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Abstract: A sensitivity study of the search for heavy sterile neutrinos (vy) in the MeV mass range using solar neut-
rino experiments is presented. v, with masses ranging from a few MeV up to approximately 15 MeV, can be pro-
duced in the Sun through *B decay and subsequently decays into v.e*e". Its flux and lifetime strongly depend on the
mixing parameter |U,y|> and mass m,, . The vy signal can be detected via its decay products, either the e*e™ pair or
v., depending on whether v, decays inside or outside the detector. Expected signal yields for both detection meth-
ods (detecting e*e” or v, signal) are presented across the full |U,y* and m,, parameter spaces. These two methods
are found to be complementary in different regions of the |U.4[* and m,, phase spaces. By combining both ap-
proaches,weanticipateobservingatleastahandfulofsignaleventsacrossmostoftheparameterspaceof107° < |U,|*> < 1 and
2 MeV <m,, < 15 MeV, assuming a 500-ton solar neutrino experiment operating for one year. Key variables, such
as the energy spectra of v, or e*e” and v, solar angle, are also discussed to help distinguish the signal from major

backgrounds, such as solar neutrino events.
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I. INTRODUCTION

The observation of neutrino flavor oscillations im-
plies non-zero neutrino masses, marking one of the most
significant discoveries in particle physics in the last few
decades, as it lies beyond the predictions of the Standard
Model (SM) of particle physics. Precisely determining
the neutrino masses and exploring new physics models to
explain their non-zero values will remain a central focus
of particle physics research in the coming decades.

Theoretically, only left-handed neutrinos were intro-
duced in the SM at its time of establishment, as right-
handed neutrinos were considered to be unnecessary and
would be invisible (or "sterile," meaning no weak or elec-
tromagnetic interactions). Owing to the absence of right-
handed neutrinos, neutrinos are unable to acquire mass
from Yukawa couplings as other fermions do; therefore,
the SM predicts that all neutrinos are massless. Experi-
mentally, it is found that neutrino masses are not only
non-zero but also exceptionally small: direct measure-
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ments from S decay experiments [1] and indirect con-
straints from Cosmological surveys [2, 3] both give an
upper limit on the neutrino mass below 0.5 eV, which is
more than six orders of magnitude smaller than the
masses of other fermions in the SM.

To explain the non-zero mass of neutrinos, new in-
gredients must be added to the SM, which can be either
new particles, new symmetries, or other extensions.
Among the many neutrino mass models, one convenient
method is to add right-handed neutrinos to the SM. With
right-handed neutrinos, neutrino masses can arise in vari-
ous ways, such as Dirac masses, similar to other fermi-
ons in the SM, or Majorana masses in the type-I seesaw
mechanism [4—6], where the former would require ex-
tremely small Yukawa couplings (less than 107'?) to ex-
plain the observed small neutrino masses, whereas the lat-
ter allows for larger couplings by introducing heavy
sterile neutrinos that effectively suppress active neutrino
masses.

Although sterile neutrinos with extremely large
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masses (much larger than the weak scale) are preferable
to bring neutrino Yukawa couplings to a similar level as
that for other fermions in the SM, heavy sterile neutrinos
with masses in the range from eV to TeV are also appeal-
ing in many aspects. In addition to being accessible to a
wide range of experiments, they can address other prob-
lems in particle physics, such as the nature of dark matter
[7] and mechanism of leptogenesis [§].

In the type-I seesaw model, the mixing between an
active neutrino v, and sterile neutrino vy, |U,ul*, is ap-
proximately the ratio between the active and sterile neut-
rino masses, m,, /m,,. Because the mass of active neutri-
nos is observed to be very small (less than ~ 0.5eV), the
mixing parameter would be extremely small for heavy
sterile neutrinos, which indicates very tiny production
rates of sterile neutrinos with the usual neutrino sources
(such as solar, reactor, and accelerator), particularly in the
MeV and higher range. However, some variants of the
seesaw model may allow large mixing parameters (for
example, reference [9]). As a result, searches for heavy
sterile neutrinos in the eV to TeV mass range have been
performed with a wide range of experiments, from col-
lider experiments to beta decay measurements. Current
results have excluded a wide range of |U,y* and m,,
parameter spaces [10], but there is still an ample un-
covered phase space up to the seesaw limit
(IUuul? ~ m,, /m,,). This paper aims to discuss methods to
further extend the sensitivity in the MeV mass range with
solar neutrino detectors (currently in operation or under
construction).

