The 33Kr rate can be independently quanti-
fied through its 0.43% BR S—y time correlated decay
mode. The extremely low 3Kr concentration and the



small branching ratio of this decay mode do not allow
a clear determination of whether there is an incresing
or decreasing Kr trend during Phase-II and beyond.
An increase could be due to migration from the Outer
Buffer fluid through the Nylon Vessel membrane into
the scintillator. In either case, this contribution is ex-
pected to be monotonic in time and easily removable by
the data detrending procedure used to eliminate overall
long-term trends and emphasise higher frequency com-
ponents.

The last important contribution to the secular vari-
ation is the slow deformation of the Nylon Vessel over
time. The shape of the vessel is precisely monitored
through the background contamination present on its
surface [24]. Considering a standard polar coordinate
system, the distance of the vessel surface from the cen-
ter d(0, ¢) deviates slightly from its nominal value (ry =
4.25 m). It is observed that in the period of this analysis,
the vessel displays a slow, monotonic deformation along
0 while preserving azimuthal (¢) symmetry. Such a slow
deformation can subtly affect the contribution from ex-
ternal y-ray background in the Rol. The detrending pro-
cedure used to filter out these secular contributions is
discussed in the next Section.

3. Frequency analysis

The Lomb-Scargle (LS) periodogram is a standard
generalization of the Fourier transform for the spectral
analysis of time series consisting of unequally spaced
data. Its statistical properties are valid under the as-
sumption of time series affected by Gaussian fluctua-
tions. This is reasonably accepted for event rates con-
taining more than 30 events per time interval, while
lower statistics are properly described by Poissonian
fluctuations.
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Figure 3: Median sensitivity for the detection of the annual modula-
tion in the 30 day binning of the Borexino time series.

As shown in [30}[31],[32], the LS method can be gen-
eralized via a likelihood approach to what is referred
to as the Generalized Lomb-Scargle (GLS) method.
Searching for an annual modulation does not strictly
require a GLS approach since, in our case, one-month
data bins feature a sufficiently high statistics. However,
when searching for higher frequency signals, e.g. a day-
night asymmetry in the neutrino rate, the Nyquist the-
orem requires a time binning shorter than half of the
inverse of the investigated frequency. This inevitably
pushes the event rate per bin in the Poissonian regime.
For this reason, all analyses presented below rely on the
GLS approach.

The expected number of solar neutrinos detected in
the i-th time interval #; is given by:

Wi = Pirena(t:) [1 + A cos Qav(t; + ¢))], “

where (yyenq(?) is the detrending function, A, v, and ¢
are the relative amplitude, frequency, and phase of the
neutrino flux modulation, respectively. For Poissonian
statistics, one can build the following likelihood func-
tion:

N i pHi
. e
E g
i

l’ll‘!

According to Wilks’s theorem [33]], the generalized
likelihood ratio (GLR) can be written as:

N i —Hiren
]—[ H :lrend e Hrend
; ni!
GLR(v) = 6)
ﬁ ﬂ:’l e_.ui
ma
A,¢X ; n;!
The same theorem states that S = —In(GLR) is expo-

nentially distributed as e~5 under the null hypothesis. It
is also by definition the likelihood spectrum of the sig-
nal, sharing the same properties of the LS periodogram
S = Ay?, which in turn corresponds to the Fourier
power spectrum when the time series is normalized to
its RMS. In other words, the LS is a special case of the
GLS method when the errors have a Gaussian distribu-
tion [30]. To use binned data normalized to different live
times in the standard Borexino unit of cpd/100t, one can
recast Eq. (§) into:

@)

where x; and y; are the measured and expected normal-
ized rates in the i-th bin, respectively, and I'(x) is the
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Figure 4: Top: Full Borexino rate time series (Phase-II and Phase-III) in the Rol fitted to the trend model R(f) to remove secular components. The
rate in cpd/100t is binned in time intervals of 30 days. The time axis is reported in days since 12:00 AM of December 11" 2011, in UTC time.
Bottom: Residuals of the time series with respect to the trend model R(#). The blue sinusoidal best fit of the residual rate indicates the presence of

a significant annually modulated signal.

Euler Gamma function that generalizes the factorial for
x € R to a continuous variable.

Figure [3] shows the median sensitivity for the ex-
pected power spectrum at one cycle/year obtained from
toy Monte Carlo pseudo-experiments generated with
and without the expected signal over a Borexino-like
time series event rate.

