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We study the sensitivity to the decay of a heavy neutral lepton into eþe−-pairs using the solar boron-8
neutrino flux as source. We provide a fully differential cross section for this process including the
interference of neutral and charged current amplitudes. We revisit a previous bound from Borexino and
make predictions for the expected sensitivity in future large liquid noble gas detectors, like XLZD, Argo,
and DUNE, as well as high-resolution scintillator detectors based on the LiquidO technology. We find that
more than two orders of magnitude improvement in mixing angle reach is possible relative to existing
bounds.
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I. INTRODUCTION

The Standard Model contains three neutral leptons,
neutrinos, which we now know to be massive. The invisible
width of the Z-boson excludes additional neutrinos with a
mass below mZ=2 coupling to it with the usual weak
strength. However, neutral fermions that are SM singlets,
i.e., do not couple to the Z, are possible over a wide range
of masses. These hypothetical SM singlet states are usually
called either sterile neutrinos or neutral heavy leptons
(NHL). The absence of a coupling to the Z can be either
due to a lack of the corresponding coupling altogether or
due to the wrong helicity. Apart from not being excluded by
data, theory motivations for the existence of sterile neu-
trinos/HNLs can be found ranging from neutrino mass
generation, over various cosmological anomalies that get
ameliorated to leptogenesis. These new states can mix with
the usual SM neutrinos, and this mixing provides the means
to test their existence in a model-independent way.
If at least one SM neutrino mass states i had sufficient

mass mi > 2me, then the following decay would be
possible N → νj þ eþ þ e− and would receive both a
neutral current (NC) and charged current (CC) contribution,
which interfere. Here, we restrict our discussion to Dirac
case. The decay widths for the Majorana case are twice as
large as for the Dirac case because of the additional
CP-conjugate final states [1,2]. For HNLs this decay is
entirely described by the SM and only the mixing with the
SM neutrinos and the HNL mass are new parameters; we
will derive limits in these two parameters; the corresponding

Lagrangian is

−L ¼ gνeZN þ geþZe−NC; ð1Þ

−L ¼ ge�W∓N þ ge∓W∓νeCC: ð2Þ

In this paper we consider HNLs with m > 2me ≃ 1 MeV
and consider their decay to the final state described above
containing a eþe−-pair. The neutrino source we consider is
the solar flux of boron-8 neutrinos, which extends up about
16 MeV. We first will compute the differential cross section
for this final state, and present a result which correctly
accounts for the NC/CC interference. This final state is quite
different from the elastic scattering Standard Model process
νe þ e → νe þ e boron-8 neutrinos also will undergo. In a
detector like Borexino (or DUNE) these elastic scattering
events present an irreducible background. The signature of
the eþe− final state will be the sum energy of the eþe−-pair
and the annihilation gammas resulting in a distortion of the
energy spectrum. We call this type of analysis calorimetric.
We revisit the previous Borexino limit [1] using the newly
derived cross section and evaluate the potential sensitivity of
DUNE. Here we assume the detectors can be improved to be
sensitive to boron-8 solar neutrinos [3].
However, in a detector with sufficient spatial resolution

and particle identification this final state presents a very
clean signal: the e− and eþ will lead to two tracks and the
eþ furthermore will result in two back-to-back 0.511 MeV
gammas. We will show that the opening angle between the
eþe− is sufficiently large, see the Appendix, throughout the
parameter space to allow for this signature being visible.
The only natural background then is pair production from
high-energy gammas. We call this type of analysis tracking-
based. Future large liquid noble gas detectors made from
xenon, for example XLZD [4] or argon, for example Argo
[5], are obvious candidates for this detection mode as is the
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newly proposed LiquidO scintillation technology [6]. We
also will derive the expected sensitivities using the
tracking-based detection mode.