II. PRODUCTION AND DECAY OF HEAVY
STERILE NEUTRINO

Heavy sterile neutrinos (vy) with masses of a few
MeV can be produced from solar neutrinos (v, ) through
active-sterile neutrino mixing, for example, from 3B sol-
ar neutrino as a primary source

B> ®Be +et +v, o SBe'+et +vy. )

The flux of vy from such a decay chain is proportion-
al to the ®B solar neutrino flux and mixing parameter
|U,ul?, scaled by a mass-dependent phase-space factor, as
follows:

T2
®,,(E)=Unl* 1- (’"E) s (E), 2)

where m,, and E are the mass and energy of the heavy
sterile neutrino, respectively. Using Eq. (2) and the *B
solar neutrino spectrum from [11], we can plot the en-
ergy spectra of vy from the ®B decay for different vy
masses, as shown in Fig. 1.

The objective of this work is to explore possible
methods to extend the discovery potential of such heavy
sterile neutrinos with a mixing parameter |U,y> much
smaller than 1, getting as close as possible to the seesaw
limit (for MeV mass, the seesaw limit is around
|U.u> ~ 1077 or even smaller). With such a small mixing
parameter, the deficit of ®B solar neutrino owing to mix-
ing with sterile neutrino will be practically invisible to a
solar neutrino detector of a few hundred tons (which has
a daily %B solar neutrino event rate of approximately
one). As a result, the remainder of this paper will discuss
the direct search for heavy sterile neutrinos from B decay.

vy with a mass heavier than two times the electron
mass can decay into an e*e~ pair plus a left-handed neut-
rino v,. The Feynman diagrams for the production of a
heavy sterile neutrino from 8B solar neutrino and its sub-
sequent decay are shown in Fig. 2.
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Fig. 1.  (color online) Energy spectra of vy with different

massesemittedfrom®BdecayintheSun. Thespectraarebasedonthe
8B left-handed solar neutrino spectrum (v, in the plot, taken
from [11]) and are suppressed by the mixing parameter |U, |
and phase-space factor (2), where
|U.4|* = 1.0 in the spectra shown in this plot.

according to Eq.
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Feynman diagrams of v production from solar ®B decay and its decay vy — e*e”v, via W* or Z boson exchange.
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In addition to the vy — e*e v, decay, vy can also de-
cay into three neutrinos (v,) via Z boson exchange, as
well as radiatively decay into v,+7y through a W and
lepton loop. The width of the vy — v, +7y decay is negli-
gible when compared with that of e*e™v, or three-neut-
rino decay. Calculating the matrix element for v, decay-
ing into three active neutrinos is straightforward, and
after phase space integration, we obtain the width in the
following form:

2

GF 5 2
e = 190, MulUenl’™ A)

The width of vy — e*e v, is similar to that of vy — 3v,,
with minor differences due to the mixed vector and vec-
tor-axial terms and non-negligible electron mass. The ex-
act value of I[',+,-,, can be found in [12]. For vy with a
sufficiently large mass (m,, > m,), the ratio of I',,-,, to
I;,, is approximately

Fe* e Ve

FS Ve

1
~ 40 —4sin*6,, +8sin*4,,) ~ 0.6 4)

From the width calculations above, we can determine the
proper lifetime of vy decay as a function of its mass and
the mixing parameter |U,4|?, as shown in Fig. 3. vy with a
small mass and small mixing parameter can have an ex-
tremely long lifetime, which is evident from Eq. (3). For
the lower left corner (small mass and small mixing para-
meter), only a small fraction of vy decays before reach-
ing our detector on Earth, whereas for the upper right
corner (large mass and large mixing parameter), most of
vy decays within the orbit of Earth.

