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The BOREXINO experiment has been collecting solar neutrino data since 2007, providing the
opportunity to study the variation of the event rate over a decade. We find that at 96% C.L., the rate of low
energy events shows a time modulation favoring a correlation with a flux from Jupiter. We present a new
physics model, the Jovian whisper model, based on dark matter of mass ~0.1-4 GeV captured by Jupiter
that can account for such modulation. We discuss how the Jovian whisper model (JWM) can be tested.
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I. INTRODUCTION

Accumulation of BOREXINO data on solar "Be neutrino
line over a decade [1] provides the opportunity to study the
time variation of the flux on Earth. Obviously, because of the
eccentricity of the Earth orbit, e = (1.6698 £0.0003)% vik
the flux should have a ~3.3% annual variation. Although the
fluctuations in the background of the experiment may
contaminate this signal, thanks to the installation of the
temperature control and stabilization system, the environ-
mental conditions in the detector have been stabilized since
2019 [3]. There are also slowly decreasing radioactive
backgrounds which have been significantly reduced by
the two final years of data taking [3].

Using the accurate BOREXINO data obtained after
2019, the annual variation of "Be flux on Earth yields ¢ =
(0.86 £ 0.62)% which is about half the actual eccentricity.
On the other hand, with the data taken during 2011-2013,
the result tends to be 1.6 times the actual value:
€ = (2.74 £ 0.77)%. This tension cannot be attributed to
the fluctuations inside the Sun because the solar g-modes
have much shorter periodicity and average to zero over one
year [4]. It is also worth noting that the contribution of the
cosmogenic ''C due to the cosmic ray is negligible in the
energy range under study [1].

We entertain the possibility that the largest planet in the
solar system, Jupiter, may play a role. Indeed, we find that
associating an event rate of ~1.5 count per day per 100 tons
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of target (cpd/100t) to Jupiter, the observed change in the
modulation of events over years can be explained. Such
extra contribution can be accommodated within the average
flux uncertainty [5]. Measuring the direction of the flux
over time, this hypothesis can be tested. While dark matter
with a mass smaller than 4 GeV can be trapped inside
Jupiter, it will evaporate from the Sun [6—-10]. We build a
model based on this Jovian feature to explain an event rate
of few per day at BOREXINO associated to Jupiter. In our
model, which we call Jovian whisper model (JWM), the
annihilation of trapped DM pairs produces a flux of
electromagnetically interacting particles that leads to a
signal at BOREXINO mimicking the solar "Be events.

In Sec. II, we discuss the modulation of the low energy
BOREXINO event rate in the presence of a Jovian
contribution and present the best fit for the intensity of
this new component. In Sec. III, we introduce the Jovian
whisper model that accounts for such contribution, respect-
ing all the present bounds. In Sec. IV, we summarize the
results and highlight approaches to test the model. In
Appendix A, we demonstrate that a Jovian component
significantly improves the fit to the solar neutrino data. In
Appendix B, we elaborate on the process of capture and the
accumulation of light dark matter in Jupiter. We then
discuss the impact of JWM in the early Universe.

II. HINT FOR A SIGNAL FROM JUPITER

In the presence of background and a contribution from
Jupiter, the p-like event rate associated to the solar 'Be
detection can be parametrized as

R R.
R(f) =2 P LR (1)
Bn(t) ()"

where dg, (dj,p) is the distance from the Sun (Jupiter) to
the Earth in astronomical unit (A.U.) as a function of time ¢
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which can be obtained using Ref. [11]. Ry, and R;,, are
respectively proportional to the event rates induced by Sun
and Jupiter. We take them to be constant in time which is a
reasonable assumption for the study of the annual variation.
‘R accounts for the background contamination due to the
radioactive sources. The main sources of the background in
the energy range of interest comes from the decays of
unstable isotopes 2!°Bi and %Kr [12]. Analyzing the
total (time-integrated) data, the rates of the background
from 2!°Bi and 3Kr are extracted to be 4 (cpd/100t) and
3 (cpd/100t), respectively [12]. Nevertheless, as discussed
before Rz at BOREXINO suffered a non-negligible
variation in the time period before 2019.