Figure [4] (Top) shows the time series of the Borex-
ino rate in the Rol in time bins of 30 days. The figure
clearly shows secular trends in R(f), which could bias
the measured amplitude of periodic modulations [34].
A detrending procedure is thus carried out by subtract-
ing an empirical combination of exponential trends:

t
R(t) = Rae™"™ + Rge /™ ~ Rye™"™ + Ry (1 - —),
TB

®)
where R4, Rp, T4, and 7p are free parameters. The
last approximation holds because 7 is visibly much
larger than the length of the data set. The faster decay
is associated with leakage of alpha events through the
MLP as well as with 2!Pb mixing. The slower decay
includes the slowly varying 2!°Bi and, possibly, 3Kr
backgrounds, as discussed in Sec. [2] Figure ] (Bottom)
shows the residual rate after the detrending subtraction.
The blue curve is a sinusoidal fit showing a clear an-
nual modulation present in the time series. Details of
this particular fit in relationship with the Earth’s orbital
parameters is described in Sec. 4]

Finally, Fig. [5]shows the GLS periodogram obtained
from the residuals shown in Fig. [ (Bottom). Frequen-
cies are reported in terms of number of cycles per year
(cycles/year), equal to 2.73 x 1073 cycles/day. A sig-
nificant peak with GLS power of 16.4 corresponding to
one cycle/year frequency is clearly visible in the peri-
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Figure 5: GLS power spectrum in Ay? units of the residual rate of Fig.
E| (Bottom). Frequencies are reported as cycles/year. A clear peak at
one cycle/year frequency emerges from the full periodogram.

odogram. It is noted that the frequency definition uses
the anomalistic year of 365.2596 days, defined as the
time taken by the Earth to complete one revolution with
respect to its perihelion. Considering the null hypothe-
sis distribution =%, the p-value of the peak is 5.9 x 1078
corresponding to 5.3¢ significance using the one-sided
Gaussian distribution. The validity of the analytical
formula for the estimation of the p-value was verified
with a toy Monte Carlo simulation containing up to 30
million pseudo-experiments generated with pure white-
noise. The absence of realizations above the measured
GLS power at 1 cycle/year confirms the reported signif-
icance at more than 99% CL.

Figure[5]shows a second prominent peak around 0.7
cycles/year with GLS power of 7.5. At face value, the
significance of this peak would be ~ 30 for a modu-
lation at an expected frequency. When considering the
so-called Look-elsewhere effect (LEE), the actual sig-
nificance drops to 1.80 (see Sec. |§]f0r further details).



In summary, the detection of a very significant sea-
sonally modulated component provides an independent
verification of the stability of the '°Bi background
component, confirming its large degree of uniformity al-
ready quantified in Ref. [17]. It should be noted that the
overall detector stability in terms of resolution, energy
scale, and selection cuts has been amply corroborated
over the whole Phase-II and Phase-III period. In the fol-
lowing Section a detailed analysis of this periodic signal
and its relationship with the Earth’s orbital eccentricity
is discussed, along with possible sources of systematic
uncertainties.

4. Earth’s orbit parameters

To investigate the annual modulation, the time series
residuals are fitted to the simple model:

S () = Ay cos(wy( — 19)), ©9)

where A, is proportional to twice the orbit’s eccentric-
ity €, o is the phase shift (perihelion date) in days, and
w, = 2n/T, is the frequency, with T, nominally one
year. A,, T, and #, are free parameters of the fit, which
returns A, = (0.94 + 0.16) cpd/100t, Ty = (363.1 + 3.6)
days and #p = (30 + 20) days, with reduced y* of 0.96.
From Eq. [2] the flux modulation parameter is:

A=2e= ﬁ = (3.68 + 0.65)%, (10)
Ro
where R, = 25.6 + 1.27 cpd/100t is the average un-
modulated solar neutrino rate, fixed to the Solar Stan-
dard model prediction, inclusive of all the model un-
certainties. Notice that the uncertainty of this average
rate is much larger than the precision solar neutrino flux
measured by Borexino [[14} [17]. This is a conserva-
tive choice, independent of previous Borexino measure-
ments made on the same integrated data set. Figure [6]
shows the Ay? profile for the solar neutrino modula-
tion (Bottom) and the best fit values for the amplitude
and the phase with standard confidence contours (7op),
compared with the expected values from astronomical
measurement i.e. A = 3.37% and ¢ty = 23 days. The lat-
ter is the perihelion date with respect to the origin of the
time axis set to 12:00 AM of December 11™ 2011, in
UTC time. The excellent agreement with the expected
values supports the Earth’s orbital origin of the annual
modulation in the Borexino total rate time series. In par-
ticular, this is the first 1%-level measurement of the an-
nual periodicity obtained from solar neutrinos. No other
significant minimum of the y? function is found within
an annual cycle.
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Figure 6: Top: Best fit value (orange) and standard confidence con-
tours for the percentage amplitude of the orbital modulation and per-
ihelion phase from the sinusoidal fit with all free parameters. The
astronomical prediction is also shown (pink). Bottom: Ax? profile
over the percentage amplitude showing a significance better than 5o