Because vy itself does not produce detectable signals
in most traditional neutrino detectors (except those de-
signed to detect extremely weak signals such as coherent
elastic neutrino-nucleus scattering, as reported in [13]),
direct searches for vy typically rely on detecting its de-
cay products. These could be either the e*e™ pair or v,
shown in Fig. 2, as illustrated in Fig. 4.
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Fig. 3. (color online) Proper lifetime (7., = 1/Tio) of vy as

a function of mass m,, and mixing parameter |U,|*.
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Fig. 4.
sterile neutrinos: (1) e*e™ pair detection from v, decays oc-

(color online) Two detection methods for heavy

curring inside the detector and (2) v, detection from vy de-
cays occurring outside the detector.

e Method 1: If vy decays inside the detector, we can
search for the e*e™ signal event within the detector.

e Method 2: If vy decays before reaching the detector,
the detectable signal would be a v, event in our detector.

The remainder of this paper explores both methods and
discusses their complementary sensitivity across the full
phase space of m,,, and |U,y[*.

III. METHOD 1: SEARCH FOR v, USING THE
ete” SIGNAL

To estimate the sensitivity of vy searches using the
e*e” signal from its decay, we calculate and present the
event rates for both signal and major background events,
along with the distribution of a key discriminating vari-
able—the total energy deposition spectrum—across the
entire m,, -|U,y|> parameter space under investigation.

The signal event rate can be estimated by calculating
the vy decay rate within the detector. For v, with a pro-
duction rate R, at the Sun (source), lifetime 7, Sun-to-
Earth time of flight #, time of flight inside the detector dr,
and detector solid angle dQ relative to the Sun, the vy de-
cay rate inside the detector is given by

)

To analyze the rate variation across different regions
of the m,,-|U.y* parameter space, we can treat t as the
primary variable of change, as ¢ and dr remain relatively
constant for different m,,, and |U,.4|* values. By taking the
derivative dR/dr of Eq. (5), we find that R increases with
7 until 7=t (approximately 500 s in most cases), after
which R decreases as 7 continues to increase.

Combining this observation with the lifetime distribu-
tion shown in Fig. 3 and source rate (R,) from Eq. (2), we
can conclude the following:
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1. The ratio R/R, (total signal efficiency) peaks near
the 7=500s contour in Fig. 3 and reaches the minima at
both corners (lower left and upper right).

2. According to Eq. (2), R, is maximized in the upper
left corner of Fig. 3 and minimized in the lower right
corner.

3. Consequently, the contour lines of the signal event
rate R in the |U,4|* vs. m,, plane resemble a crest aligned
with the 7=500s contour (approximately diagonal in
Fig. 3), with the maximum at the upper left corner and
minimum at the lower right corner.

The exact values of R in Eq. (5) can be obtained by sub-
stituting R, with the total flux from Eq. (2) and calculat-
ing the time of flight (¢ or d¢) using

- ©)
vH

where D represents the travel distance (Sun-Earth dis-
tance for ¢ or detector size for dr). For a 500-ton spheric-
al detector on Earth, we calculated the expected e*e™ sig-
nal event rates from vy decay across various m,, and
|U,ul? values, as summarized in Table 1. These results are
visualized in the top panel of Fig. 5, showing the expec-
ted crest-like contour pattern in the signal rate distribu-
tion.

The primary background for e*e™ signals from vy de-
cays in solar neutrino detectors comes from the electrons
produced through the elastic scattering of solar neutrinos
with detector materials. The key distinction between vy
signals and solar neutrino backgrounds lies in their final
states: vy decays produce e*e” pairs, whereas back-
ground events generate single electrons.

For Cherenkov detectors, e*e™ pairs can potentially

Table 1. Expected event rate (per year) of e*e™ pairs from
vy — v.ete” decays occurring within the detector, shown for
different mixing parameters |U,,[> and vy masses, assuming a
500-ton neutrino detector.