The temporal average of R(r) over years can be
approximately written as

Rsun + Rjup
(1AU)2 " (5AU)

(R) ~ 5+ (Rg) (2)

As long as Ry, S R, the deviation of (R) from the
standard prediction will be within uncertainties of the
prediction [13]. Neglecting the time variation of Rp, we
define a quantity demonstrating the modulation in the event

rate due to varying dg,, and dj,

R(1) = (R)

) = R/ (T AU

(3)

We expect when Jupiter is located closer to Earth aphelion
(around 2020), the annual variation of R(¢) to be sup-
pressed relative to the case that Jupiter is on the opposite
side (around 2013) because in the latter case (when Jupiter
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FIG. 1. Relative modulation of the event rates at the detector

due to the orbital motion of the planets. The red (blue) curves
shows the modulation without (with) a contribution from Jupiter.
The green area to the left corresponds to the period when Jupiter
is on the side of the perihelion of the Earth orbit. The olive area to
the right indicates the period for which Jupiter is located closer to
the aphelion. During this period, the background conditions at the
detector are most stable.

is closer to perihelion), the annual maximums of R,/ d2,
and R,/ dj2up add up. Figure 1 shows the behavior of £(¢)
consistent with this expectation.

Utilizing the data from [1], we concentrate on the period
October 2019 to October 2021 in which the temporal
variation of Rp is negligible [3], and try to constrain the
free parameters in Eq. (1). Within the standard solar model
and standard neutrino mass and mixing scheme, the total
value of solar neutrinos in the region of interest is con-
strained to Rg,,/(1 AU.) =25+2 (cpd/100t) [5,14].
We implement this value as an input for our analysis with
a Gaussian prior. We use flat prior [0, 50] for parameters
Rjup and R, excluding the constraint we have on R from
the spectral fit. With this choice, a possible correlation
between Rjp and R;,, can be revealed. Performing a
Bayesian analysis [15,16], we find the best fit value for

Riup as

Riu
G AUy~ S (epd/1000). ()

The joint contour illustrated in Fig. 2 shows an anti-
correlation in the Rz — R;,, plane. The central value of
R ~7 (cpd/100t) which is derived from spectral fit of the
total (time-integrated) data [17] is consistent with our
results based on time variation data. The Jovian flux can
mimic the CNO events at BOREXINO so in the presence of
the Jovian flux, the data would lead to a slightly smaller
CNO flux fit which is in better agreement with the solar
model prediction(s) [12]. Furthermore the likelihood ratio
test statistics independently disfavor the null Jovian signal

10}

R (cpd/100t)

Riu
ﬁ (cpd/100t)

FIG. 2. 68% and 95% constraint contour on the free parameters
Rjup and Rp. The analysis is performed using Eq. (1) and the last
two years of data from [1]. The predicted value of Ry, is

included with a Gaussian prior.
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FIG. 3. 68% and 95% constraint contour on the free parameters

Riup> Rsun» and R . The analysis is performed using Eq. (1) and
the last two years of data from [1]. The flat prior [0, 50] is

considered for all parameters.

(i.e., Rjyp = 0) at more than 96% C.L. (see Appendix A for
more detail).

We repeated the analysis of the time variation of the data
during October 2019—October 2021 without a Gaussian
prior on R, taking into account flat prior [0, 50]. The
results are shown in Fig. 3 which are consistent with the
analysis carried out with a prior. Again the results indicate a
non-zero value of Ry, at about 26 C.L.

Monthly binned data are shown in Fig. 4. The solid black
and dashed blue curves respectively show the predictions
for the time variation with and without the Jovian con-
tribution. The highlighted boxes are three-months averaged
data around aphelion and perihelion.