II. SM DECAYS OF HNL

We note that there are other available decay modes for an
MeV-scale HNL aside from νeþe−, see Ref. [7]

Γ
�
N →

X
α;β

νανβν̄β

�
¼ G2

Fm
5
N

192π3
X
α

jUαj2 ð3Þ

Γ
�
N →

X
α

ναγ

�
¼ 9αEMG2

Fm
5
N

512π4
X
α

jUαj2 ð4Þ

The invisible mode (N → ννν̄) is not included in our
analysis since it leaves no experimentally accessible

signature. Also, we did not include the radiative decay
mode (N → νγ) in our calculation because the radiative
decay time is much longer than the flight time from the core
of the Sun to Earth. For example, for mN ¼ 5 MeV and
jUeHj2 ¼ 1, the decay time is 1010 s. Consequently, the
mass parameter space we are interested in has a lower limit
of 2me.
We calculated the closed-form differential decay width

for our analysis, where we sum over the spins of the final
states and average over the two possible states of N. We
integrate the matrix element over the momenta over the
outgoing electron and positron. Employing the usual
kinematics, we obtain the differential decay width in terms
of Q, the momentum transfer to eþe−-pair and cos θ, the
angle of emission of νe relative to N’s polarization
direction. Putting everything together, we have

d2Γ̄
dl0d cos θ

¼ 2ð1 −Q2Þ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
e

Q2

s
1

Q2
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ð5Þ

where X ¼ ½ðgV þ 1Þ2 þ ðgA þ 1Þ2� and Z ¼ ½ðgV þ 1Þ2 −
ðgA þ 1Þ2�. The term that is multiplied by X is from the
charged-current contribution which agrees with the pre-
vious result in Ref. [8]. The coefficients X and Z are the
result of interference and we believe have not been reported
before in the literature, the detailed expression can be found
in the Appendix.

A. Integrated decay rates

Wewould like to determine the rate at which solar HNLs
decay in a detector on Earth or equivalently, the number of
decays that occur in a specified volume during a specified
time. The number of decays is given as follows:

Ntot ¼ VT ×
Z

dEN
dΦ̃⊙ðENÞ

dEN

mN

pN

ΓejUeN j2
Γtot

e−
D⊙mNΓtot

ENβc ; ð6Þ

where we define the following quantities: VT is the total
exposure, i.e. the product of the detector volume and the
duration of the observation; mN is the HNL mass, EN is its
(lab-frame) energy and pN the corresponding momentum;
Γtot is the total (rest-frame) width of the HNL, Γe is the
width of the N → νeþe−, and Γe

Γtot
is the branching ratio.

Now the inverse decay length of the HNLs is given by
Γtot=ðγvNÞ ¼ ðmN=ENÞðΓtot=βcÞ, and the fraction of HNLs
that survive the journey from the Sun to Earth is e−

D⊙mNΓtot
ENβc ,

with D⊙ ¼ 1.5 × 1013 cm the mean Earth-Sun distance.
This yields a flux per unit area per unit time of HNLs

dΦ̃⊙

dEN
¼ jUeNj2

pN

EN

dΦ⊙

dEν
; ð7Þ

where dΦ⊙=dEν is the standard solar neutrino flux at Earth
(which does not incorporate solar flavor conversion). Note,
the lower bound on the integral in Eq. (6) is given by mN.

B. Differential decay rates

To obtain the experimental signature we need to deter-
mine the differential decay rate in the laboratory frame for
this process. To be able to articulate this, we make note of
the following relationships among the lab-frame and rest-
frame observables. The lab-frame neutrino energy, EνL , is
related to rest frame neutrino energy ϵ via

EνL ¼ γðϵþ β cos θϵÞ ¼ EN

mN
ϵð1þ β cos θÞ:

The maximum outgoing neutrino energy in the rest frame is

Q2 ¼ m2
N − 2mNϵmax ¼! ð2meÞ2

ϵmax ¼
m2

N − 4m2
e

2mN
: ð8Þ
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We further find that cos θ is inversely proportional to ϵ, thus
for ϵ to have a maximum, cos θ needs to have a minimum

ðcos θÞmin ¼
1

β

�
mN

ϵmax

�
1 −

Eeþ þ Ee−

EN

�
− 1

�
: ð9Þ

To calculate the differential decay rate, we need to trans-
form from dN

dEνL
to dN

dE where E is the energy of the eþe−-pair.