U M,,/MeV
eH

4 6 8 10 12
10" 9.7x10° 3.8x107 24x10° 0 0 0
102 1.0x10* 1.2x10° 2.4x10° 3.6x 10* 0 0

10° 1.0x10*> 1.5x10* 1.1x10° 12x10° 9.2x10° 2.2

107 1.0 1.5x 10> 1.4x10° 3.7x10° 32x10° 4.5 10
10°° 0 1.5 14.1 43.5 58.0 25.8
107 0 0 0.1 0.4 0.6 0.3
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Fig. 5. (color online) Top: Count rate (per year) of e*e™ sig-
nal from v, decay inside a 500-ton detector on Earth as a
function of m,, and |U,,|*. Bottom: Energy spectrum of e*e™
signal from v, decay, along with the energy spectrum of the
major background (scattered electron in the detector from sol-
ar 8B neutrino). Different values of v, mass are shown, with
|Uenl? =107,

be distinguished from single electrons when their open-
ing angle is sufficiently large. Scintillation detectors,
however, must rely on differences in the total deposited
energy spectra for signal-background separation. Ad-
vanced slow scintillation detectors with directional sensit-
ivity [14] can leverage both energy spectra and opening
angle information to optimize the signal-to-background
ratios.

We now calculate the expected energy spectrum of
e*e” pairs from vy decays and compare it with solar neut-
rino background spectra. The differential width for
vy — e*e”v, decay can be found in [15], which takes the
form

dr

——— =T P 7

dEdCOSO total(fl +§| |f:9 COS@), ( )
where E and 6 represent the energy and emission angle of
v, in the vy rest frame; T 1S the total decay width; f
and f; are functions of m,, and E; 1P| ~ B denotes the vy
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polarization; and ¢ = +1 (=1) for vy (vy).

Using the v, energy spectrum from Eq. (7) in the vy
rest frame, we compute the total e*e™ energy spectrum in
the laboratory frame. The e*e™ spectral shape varies with
m,, , as shown in the bottom panel of Fig. 5. This plot
compares the e*e™ spectra from vy decays (normalized to
the rates in a 500-ton neutrino detector) with the electron
spectra from 8B solar neutrino elastic scattering. Distinct
spectral peaks emerge at the tail of the background spec-
trum for most vy masses, suggesting that precise energy
measurements in scintillation detectors should enable ex-
cellent signal-background discrimination through spec-
tral fitting.

By combining the information from the top and bot-
tom plots of Fig. 5, we expect to observe at least a hand-
ful of vy — e*e7v, events by the detection of e*e™ inside
thedetectorformostregionswhere|U,4|* > 10°and2 MeV <
m,,, < 15MeV. Using the e*e” total energy spectrum, the
Borexino experiment excluded some of the phase space
in the above region of |U,.4|* and m,, using 446 days of
Borexino data [16]. Future solar neutrino observatories
with larger central volumes and direction measurement
capabilities—and therefore better separation of e*e~ from
single electron events—such as the Jinping Neutrino Ex-
periment (JNE) [14, 17], could further extend the sensit-
ivity to vy in these regions.

The uncovered regions in the phase space are the
lower-left and upper-right corners of |U,y[> and m,,, as
shown in Fig. 5, where vy is either too short-lived or too
long-lived, leading to insufficient vy decays inside the
detector. To cover those regions, one must search for vy
that decays outside the detector, for which the only meth-
od is to detect the v, from vy decay, which will be dis-
cussed in the next section.

Furthermore, to obtain the energy and angular distri-
butions of the decay products, we employ MadGraph
aMC@NLO [18] to generate the decay events in the rest
frame of the heavy neutrino (vy — v.e*e™). These events
are subsequently boosted to the laboratory frame by
sampling from the predicted vy energy spectrum (Fig. 1).
As shown in Fig. 6, for the majority of events, the open-
ing angle of the e*e™ pair is sufficiently large to allow
these pairs to be distinguished from background events
containing single electrons. Moreover, as the mass of the
right-handed neutrino increases, the proportion of events
with a larger opening angle also increases.

IV. METHOD 2: SEARCH FOR vy USING THE v,
SIGNAL

For regions of |U,y4|* and m,, where vy is too short-
lived, the majority of vy will decay before they reach the
orbit of Earth. Among the decay products, the only
particle that can reach our detector on Earth is the active
neutrino v,. The v, from vy decay is similar to solar neut-
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Fig. 6. (color online) Distribution of opening angle and en-

ergy of e*e” pairs from vy decay with |U,4* =107. Top:

m,, =4MeV; Bottom: m,, = 10 MeV

rinos, making it challenging to distinguish this signal
from the solar neutrino background. No such search has
been performed with existing solar neutrino detectors
worldwide.