So far we have concentrated on the time interval with a
negligible background variation (i.e., 2019-2021). During
the whole period of the BOREXINO data taking from
2007, the time variation of Rz has been non-negligible.
However, the shape of time dependence of Ry is known.
Following the approach introduced by the collaboration, we
decompose the event rate into a trend and modulation as
follows.

R(t) = Re(1) + 6R(1) (5)

where R, (?) is the trend of the data with a monotonic
behavior known up to some parameters that are determined
by fitting to the data. After removing the trend, we use the
modified version of Eq. (1) to probe the annual modulation
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FIG. 4. Monthly-binned f-like event rate in the energy range
corresponding to the "Be solar neutrinos from October 2019 to
October 2021 obtained by the BOREXINO collaboration [1]. The
black line (blue dash-line) shows the prediction with (without) the
presence of the Jovian Signal.

SR(1) = ZR [dzl(t) - / . C;(tt)} (6)

where 7 runs over sun and jup and the integral is taken over
the time period of interest. The free parameters are taken to
be Ry, and Ry, with the same prior as before. We
conduct a similar Bayesian analysis to constrain R, using
the modulation data which is provided by the BOREXINO
collaboration [1]. We neglect the effect of the R () on the
result. This is a reasonable assumption as long as the
background does not have a periodic variation. This
approach is somehow similar to removing the average of
the data for the study of time variation for the October 2019
to October 2021 period when the background was constant.
However, the trend is computed using the whole period of
the experiment. From Fig. 1, we observe that during the
period 2015-2018, the Jovian contribution is not expected
to alter the modulation. The deviation due to the Jovian
contribution is however non-negligible during periods
2011-2013 and 2019-2021. We therefore focus on these
two periods to extract R;,,. As seen in Fig. 1, we expect to
see an enhancement instead of damping in the modulation
during 2011-2013. In this period the trend quite differs from
the average due to the fast decay of some of the radioactive
contamination. After marginalizing over R,,, the normal-
ized posterior of Ry, is computed separately for these two
period. The results are shown in Fig. 5. Interestingly, the two
years of the data, taken during the expected enhancement of
the annual modulation (2011-2013), also favors the solution
found by analyzing the data from 2019-2021 by ~2¢. Best
fit value for the time modulation of the data taken during the
last two years (October 2019 to October 2021) is

R.
ﬁ = 17755 (cpd/100t). (7)
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FIG. 5. The marginalized posteriors on R, in period October

2019 to October 2021 (olive line) and December 2011 to
December 2013 (green dash-line) using modulation monthly
binning data [1].

Similarly for the first two years from December 2011 to
December 2013, we obtain

R.
ﬁ = 1.67% (cpd/100t). (8)

The values in Eqgs. (7) and (8) are in remarkable agree-
ment. Similar analysis is performed on SNO annual
variation data which spans the period November 1999
to October 2003 and the energy range ~5-20 MeV [18].
In case of the presence of a Jovian signal in the ®B energy
range, this period coincides with the enhancement of the
annual modulation. Considering the constraints on R,
and Rp from the SNO spectral fit [19] as priors and
assuming a stable background, we have found an upper
limit on the Jovian signal in the 5-20 MeV range as

R.
— P < 1.2 (cpd/100t) at 99% C.L.  (9)

(5 AU

We should emphasize that the SNO data differs from that
of BOREXINO in at least two aspects. First, while the
BOREXINO data is composed of f-like elastic scintillator
events, the SNO data comes from the Cherenkov radiation
which is sourced by the charged current and neutral
current interactions on the deuterium as well as elastic
scattering events of the electrons in the detector. Second,
the energy ranges of these two experiments are different.
To avoid the stringent bound from SNO, it should be
ensured that the Jovian Whisper Model (JWM) does not
lead to the electron recoil energy larger than 5 MeV
which is the detection threshold of SNO.