The eccentricity calculated from the time fit is € =
0.0184+0.0032, the accuracy of the measurement is bet-
ter than 20%, and the null hypothesis (no annual mod-
ulation) is rejected at 5.90, as given by the intercept
of the Ay? profile. Systematic uncertainties due to the
energy scale stability, the detector resolution, the fidu-
cial volume and data selection criteria are of the order
of a few percent and, therefore, negligible. Systematic
uncertainty introduced by the detrending model is also
negligible. Indeed, the stability of the final results is not
affected by the use of a polynomial model or a 1* order
local regression method.

Subtler systematic uncertainties could arise from the
MLP alpha removal for two main reasons. First, the
MLP leakage described in Sec. [2]is time dependent, be-
cause of the degrading energy resolution due to PMT
loss during more than 10 years of operation. To quan-
tify the MLP alpha leakage, the full data set is split into
one-year time intervals. A complementary fit of the en-
ergy spectra before and after the MLP selection in each
yearly bin shows an inefficiency of ~1% at the begin-
ning of Phase-II which grows almost linearly to 3% by



the end of data taking. Applying this inefficiency trend
over the 21Po activity, a residual 2!°Po rate after the se-
lection cut was studied with GLS and sinusoidal fit. A
residual modulation of 0.02 + 0.02 cpd/100t with a sig-
nificance <1.1 o is found which, nonetheless, has no
impact on the magnitude and phase of the presented
results. Second, it is known from the CNO analysis
and from the thermal stabilization campaign [17], that
the migration component of the >'°Po from the Inner
Vessel into the analysis fiducial volume is time depen-
dent. Indeed, a periodic injection of 2!°Po into the de-
tector center driven by seasonal temperature changes in
the experimental hall, is observed for most of Phase-
II, especially before the thermal insulation of the detec-
tor. This modulation is usually peaked around spring
or early summer, thus out of phase with respect to the
annual modulation expected from the Earth’s orbit ec-
centricity. Finally, cosmogenic ''C is expected to have
a modest seasonal signature due to the periodic 1.4%
amplitude modulation of the muon flux peaked in early
July [35)]. This effect has no measurable effect on our
result since the contribution of !'C 8* events in the se-
lected energy Rol is negligible.

Modern astronomy
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Figure 7: Comparison between the Borexino measurement of the
Earth’s orbital eccentricity (red) with those from previous solar neu-
trino experiments: SNO (green), Super-Kamiokande (yellow), and
Gallex/GNO (brown) [36}[37.138]]. The blue point is the value reported
in Newton’s Principia and the vertical black line is the current preci-
sion astronomical measurement. The gray shaded region of negative
values corresponds to a 7 phase shift.

Figure [/] shows the comparison of the Borexino
eccentricity measurement with those of other solar
neutrino experiments. The SNO (green point) [36]
and Super-Kamiokande (yellow point) [37]] experiments
searched for the annual modulation of ®B neutrinos se-
lected with higher threshold (several MeV) and yielding
a lower counting rate (~ 10 cpd) than Borexino (~ 30
cpd in the Rol, ~ 300 keV threshold). Evidence for
annual modulation is found with 1-20 significance by

both experiments. Gallex/GNO (brown point)[38]], set
an upper limit on the modulation of the low-threshold
integrated solar neutrino capture rate on gallium nuclei
as it had limited sensitivity due to low event rate (order
1 cpd/100t). Fig. [/] also shows the vertical black line
corresponding to the astronomical measurement with
negligible uncertainty (vertical black line), the eccen-
tricity value reported in Newton’s Pincipia (blue point),
and the Borexino results (this work, red point). The
gray shaded region of negative eccentricity values in the
Figure corresponds to a  phase shift. It’s worth notic-
ing that the Earth’s orbit eccentricity undergoes slow
secular variations classified among the so-called Mi-
lankovitch cycles. These small variations are negligible
over time intervals of a few centuries and do not spoil
as proven by the agreement between Newton’s eccen-
tricity value and the present astronomical measurement.
See [3]] for further details.