This paper explores two variables to differentiate v,
from the vy decay and solar neutrino background: the v,
energy and direction. The signal v, is from vy decay, and
vy itself is from a solar neutrino by active-sterile mixing;
therefore, the energy of the signal v, should be signific-
antly lower than the original solar neutrino energy. Re-
garding the v, direction, the solar neutrino we detect on
Earth always comes from the Sun, but vy can decay any-
where in space and generate v, that travels to Earth. Con-
sequently, the angle between the v, direction and Sun-
Earth line (6s,,) should be different for the signal and
background.

The calculation of the energy and angular distribu-
tion of v, from the vy that reaches the detector on Earth
begins with the energy and angular distribution of all
emitted v, from vy, as shown in Eq. (7). From Eq. (7), we
simply need to integrate over all vy decay points in space
and all v, emission angles to collect all v, that can reach
our detector on Earth. Fig. 7 shows two typical situations
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Fig. 7.
angle) and 6s,, (solar angle) for v, decay in flight and sub-

(color online) Definitions of angles ¢..,, (emission

sequent arrival of the decay product v, at the detector on
Earth. Different methods of vy decays are shown: vy decay
inside the orbit of Earth (top plot) and vy decay outside the or-
bit of Earth (bottom plot).

of the decay of vy with v, entering the detector on Earth,
where vy can either decay inside or outside the orbit of
Earth. Two angles are defined and illustrated in Fig. 7:

1. v, emission angle ¢qe.y: angle between the direc-
tions of vy and v,. This angle is the same as the angle 6
in Eq. (7) (except that € in Eq. (7) is in the v rest frame,
and Pecay 15 in the lab frame).

2. v, solar angle 0s,,: angle between v, direction and
the Sun-Earth line.

The 3-dimensional integration over all space can be
simplified to a 1-dimensional integration when calculat-
ing the energy and 6s,, distributions of all v, that reach
our detector on Earth. The simplification is based on the
fact that all detectors placed on any point on the spheric-
al surface S with the Sun as the center and the Sun-Earth
distance as the radius should have the same energy and
Osun distributions as those of v,. Therefore, we need to
consider only the decay vertices along a straight line from
the Sun to infinity, integrating over decays where v, in-
tersects with the surface S. The energy distribution of
these intersecting v, corresponds directly to the energy
spectrum of our signal for a neutrino detector. Addition-
ally, the angle between the direction of v, and the line
from the Sun to their intersection gives the desired 6,

10— ; —

108 v, from "B m,, =2 MeV m,, =4 MeV
S — m,,;=6 MeV my=8MeV —— m,,=10MeV

10 m,, =12 MeV

Neutrino Flux (MeV™' cm2 s7)

qoeb et e NN N
0 2 4 6 8 10 12 14 16
Neutrino v, Energy (MeV)
Fig. 8. (color online) Energy spectra of v, from v, decay
that reach the detector on Earth for different values of m,,
with |U,*> =0.1. The plot also shows the energy spectrum of
the background B solar neutrino (black curve).

distribution.

Figure 8 shows the energy spectra of v, from vy de-
cay that reach the detector on Earth. As expected, the sig-
nal v, from this decay is much softer than the back-
ground ®B solar neutrino, peaking below 5 MeV. Distin-
guishing these low-energy v, from background solar
neutrinos is challenging, as the electron energy from the
elastic scattering of ®B also peaks at low energies, as
shown in Fig. 5. A good signal-to-background ratio will
significantly enhance v, detection through charged-cur-
rent interactions (as proposed in [19, 20]), where the re-
coil energy closely correlates with the neutrino energy.

The solar angle 6, distinguishes the signal v, (from
vy decay) from the solar neutrino background. The back-
ground solar neutrinos have a solar angle of zero, as they
originate from the Sun. Figure 9 illustrates the distribu-
tion of the solar angle for the signal v, based on specific
values of m,, and |U,,|*. For a signal v,, there is a small
but significant tail with large solar angles that can exceed
the typical angular resolution limits (around 25°) of
standard detectors. The bottom plot in Fig. 9 shows that
for |U,yl> > 1072, there is a large region with at least 10%
of v, events having a solar angle 6s,,>25° (or
cos sy, < 0.9), allowing them to be distinguished from the
background neutrinos by major detectors capable of dir-
ection measurement.