Neþe− ¼ NνL ¼
Z

1
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: ð10Þ

In addition, we multiply the time 1
βc that N spends in the

detector per unit length, along with other unit conversions,
such that the spectra describe the eþe− that are produced
inside the detector. With this in hand, we write the visible
energy spectrum arising from the decays of solar HNLs via
N → ναeþe− as follows:

dNeþe−
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1
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e−
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dϵd cos θ
jUeHj2

1

βc
ð11Þ

III. EXISTING CONSTRAINTS ON HEAVY
NEUTRAL LEPTONS

A search for eþe−-decay mode has been previously
conducted by the Borexino collaboration [1] using solar
boron-8 neutrinos with an exposure of 0.122 kt yr. In the
Borexino detector a eþe−-pair cannot be resolved into its
constituents or otherwise distinguished at the event-by-
event level from any other interaction in the detector.
Therefore, the νe þ e− → νe þ e− elastic scattering events
from the boron-8 flux present an irreducible background for
this search, i.e. this is a calorimetric analysis. We take the
electron recoil data from Fig. 4 of Ref. [1] and perform a
binned likelihood fit for signal with this data as back-
ground. In Fig. 1 we compare our result for the same
dataset. Due to the interference of the NC and CC
contributions, our limit is somewhat weaker than the
Borexino one, highlighting that the interference of the
neutral and charged current amplitudes is non-negligible.
There are many terrestrial experiments sensitive to heavy

neutral leptons as well. Here, we briefly summarize the
most relevant constraints on MeV-scale heavy neutral
leptons. For example, there are results of a combined

analysis of superallowed decays from Ref. [9]. In the mass
range of 1–10 MeV the strongest constraints come from
Bugey [10], being the dominant constraint from nuclear
reactors. Previous constraints from reactor experiments at
Gösgen [11] and Rovno [12] have been superseded by this
constraint from Bugey. The pion beta-decay experiment
PIENU [13] is sensitive to the ratio BRðπþ → eþνeÞ=
BRðπþ → μþνμÞ and can find bumps in πe2 decays. A HNL
can imprint itself on muon decay via modifications to the
electron spectrum, i.e., by modifying the Michel parame-
ters. In Ref. [14] the authors studied the impact of an HNL
on observations from the TWIST experiment [15,16]; their
constraint is subdominant to nuclear decays and to PIENU.
We will not address the issue of HNLs as dark matter, see
Refs. [17,18]. Moreover, we acknowledge powerful con-
straints on the existence of HNLs from big bang nucleo-
synthesis (BBN) [19,20] covering the parameter space
considered here. However, these constraints are sensitive
to difficult-to-constrain inputs like the neutrino asymmetry
priory to BBN and thus are complimentary to the results
presented here.

IV. FUTURE SENSITIVITIES

Improvements on the Borexino bound can happen for
two reasons, either an increase in statistics by having a
larger detector and/or by having detectors that can tag
eþe−-pairs and thus can, on an event-by-event basis, reject
the solar neutrino elastic electron scattering background.
Since we have shown that the opening angle of the

FIG. 1. The results of our reanalysis of Borexino data [1]. Our
90% confidence exclusion is shown in a dark gray solid line. The
light red dot-dashed curve corresponds to the 90% confidence
limit published in Ref. [1].
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eþe−-pairs exceeds 50°, tracking of the individual e� is a
viable method to achieve event-by-event identification. The
individual e� tracks are of order several centimeter length
in typical detector media (density of about 1 g cm−3),
therefore dark matter detectors are well suited for this kind
of measurement.
In terms of increasing statistics, size matters and the