Interestingly, one could derive the solar neutrino
flux on Earth from the measured rate in the Rol, domi-
nated by "Be solar neutrino-electron scattering, and the
eccentricity value from modern astronomy. If one ne-
glects the contributions from pep and CNO solar neu-
trinos, assumes a relative amplitude of the modulation
(2€) of 3.37%, the measured 'Be neutrino interaction
rate (49% of which falls within the Rol) would be 55+9
cpd/100t, in good agreement with the precision value
reported in Tab. [T]and with Solar Standard Model pre-
dictions. This result excludes the null hypothesis with
> 50 significance. In other words, Borexino could have
discovered "Be mono-energetic solar neutrinos via the
detection of their annual modulation only, even if the
characteristic "Be Compton shoulder had not been vis-
ible due, e.g., to a higher contamination of 23U and
232Th that scintillator purification could not abate.

The presence of an annual modulation in the Borex-
ino B-like spectrum thus provides clear indication of the
solar origin of a significant portion of its events. The
measurement reported here is the first precise measure-
ment of the Earth’s orbital parameters obtained solely
with solar neutrinos and confirms the high stability
achieved by Borexino in the last 10 year of data taking.

5. Full periodogram analysis

The periodogram of all frequencies between 1 cy-
cle/year and 547 cycles/year were studied by arrang-
ing the time series of the Borexino measured rate in
time intervals of 8 hours. Figure [§] shows the modi-
fied time series of the Borexino total rate in the Rol in
the same analysis period. Discontinuities in time series
correspond to data acquisition breaks due to technical
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Figure 8: Top: Full Borexino rate time series (Phase-II and Phase-III) in the Rol fitted to the trend model R(¢) to remove the secular components.
The rate in cpd/100t is binned in time intervals of 8 hours. Bottom: Residuals of the time series with respect to the trend model. The blue curve
shows the sinusoidal fit of the residual rate, indicating the presence of a significant annual modulation signal.

reasons. This choice is a trade-off between the diurnal
frequency detection capability imposed by the Nyquist
theorem and the scarceness of data due to the short time
binning. This optimization resulted from a toy Monte
Carlo simulations study of the capability of detecting
signals as a function of the selected time bin width.

The GLS power spectrum, performed after the de-
trending procedure illustrated in Sec. [3} is shown in
Fig. O] The annual modulation peak appears clearly
on the left with significance comparable to that from
a re-binning procedure. The significance of the other
peaks was evaluated using LEE via toy Monte Carlo
pseudo-experiments of white noise only whose fluctu-
ations can randomly generate peaks in the observed fre-
quency band. Their p-value distribution defines the me-
dian significance threshold shown by a horizontal black
dashed line, along with the 1, 2 and 3 o significance
levels (solid, dashed, and dotted red lines, respectively).
The LEE assigns the correct significance to random fre-
quencies where no signal is expected. Instead, for ex-
pected frequencies, the significance of the signal is di-
rectly inferred from the normalised GLS spectrum ac-
cording to the aforementioned e~ law.

Figure [10] shows zoom-ins of the GLS spectrum in
the one cycle/month range, i.e., around the Sun’s Syn-
odic Carrington rotation frequency of 13.4 cycle/year
(Top), and around the diurnal modulation frequency
of 1 cycles/day (365.2596 cycles/year, Bottom). The
~monthly frequency could reveal some anisotropy of
the Sun, somehow affecting neutrino production dur-
ing its axial rotation. The ~daily frequency is coupled
to electron neutrino regeneration in the Earth, of inter-
est for sterile neutrino theories [39] [41] [42]]. Other
theoretical scenarios investigated via time modulations
of solar neutrinos include the search for new interac-
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tions beyond the Standard Model [43] 144]], such as non-
standard interactions (NSI) and alike 147.,148] for
recent investigations.

Borexino Phase-I tightly constrained the day-night
asymmetry of the solar neutrino interaction rate, Ay, =
2(D—-N)/(D+N) =0.001 £0.012 (stat) £ 0.007 (sys?),
with D and N the integrated day and the night rates,
respectively [49]. For reference, the day-night varia-
tion for the monochromatic "Be neutrinos (866 keV)
in the standard three-flavour neutrino scenario is Ay, =~
6 x 107* [50]. To compare the Phase-I with the present
analysis performed over the Phase-II+Phase-III com-
plementary data set, the time series residual of Fig. [§]
(Bottom) is fitted to a sinusoidal function as in Sec. 3]
f(@®) = Agcos(wgt + ¢4), where A, is the amplitude of
the daily modulation and both the frequency w, and the
¢4 are fixed to one cycle/day and the local midnight, re-
spectively Ay, is approximately related to A, as:

244
V2R,

where, Ry = 25.6+1.27 cpd/100t (see Sec.@. The extra
V2 factor comes from the integration of the sinusoidal
day-night modulation over a 24 h period. We obtain
Agn = 0.0030 = 0.0094(stat) = 0.0002(sys), compatible
with 0 at 1o level. The systematic uncertainty is domi-
nated by the solar modeling as for the determination of
the eccentricity in Sec. [d] This number should not be
directly compared with the Borexino Phase-I result, for
which the day-night spectra were defined taking into ac-
count the seasonal variation of the duration of a day and
its effect on the actual neutrino trajectory through the
Earth. Specifically, the day-night effect is a superposi-
tion of a diurnal modulation with a sub-dominant annual
carrier correlated with the day-night amplitude. A more
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Figure 9: GLS power spectrum in Ay? units of the residual rate of Fig. (Bottom). Frequencies are reported in cycles/year. The median significance
threshold from LEE is shown by a horizontal black dashed line, along with 1, 2 and 3 o significance levels (solid, dashed and dotted red lines,
respectively). No significant peaks besides the annual modulation are present above random fluctuations of the statistical Poissonian noise.

accurate analysis is, however, not expected to yield dras- 200
tically different results allowing us to conclude that the 17.5
expected annual modulation is the only statistically sig- 15.0

nificant frequency in the Borexino time series.
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Conclusions 7.5
The Borexino experiment concluded its data taking >
in October 2021 after more than 14 years of activity. 2'5\/\/\
The time series of the the total solar neutrino rate over 2.0 125 B0 e 10 145 15.0
the last 10 years was analyzed using events selected in 200
a fixed energy window chosen to maximize the signal- 175l
to-background ratio. We have searched for solar neu- o

trino signal modulations in the frequency range between
one cycle/year and one cycle/day using the generalized
Lomb-Scargle method.

We identified no significant periodic signal other
than the annual modulation due to the Earth’s orbit ec-

-
N
5

GLS Power Spectra
~ 5
o o

5.0t

centricity. The latter is measured with amplitude (re- 2l
lated to the orbit eccentricity), phase (perihelion posi-
tion), and frequency (Earth revolution) parameters com- 092 363 O vaemyear 0 367 368
patible within one sigma with astronomical predictions.
In particular, the best-fit eccentricity is € = 0.0184 + Figure 10: Top: A zoom-in of the GLS power spectrum (in arbitrary
0.0032 (stat+sys), with the null hypothesis excluded units) of the residual rate of Fig. [8]around the one cycle/month point.
with a signiﬁcance greater than 50-. This results is the The.Sun"s synodic rotation line pf 13.4 cycles/year is shown. (greep

. £ the Earth’ bit tri vertical line). Bottom: A zoom-in of GLS power spectrum (in arbi-
mOSt pr§c1se m?’asuremem o . € EBarth's orbit eccentric- trary units) of the residual rate of Fig. [§] around the one cycle/day
ity obtained using solar neutrinos alone. point. The Earth’s rotation line of 365.2596 cycles/year is shown

No other significant modulation of the backgrounds (green vertical line).

is expected in the selected energy range. In particular,
the critical 2!°Po leakage events, due to the inefficiency
of the pulse shape discriminator, were carefully quan-
tified as negligible. Residual, well-characterized time
variations of the background are limited to slow, mono-

tonic trends, which are easily removed by a detrending
procedure.

Strong constraints are placed on the amplitudes of
other frequencies of interest, i.e., day-night effects and
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correlations with the Sun’s rotation around its axis.
Both frequencies are not significant using the LEE ap-
proach. In particular, the limits for the percent diur-
nal modulation and the percent solar rotation day are
< 1.3% (90% CL) and 1.8% (90% CL), respectively.
These improved bounds are relevant in solar modelling
and in constraining a wide variety of non-standard neu-
trino interactions beyond the Standard Model of particle
physics and the present three-flavour neutrino oscilla-
tion paradigm.

The ability of Borexino to measure the expected an-
nual modulation of its neutrino signal further confirms
its solar origin and adds to the experiment’s success in
measuring, with high precision, all solar neutrino fluxes
emitted in the hydrogen burning processes (pp-chain
and CNO cycle) in the Sun. This measurement was en-
abled by the stability of the detector response and en-
ergy resolution, as well as by the exquisite understand-
ing of the radioactive background contamination of the
detector.
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