III. JOVIAN WHISPER MODEL (JWM)

In this section, we propose a toy model based on the
absorption of dark matter (DM) particles (y) in Jupiter and
their subsequent annihilation to intermediate particles that
give rise to a signal at BOREXINO, mimicking that of the
solar "Be neutrinos. If y with a mass of ~1 GeV or lighter
composes less than 1% of DM (i.e., f, < 1%) the spin-
dependent cross section of y scattering off the protons, o,
can be as large as ~1072* cm? [20] without violating the
recently found bounds [21,22]. The mean free path of y at
the surface of Jupiter can be written as

((pd/m)[(1+ fu)o,/2+ (1= fu)o,/2))7" (10)

where p! is the surface density of Jupiter and fj is its
hydrogen fraction. ¢, and o, are respectively the cross
sections of scattering of y off protons and neutrons. With a
matter density of p/ = 1.3 gr/cm® and being fy = 71%
composed of hydrogen, the mean free path of y with
6, ~ 1072 cm? on the Jovian surface will be 2 cm. If the
mean free path is much shorter than the Jovian radius, all y
particles reaching the Jupiter surface will be absorbed,
yielding an absorption rate of

A =4nRin,v,

where R; =70000 km is the Jupiter radius, n, =
f,(0.4 GeV/em?)/m, and v, ~107¢ so

A =7x10% sec™!(f,/0.01)(GeV/m,).

In Appendix B, we discuss the bounds on 6, and 6, in the
mass range of interest and present a model for
6, ~1072° cm?. With such cross section, the mean free
path at the Jupiter surface will be less than 10 km which
means that not only y can be trapped in the Jupiter surface
but can be even thermalized. We then discuss that as long as
m, is heavier than about 100 MeV, the velocity of the
majority of the thermalized y will be smaller than the
escape velocity so they will be accumulated by Jupiter. We
show that incorporating the 17 MeV solution to ATOMKI
anomaly [23] yields ¢, ~ 107 cm?.

The accumulated y may annihilate to hadrons through
the same coupling responsible for scattering off nuclei.
However, if we assume asymmetric scenario where n, > n;,
this mode of annihilation will be closed. Instead, we couple y
to a scalar ¢ with a mass m, ~ few 10 MeV through the

following scalar potential
V=mpP + (g ldl? +He). (1)

Notice that the global U(1) symmetry under which y —
exp(—ia)y is broken by the quadratic 4, coupling but the Z,
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symmetry (y — —y) remains unbroken and protects y from
decay. The 44, coupling can lead to yy — ¢¢. For Agy < 1,

6, =o(x = ¢p) <3x107% cm?.

In order for yy — ¢¢ to balance the y capture in Jupiter, the
following relation should hold

A =2v)(n))?V,0,,

where V; = 4zR3/3. vf( and nf( are respectively the velocity
and density of y inside Jupiter. Taking the age of Jupiter
equal to £, = 4.5 x 10° years, we can write n/ < At,/V.
In the limit that all captured y particles remain inside Jupiter
the equality holds valid. The velocity of y should be around
the thermal velocity in the Jupiter center (~10 km/sec).
Putting these together, we find 6, >2 % 10737 cm? (0.01/ )
(0.1GeV/m,)'2.

A short discussion of the ¢ and y production in the early
universe is given in Appendix B. Before discussing how the
¢ particles can lead to a signal in BOREXINO, let us check
whether the y capture in the celestial bodies can dramati-
cally warm their surface. The rate of energy absorption due
to the y capture per unit area is p,v, which is the solar

system is 107> GeV/(cm? sec). This value should be
compared to the black body radiation rate from the surface
of Jupiter [og5T* = 2.5 x 107 GeV/(cm? sec)]. Neutron
stars have typically much hotter surface so the energy
absorption due to the y capture will be much smaller than
its black body radiation. Even if all y energy was converted
to kinetic energy (which is not the case in our model), it
would not drastically change the surface temperature of the
celestial bodies.