largest currently under construction liquid argon detectors
are the ones of the DUNE experiment. The DUNE detectors
in their default configuration are not sensitive to relatively
rare signals at the 10 MeV level. However, in Ref. [3] the
case was made that there is a strong physics case to extend
the sensitivity to lower energies and a concept was outlined
how to do this. We therefore will evaluate the sensitivity
of a low-energy improved DUNE detector. Our analysis
of solar HNL production at DUNE is similar to that of
Borexino data. The expected solar 8B elastic scattering (ES)
signal νe;μ;τ þ e− and CC signal νe þ Ar is digitized from
Ref. [3]. For the expected HNL production, we assume that
there is no additional background. We further assume
100 kton − yr exposure for the liquid argon detector and
above 5 MeV, we assumed 7% energy-independent energy
resolution. The resulting 90% CL sensitivity is shown as
purple, solid line in Fig. 2.
Detectors that can tag eþe−-pairs need to have a high

spatial resolution and a low enough energy threshold to
identify the 2 annihilation gammas with only 0.511 MeV,
each, where the first Compton-scatter events usually have
only fraction of this already low energy. One class of
detectors that can achieve that, are liquid noble gas dark
matter detectors and the third generation of these experi-
ment can reach masses comparable to or exceeding that
of Borexino, e.g., XLZD [4] with 50 tons of xenon and
Argo [5] with 400 tons of argon. These detectors offer
excellent sensitivity to the creation of a eþe−-pair as they
can resolve the resulting tracks originating from a common
vertex. They also usually feature keV-level thresholds and
hence can identify annihilation gammas, thus they can
reliably tag eþe− pairs with high efficiency. The only
background resulting in eþe−-pairs is pair conversion of
high-energy gammas from either natural radioactivity or
cosmogenic events. The noble gases used in these detectors
are practically free from radioactive contaminants and
hence high-energy gammas have to enter from the outside.
Xenon has a very high stopping power for gammas due to
the high atomic number and density and thus, xenon-based
detectors have excellent self-shielding. For argon the self-
shielding is less pronounced due to a lower density and
smaller atomic number, but due to the better availability of
argon compared to xenon, argon detectors tend to be much
larger, compensating for the lower stopping power.
Argon-39 a radioactive, cosmogenic isotope of argon
beta-decays with an energy too low to ever lead to pair-
production. Moreover, for any dark matter experiment

ancient underground argon with a very low concentration
of argon-39 will be used. In principle, argon-39 beta decay
could interfere with the identification of the annihilation
gammas but a detailed detector study is required to address
this question. We assume that close spatial/temporal
coincidence cuts around the two tracks from the eþe−-
pair can practically solve this problem. For the sensitivity
computation we therefore assume that eþe−-pairs form a
separate event sample that is background free. Under these
assumptions the 90% CL sensitivity corresponds to the
detection of 2.3 events. We present limits for 1 and
5 kton − yr total exposures in dashed green, in Fig. 2
corresponding to 10–20 yr of running time.
Finally, LiquidO [6] is a relatively new detector concept

based on stochastic light confinement: in a scintillating
medium where the scattering length is short compared to
the absorption length, scintillation light gets trapped
around its origin. The trapped light can be read out with
wavelength-shifting optical fibers with a spatial resolution
determined by the spacing of the optical fibers. Recently,
prototypes of this technology provided a proof-of-concept
[29,30]. This technology can conceivably be scaled in the
kiloton range. We know little about the performance of
kiloton-sized detectors of this type, but positron-tagging
and tagging of the relatively complex sequence involved in
neutrino capture on indium-115 is advertised [6]. We
therefore, to illustrate the potential of this technology
assume that background-free tagging of eþe−-pairs in
kiloton-scale detectors is possible and show a sensitivity
corresponding to a 25 kton − yr exposure in Fig. 2.

FIG. 2. Exclusions on and sensitivities to the HNL parameter
space [10,21–28]. All constraints are at 90% CLThe gray regions
correspond to various existing constraints and the yellow region
corresponds to future reactor experiments; see text for more
details.
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V. SUMMARY AND OUTLOOK