Considering the v,-electron scattering cross section
(approximately 9.4x107* c¢m? for E,, = 10 MeV), we can
estimate the expected event count rate for detecting v,
signals from vy decay, as shown in Fig. 10. In most of
the phase space where |U.y> > 1072, we expect to ob-
serve at least a few vy events by detecting v, from its de-
cay, using about one year of data from a 500-ton solar
neutrino detector. Unlike Fig. 5, much of this phase space
cannot be explored by searching for e*e™ signals owing to
the short lifetime of v, .

In addition, the solar angle cosine distribution of e~

113003-6



Extending the sensitivity of heavy sterile neutrino searches with solar neutrino experiments

Chin. Phys. C 50, 113003 (2026)

UP=0.1, m,, =4 MeV

"'_‘;; 1010 5 Total
Q‘E 10°E v,, = v, decay inside earth orbit
S 108k vy, = Vv, decay outside earth orbit
x 10°F
5 E
o E
Q E
£ 3
S E
z 10°F
E
2
E
e
E
qo4B e
-1 -08 06 04 -02 0 02 04 06 08 1
v, solar angle cos(8g,,,)
r 1 =
(o2}
=3 S
A
@
)
o
L
el
g
107 o
o i
10 7 8 9 10 11 12

m,, (MeV)

Fig. 9. (color online) Top: Distribution of cosfs,, of v, from
vy decay and subsequent arrival at the detector on Earth with
m,, =4MeV and |U,y4> =0.1. The distributions for v, decay
inside and outside the orbit of Earth are shown separately.
Bottom: Ratio of v, with cosés,, > 0.9 for different m,, and
[Uenl*.
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Fig. 10. (color online) Event rate of v,-electron elastic scat-
tering per year with a 500-ton detector for v, signal from vy
decay.
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from v,-e~ scattering is obtained and presented in Fig. 11.
Based on Fig. 11, it is expected that scattered electrons
with large solar angles are those with low energies (be-
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Fig. 11.  (color online) Count rate distribution of solar angle

cosine and scattering electron energy with m,, =4 MeV and
|U.yl* =0.1. Top: signal v, from v, decay; Bottom: B solar
neutrino background. The background is confined to
cosfsu, = 0.4 by the elastic-scattering kinematics, whereas the
signal populates the full cosés,, range, including the back-
ward (cosfs,, < 0) region.

low 2 MeV for cos(fs.,) < 0.9). At such low kinetic ener-
gies, it remains challenging to utilize the directional in-
formation to effectively distinguish these signals from the
8B solar neutrino background.

V. SENSITIVITIES

To quantify the discovery potential across the para-
meter space, we evaluate the expected sensitivity using
the profile likelihood method with Asimov data sets [21].

For method 1, the signal S; is the e*e” energy spec-
trum from vy — v.ete” decays inside the detector
volume, whereas the background B, is the 3B solar neut-
rino—electron elastic scattering spectrum. Both the signal
and background are convolved with a Gaussian energy
resolution of 5%/ +E[MeV] to account for the detector
response.

We construct an Asimov data set n; = B; and define
the binned Poisson likelihood, as follows:
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L(,p) = HPoisson(ni‘,uS,- +ﬁBi), (®)

where 4 is the signal strength and £ is an unconstrained
nuisance parameter that absorbs the systematic uncer-
tainty in the solar neutrino flux. The energy spectra are
binned with a width of 0.2 MeV, and the fit is restricted to
the window 4.8 < E,, <12.8 MeV (40 bins) to suppress
the environmental and cosmogenic backgrounds (e.g.,
2%8T] and ''C) that dominate at lower energies.