The ¢ pairs from annihilation of y pairs will have an
energy equal to m,. The source of the Jovian signal
detected by BOREXINO cannot be the direct scattering
of ¢ coming from Jupiter at BOREXINO. If this was the
case, a much larger flux of ¢ originating from the y capture
in the Earth should have been detected. In the end of this
section we introduce two alternative scenarios which are
applicable in two different ranges of the ¢ and y masses,
both explaining the Jovian signal at BOREXINO. In both
scenarios, each ¢ particle produced inside Jupiter leads to
production of N pairs of magnetic dipole particle CC with
a mass of ~10 MeV. The C particles with mass of
~10 MeV and magnetic dipole of u- ~3 TeV™! are still
allowed by existing bounds [24]. The differential cross
section of a C particle with an energy of E colliding on an
electron can be written as

do, opf mc 2k*+Tm,

dT_W‘/k2+m% T ’

(12)

where T is the recoil energy, k is the momentum in the
center of mass frame, k = (s — m%)/(2,/s) and s = m2 +
m% +2m,Ec. The scattering of C off electrons inside
BOREXINO with a recoil energy less than ~1 MeV
(T <1 MeV) can mimic solar 'Be neutrino events. The
cross section of this process for m?2 <« m% can be estimated
as 6, ~ Sau% [24]. The mean free path of C particles with
uc = 3/TeV is larger than the diameter of the Earth so they
will reach the detector. A fraction of C coming from the
Jupiter may scatter off protons inside the Earth which will
change their direction but not their energy.

The rate of electron scattering events per day per
100 tonnes with a recoil energy less than ~1 MeV is
expected to be

e 100t
Fexday x —2¢ 51 13
W g " 2m, (13)

where F is the sum of the fluxes of C and C particles

Fe=2AN, (14)
where \ is the average number of CC pairs at BOREXINO,
originating from a single ¢ produced in Jupiter. In what
follows, we introduce two alternative scenarios for the
production of C from ¢ and discuss the value of N for
each scenario. We also discuss how a large flux of C from the
 capture by Earth can be avoided.

(a) Scenario I: Model withm, ~ 0.1 GeV and m,, — mj <
20 MeV: In this scenario, ¢ with energy equal to m,
leaves Jupiter undisturbed and on its way to Earth
decays to a ¢’ pair which in turn decay to CC pairs:
¢ — ¢'¢’ — CCCC. The average energy of the final
C and C will be about m, /4-25 MeV so the typical
recoil energy will be around the recoil energy from 'Be
neutrino interaction. Thus, the flux of CC can mimic
the "Be neutrino flux. Taking the decay lengths 7, and
7y about 1 A.U., the majority of ¢ and ¢’ particles
decay en route to Earth, leading to N = 4. The Jovian
signal at BOREXINO per day will be

Riu )
(5 AJ.[}},)2 - 2(&;{3) <3 {;C;,_J (cpd/100t)

which is enough for accounting for the observed hint.
The signal from the y capture in Earth will be
suppressed by (Rp/R;)*(ds,,/RE)RE/ (1474)] =0.2.
Notice that we have taken 7, ~ 7y ~ dj,,/5. The flux
from the Earth will be therefore too small to be
resolved with present uncertainties.