Heavy neutral leptons are a common ingredient in many
models of new physics and we revisited searches for them in
the mass range where the SM decay into eþe− is inevitable.
We provided a complete expression for the fully differential
decay rate including the neutral/charge current interference.
We then use this expression to compute the rates expected in
Borexino from the solar boron-8 neutrino flux and compare
our result to a previous analysis by the collaboration [1]. We
find indeed that the inference term changes the limit
somewhat. We then proceed to evaluate the sensitivity of
future liquid noble gas detectors, either using xenon or
argon, and compare the expected sensitivity to existing
bounds. We find that a low-energy improved DUNE allows
for a calorimetric analysis similar to what was done for
Borexino and would result in a limit about 30 times more
stringent. Dark matter detectors like XLZD and Argo are
much smaller than DUNE but provide much better spatial
and energy resolution and hence can perform a tracking
analysis. These experiments could improve the mixing
angle sensitivity by about a factor of 30–80 depending
on the exposure. In the case where very large exposures
become possible, for instance by using LiquidO technology,
even better sensitivities can be achieved, improving limits
by more than two orders of magnitude. Any of these
detectors will be built for physics cases independent of
heavy neutral leptons and the Sun will continue to provide
boron-8 neutrinos, therefore, these searches require minimal
resources once the detectors are built.
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APPENDIX A: CROSS SECTION

The charged current result was previously computed by
Shrock [8] and we confirm this earlier result. In the
following we will present the result including the neutral

current and resulting interference terms. The interaction
parts of the Hamiltonian for neutral current (NC) and the
charged current (CC) are

HNC ¼ GFffiffiffi
2

p ½ūνeγμð1 − γ5ÞuN �½ūeγμðgV − gAγ5Þve�

HCC ¼ GFffiffiffi
2

p ½ūeγμð1 − γ5ÞuN �½ūνeγμð1 − γ5Þve�: ðA1Þ

Adding these contribution using a Fierz transformation will
give us the contribution

H ¼ GFffiffiffi
2

p ½ūνeγμð1 − γ5ÞuN �fūeγμ½ðgV þ 1Þ

− ðgA þ 1Þγ5�veg:

To express the transition probability, we write

dΓ¼ dP
T

¼ d3l
2l0ð2πÞ3

Z
d3k

2k0ð2πÞ3

×
Z

d3q
2q0ð2πÞ3

G2
Fð2πÞ4
2

δ4ðqþ kþ l−pÞ
P

spinjMj2
2EN

;

ðA2Þ

where q, k, l, and p are the four-momentum of the outgoing
electron, positron, neutrino and the incoming heavy neu-
trino correspondingly. The 1

2
in the front arises from

averaging over the two possible spin-states of N. The
squared invariant matrix element M is defined to be

M ¼ ½ūνeγμð1 − γ5ÞuNeiðl−pÞx�fūeγμ½ðgV þ 1Þ
− ðgA þ 1Þγ5�veeiðqþkÞxg: ðA3Þ

To evaluate the transition rate dΓ, we need to first evaluateP
spin jMj2 ¼Pspin M

†M, which can be done in two parts
separately for neutrinos and charged leptons, respectively.
Focusing on the neutrino part first,
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X
t

½ūνe ð⃗l; tÞγμð1 − γ5ÞuNðp⃗; sÞ�½ūνe ð⃗l; tÞγνð1 − γ5ÞuNðp⃗; sÞ�†

¼
X
t

ūνe ð⃗l; tÞγμð1 − γ5ÞuNðp⃗; sÞūNðp⃗; sÞγνð1 − γ5Þuνe ð⃗l; tÞ

¼ Tr

�
γμð1 − γ5Þ=lγνð1 − γ5Þð=pþmNÞ

�
1þ γ5=s

2

��
¼ Trfγμð1 − γ5Þ=lγνð1 − γ5Þð=pþmN=sÞg
¼ Trf=lγνð=pþmN=sÞγμð1 − γ5Þg
¼ 8½lμðpþmNsÞν − gμνðl · ðpþmNsÞÞ þ lνðpþmNsÞμ − iϵμανβlαðpþmNsÞβ�
¼ 8½lμaν − gμνðl · aÞ þ lνaμ − iϵμανβlαaβ�; ðA4Þ

where a ¼ ðpþmNsÞ. The final spins are summed over and the initial spin s will give us insights on the angle of emission
of the out-going neutrino νe. Similarly, the charged lepton part is