For each point (m,,,|U.xl*), we test the nominal sig-
nal hypothesis (u = 1) against the background-only hypo-
thesis (i = 0) via the profile likelihood ratio [21]

¢ = 21 Z0LA) ©)

L(O’Bo) '

where (3, is the maximum likelihood estimate of 8 for a
fixed u. Under Wilks' theorem, ¢, follows a x* distribu-
tion with one degree of freedom. A parameter point is ex-
cluded at 90% C.L. if ¢, >2.71. The resulting expected
exclusion contour is shown as the solid blue line in
Fig. 12.

To further improve the sensitivity, we also examine
the last analysis in section III, which exploits the opening
angle 6,..- between the electron and positron from vy de-
cay. Neutrino detectors with directional sensitivity such
as JNE can achieve an angular resolution of approxim-
ately 25°", corresponding to cos@,.- <0.9. Therefore,
the e*e” opening angle distribution is smeared with a
Gaussian angular resolution of 25° to account for the de-
tector's directional response. A selection of cos8,.- <0.9
is also applied, and the corresponding improved exclu-
sion sensitivity is shown as the solid cyan line in Fig. 12.

For method 2, which searches for v, from vy decay
via v,—electron elastic scattering, the same statistical ap-
proach is applied using a two-dimensional template fit in
the reconstructed electron energy E, and solar angle
cosfs,,. The signal includes v, from vy decays that un-
dergo elastic scattering in the detector. The background is
the standard ®B solar neutrino elastic scattering, with the
component that oscillated into vy subtracted for consist-
ency. The energy spectrum and angular distribution are
both smeared in a similar way as for method 1. The two-
dimensional template is binned in the reconstructed elec-
tron solar angle cosfs,, (50 uniform bins over [-1,1])
and energy E, (0.2MeV bins spanning the full range).
The expected 90% C.L. exclusion contour from method 2
is shown as the solid orange line in Fig. 12.

o 1
D%) E 500t 1yr (e*e” energy)
—_— 10—1 L —— 500t 1yr (cos8,., cut)
E ——— 500t 1yr (decayed v)
F - - - - 100t 446d (Borexino)
102 TR PIENU
107°%p
104~
1075? -_-.................. [ A
108
SR I RSN ER S R R NI
2 4 6 8 10 12
m, [MeV]
Fig. 12.  (color online) Expected 90% C.L. exclusion con-

tours for a 500-ton detector with one year of exposure. The
solid blue curve shows the sensitivity from method 1 using the
e*e” energy spectrum alone. The solid cyan curve shows the
improved sensitivity from method 1 using the opening angle
6.+~ with the cosf,.- <0.9 selection. The solid orange curve
shows the sensitivity from method 2, searching for v, from vy
decay via elastic scattering. The gray dashed curve is the pub-
lished Borexino exclusion [16]. The magenta dotted curve
shows the PIENU constraint [22].

For comparison, the Borexino constraint, which has
already excluded a portion of the parameter space using
446 days of data [16], is also shown as the gray dashed
curve in Fig. 12. Complementary constraints in this mass
range have also been reported from laboratory 7 — ev de-
cay searches (PIENU) [22, 23], which probe the vy pro-
duced in pion decay rather than in the Sun.

VI. SUMMARY

Solar neutrino experiments, particularly those with
new designs that provide good energy and direction
measurements, are promising for heavy sterile neutrino
searches in the MeV mass range. In this range, vy can de-
cay into an e*e” pair plus an active neutrino v,. This pa-
per presents two methods based on this decay: one fo-
cuses on detecting ample e*e” signals from vy decays
with an intermediate lifetime, while the other aims to find
v, from short-lived vy decays. The estimated signal and
background event yields indicate the complementary
sensitivity of both methods. Key variables to distinguish
the vy signal from solar neutrino events are proposed
along with their distributions. By combining these meth-
ods, it is expected to be sensitive in most of the phase
space with |U.u|* > 107° and 2 MeV <m,, < 15MeV us-
ing the data from a 500-ton detector over one year.

1) For JNE, a slow liquid-scintillator detector, the direction is reconstructed from the Cherenkov component of the light; in the simulations of Ref. [14], an angular
resolution of better than 25° is reached at electron energies above 6 MeV, the exact value depending on the scintillator. The resolution improves at higher energies. A

fixed 25° resolution is adopted for sensitivity estimates in this work.
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