(b) Scenario Il: Model with m,, ~ GeV and my, ~ 20 MeV:
Let us suppose there is a new vector boson, V with a
mass of (2-3) x m, and with couplings of order
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of gy ~ O(1) to ¢ and of g, = O(107?) to the nucle-
ons [25,26]. Then, for m, ~ my < \/s ~ my,

9292 K
2¢ nz iN 10732 ¢cm?
n'mv my

o(p+N—>¢+N)~

and

~—

c(p+N—>p+N+V) gé(
o(¢p+N—->¢p+N) 7

AE\?2
log—> ~few x 1072,
my

(15)

where AE is the energy transfer to N. With g, ~ 1 and
gn ~ 1073, ¢ can go through a few (~5) bremsstrahlung
scatterings before leaving Jupiter. While in the two
body scattering, the average energy loss is O(my ), in
the bremsstrahlung scattering the kinetic energy of ¢
will be shared between V and final ¢ and on average,
the energy of ¢ can be reduced to half. V will
immediately decay into a ¢ pair so a shower of ¢
and ¢ will be formed after ~5 bremsstrahlung scatter-
ing. The energy of ¢ while leaving the planet will be
therefore about 273 m,, ~ my. When the kinetic energy
of ¢ drops below my, the bremsstrahlung process stops.
Moreover, in these energies scattering off nuclei will be
elastic and will not lead to a significant energy loss. The
¢ produced via y annihilation will then cascade down to
~m,/my lower energy ¢ particles leaving Jupiter. We
therefore expect a flux of LA (m,, /my ) of ¢ particles with
energies of O(my) streaming out Jupiter. Figure 6
schematically depicts the above processes.

In principle, the ¢ particles can electromagnetically
interact with the electrons inside the detector but then
we expect a large signal induced by ¢ coming from the
Earth, too. To avoid such a contribution from the Earth, we
take ¢ to be neutral but assume that it decays to a pair of
dipole particles, ¢ — CC with a decay length, 7, of order
of 1 A.U. Majority of the ¢ particles traveling from Jupiter
at a distance of 5 A.U. will decay to CC pairs so
(N) = m,/my. Using Egs. (13) and (14), the Jovian signal
rate can therefore be estimated as

Rjup — 2 x f)( Hc
(5 AU.2 103 \3 Tev!

)2 cpd/100t.  (16)

Since A is proportional to m;!, the rate turns out to be
independent of m,,.

Let us now estimate the rate of events induced by y
annihilation in Earth. The rate of y capture and therefore the
¢ production in Earth is suppressed by R%/R? relative to
production in Jupiter. The ¢ particles do not lose consid-
erable energy before leaving the Earth so they will not
cascade to multiple ¢ particles inside the Earth. Moreover,

FIG. 6. Schematic view of DM trapping inside Jupiter, its
annihilation to mediators and their cascading down to lower
energies as takes place in scenario II.

their decay length will be boosted relative to the decay
length of ¢ from Jupiter: ~z,m,/my. The ratio of the
number of events induced by ¢ from the Earth to that from
Jupiter can be estimated as

2
Ky (mv) R

Tc

R3 R} \m,
which for 7o ~ 1 A.U. and m, > 2 GeV is smaller than 1
and therefore safe.

Unless stated otherwise, the following discussion applies
for both scenario I and II. The C particles can in principle
lead to an electron excess at the direct dark matter search
experiments such as XENONnT [27]. Taking Rj,/
(5A.U.)2=1.5¢cpd/100t, we expect a rate of 3(keV/T)
events/ton.year.keV, which can be accommodated within
the present uncertainties but can be tested by the improve-
ments of the uncertainty by a factor of O(3). If we took C
particles to be millicharged (i.e., if we took monopole
coupling of C with photon rather than dipole coupling),
we could still explain the Jovian signal but at lower
recoil energies relevant for XENONnT, the number of
recoiled electron events would exceed the observation.
That is because while for the millicharged particles
do,/dT « 1/T?, for the dipole particles, do,/dT « 1/T.
If the interaction of the C particles with the electron is via a
heavy mediator, do,/dT would have a milder dependence
on T so we would not expect a detectable signal at direct
dark matter search experiments.

Let us now discuss how the bound from SNO can be
avoided in our model. First remembering that the inter-
action of C with matter fields takes place via a virtual
photon exchange and the photon has only vector (monop-
ole non-axial) coupling to deuterium, it cannot contribute to
the Gamow-Teller deuterium dissociation process. That is
the number of neutral current events at SNO will not be
affected. Moreover, with proper choice of parameters, the
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recoil energy of the electron in elastic scattering can be
lower than the energy threshold of SNO (5 MeV). In
the scenario I, the maximum E¢ is m, —3mc. Taking
m, = 100 MeV and 17 MeV < m. < 20 MeV, the recoil
energy will be smaller than 5 MeV and the majority of the
recoiled electrons will have an energy smaller than
0.8 MeV, mimicking the "Be signal at BOREXINO. In
scenario II, if we take E- < 25 MeV and m ~ 10 MeV,
we obtain similar results.

IV. DISCUSSION AND CONCLUSIONS

We have analyzed the BOREXINO ’Be neutrino data
collected from 2011 to 2021 and found that the time
variation of the signal deviates from the expected 1/d2,,
behavior. In particular, the last time window of the data,
whose background was well under control, yields a value
for the eccentricity of the Earth orbit which is about half the
known value. New physics scenarios with 1 year perio-
dicity such as pseudo-Dirac neutrinos [28,29] are not able
to resolve this tension.

To explain the unexpected behavior, we have hypoth-
esized a flux of new particles from Jupiter that can induce a
signal similar to that of the solar ‘Be flux with a 1/ djzup time
variation. We found that with such contribution, the time
variation of the signal at BOREXINO during 2019-2021
will be suppressed, explaining the lower extracted eccen-
tricity. The best fit for the average rate of events from
Jupiter is about 6% of the "Be events so it can hide in the
6% uncertainty of the solar neutrino prediction. This
hypothesis can be tested by measuring the direction of
incoming flux(es) over time. Since the recoil energy of the
electrons will be below the detection threshold of SNO
(5 MeV), the bound from SNO can be avoided. Super-
Kamiokande further suppresses the Jovian signal by
selecting only signals from the Sun direction [30,31].

We have proposed a model that accounts for such signal
from Jupiter. Our so-called Jovian whisper model (JWM) is
based on testable ingredients: (1) A fraction of O(1073) of
dark matter with mass of smaller than 4 GeV and with a
rather strong scattering off nuclei which can be tested by
future dark matter search experiments [20]. Such dark
matter component can be trapped by Jupiter but not by
Sun [8,9,32]. We have shown that the same 17 MeV boson
that accounts for the ATOMKI anomaly can be responsible
for the scattering of y off nuclei. (2) The decay of
intermediate particles from the annihilation of the trapped
dark matter on its way to the Earth leads to a flux of dipole
particles with a mass of O(10) MeV and pc~3 TeV™!
(testable by ILC). The flux of dipole particle leads to a
signal at BOREXINO mimicking the solar 'Be line. Since
the differential cross section is proportional to the inverse of
recoil energy, upcoming electron excess measurements by
direct dark matter search experiments can test this model.
We have shown that a flux of dipole particles from dark

matter capture in the Earth can be avoided if the decay
length of the intermediate particles are of order of 1 A.U.
Our model introduces new neutral particles with masses of
~10 MeV. We have discussed how they can evade the
bounds from cosmology on light new particles.
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APPENDIX A: HYPOTHESIS TEST STATISTICS

In order to test whether the variation of data is because of
the background uncertainties, we randomly generate 30000
sample of simulated monthly binned data with the Jovian
signal, taking the best fit values for the parameters

R Ry

and compare them with the best fit achieved by the standard
case, taking

Rsun

Figure 7 shows the distribution of the ¢ statistics which is
defined as
L(SUN)
t=-2log| ——"— Al
©8 ([,(SUN ¥ JUP)> (A1)

where L(F) is the likelihood of theory F being true. The
BOREXINO result gives ¢ = 3.33 which disfavors the
standard hypothesis with No-Jovian signal at 96.5% C.L.

Unsurprisingly, the rest of the BOREXINO data taken
during 2015 to 2019 is not able to discriminate the Jovian
signal due to the large uncertainties in the temporal
variation of the background and high correlation of the
signal with the solar neutrino seasonal variation. The data
before 2010 highly suffers from backgrounds which makes
them unsuitable for this analysis [1].
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FIG. 7. The distribution of the # statistics considering the true
signal comes only from Sun (red) or from both Sun and Jupiter
(blue). The dashed line shows the BOREXINO result.

APPENDIX B: IMPLICATIONS OF JWM
FOR EARLY UNIVERSE COSMOLOGY
AND DARK MATTER CAPTURE BY JUPITER

If the scattering cross section of dark matter is larger
than certain values, it cannot reach the direct dark matter
search detectors located deep underground. As a result,
for f;( = 0.01 and my, ~ 1 GeV, there is a window around
spin dependent ¢, ~ 1072* cm? which is not still ruled
out [20-22]. For lighter y, there is no bound from direct
dark matter search experiments but there are bounds
from cosmic ray (CR) boosted argument [34-38].
Taking f, = 0.01, 6, < 107° cm? is allowed [20] for
m, = 0.1 GeV. Considering that ~95% of CR (with
energy of order of 10 GeV) is composed of protons,
leaving only 5% for neutrons, we can conclude that ¢, <
few x 1072% cm? is still allowed for m, ~ 0.1 GeV. With
such a value of o,, the mean free path on the Jupiter
surface will be about 8 km <« R; which implies that the y
particles can reach thermal (kinetic) equilibrium with
matter in the Jupiter surface: m,((v])?)/2 = 3kT/2. Let
us define v, = 100kT/m,. The fraction of y inside
Jupiter with v > v,,;; is of order of 107! and therefore

completely negligible. Taking even the Jovian surface
temperature 7 = 163 Kelvin, we find vy,; = 35 km/sec
(100 MeV/m,,)!/? < ve. = 60 km/sec. This means that
Jupiter can efficiently accumulate y as light as 0.1 GeV
provided that the mean free path is much shorter than 0.1
R;. Since the surface of the Sun is much hotter, it cannot
hold such light y.

The famous ATOMKI anomaly has a canonic solution
which involves a new boson, X, with a mass of my =
17 MeV coupled to both neutrons, g, and electrons, g, [23].
Allowing a coupling of g, between the y and X particles, we
can write

2 2 2 2
InGy My 29 22 Yn m,
~ ~10 Bl
o 4n m ™% \105) \toomev) (B

In the early Universe, the yjy pair can be produced and
thermalized via the same interaction that captures y in the
Jupiter. The 44, coupling will then bring ¢ and ¢ particles
to thermal equilibrium with the plasma in the early universe
when the temperature was above the masses of these
particles. Turning on a coupling between ¢ and X (g,)
can lead to o(¢pp — e~ e ™) ~ gz g5/ (4 (2my)*) ~ 107 cm?
(9./107%)g;(80 MeV /m,;)* where g, is the coupling of X
to e"et with a value set equal to that in the solution to the
ATOMKI anomaly [23]. However, the coupling of ¢ to X
may lead to its scattering inside Jupiter. To avoid such
scatterings, the ¢ pairs may annihilate to v pairs (instead
of e~e™) in the early universe via coupling to a light
mediator. If ¢ particles were stable after freeze-out, they
would contribute 10% to the DM energy budget but ¢
particles decay with a lifetime of ~8 minutes (after BBN) to
particles that are dark and cannot dissociate nuclei. As a
result, they safely avoid the bounds from CMB and BBN.
The yjy pairs in the early universe can also efficiently
annihilate to e~e™ or ¢¢ via a coupling of form |¢[?[y|*.
For T > m,, the yy — ¢¢ process can wash out the y
excess over y. As a result, the y excess should be produced
at T < m, with some out of equilibrium process which is
indeed one of Sakharov’s conditions.
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