1

2

X
t0;t00

½ūeðq⃗; t0ÞγμfðgV þ 1Þ − ðgA þ 1Þγ5gveðk⃗; t00Þ�

× ½ūeðq⃗; t0ÞγμfðgV þ 1Þ − ðgA þ 1Þγ5gveðk⃗; t00Þ�†

¼
X
t0;t00

ūeðq⃗; t0ÞγμfðgV þ 1Þ − ðgA þ 1Þγ5gveðk⃗; t00Þ

× v̄eðk⃗; t00ÞγμfðgV þ 1Þ − ðgA þ 1Þγ5gueðq⃗; t0Þ
¼ Trfγμ½ðgV þ 1Þ − ðgA þ 1Þγ5�ð=qþmeÞγν½ðgV þ 1Þ − ðgA þ 1Þγ5�ð=kþmeÞg
¼ þTrfγμðgV þ 1Þð=qþmeÞγνðgV þ 1Þð=kþmeÞg
− TrfγμðgV þ 1Þð=qþmeÞγνðgA þ 1Þγ5ð=kþmeÞg
− TrfγμðgA þ 1Þγ5ð=qþmeÞγνðgV þ 1Þð=kþmeÞg
þ TrfγμðgA þ 1Þγ5ðqþmeÞγνðgA þ 1Þγ5ð=kþmeÞg

¼ þTrfγμðgV þ 1Þ=qγνðgV þ 1Þ=kg þm2
eTrfγμðgV þ 1ÞγνðgV þ 1Þg

− TrfγμðgV þ 1Þ=qγνðgA þ 1Þγ5=kg −m2
eTrfγμðgV þ 1ÞγνðgA þ 1Þγ5g

− TrfγμðgA þ 1Þγ5=qγνðgV þ 1Þ=kg −m2
eTrfγμðgA þ 1Þγ5γνðgV þ 1Þg

þ TrfγμðgA þ 1Þγ5=qγνðgA þ 1Þγ5=kg þm2
eTrfγμðgA þ 1Þγ5γνðgA þ 1Þγ5g

¼ þ½ðgV þ 1Þ2 þ ðgA þ 1Þ2�Trfγμ=qγν=kg þ 2ðgV þ 1ÞðgA þ 1ÞTrfγμ=qγν=kγ5g
þm2

e½ðgV þ 1Þ2 − ðgA þ 1Þ2�Trfγμγνg
¼ 4Xðqμkν − gμνðq · kÞ þ qνkμÞ − 8Yiϵμ0α0ν0β0qαkβ þ 4m2

eZgμν; ðA5Þ
where X ¼ ½ðgV þ 1Þ2 þ ðgA þ 1Þ2�, Y ¼ ½ðgV þ 1ÞðgA þ 1Þ�, and Z ¼ ½ðgV þ 1Þ2 − ðgA þ 1Þ2�. Now, putting them
together we get

1

2

X
spin

jMj2 ¼ 32½ðX − 2YÞðl · qÞða · kÞ þ ðX þ 2YÞðl · kÞða · qÞ − Zm2
eðl · aÞ�: ðA6Þ

To integrate over the invariant matrix element and express the result with Q ¼ p − l, the momentum that goes to the
eþe−-pair, we generally need three identities. In our case, the first two are sufficient. The first identity is

Iαβ ¼
Z

d3k
2k0

Z
d3q
2q0

kαqβδ4ðkþ qþ l − pÞ ¼ π

24

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
e

Q2

s �
gαβQ2

�
1 −

4m2
e

Q2

�
þ 2QαQβ

�
1þ 2m2

e

Q2

�	
ΘðQ2 − 4m2

eÞ;

ðA7Þ
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which can be obtained by using the ansatz Iαβ ¼ AQ2gαβ þ BQαQβ. We will solve for A and B later. Further, we have

I ¼
Z

d3k
2k0

Z
d3q
2q0

δ4ðkþ qþ l − pÞ ¼ π

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
e

Q2

s
: ðA8Þ

In the center-of-mass system, qþ kþ l ¼ 0 and q0 þ k0 þ l0 ¼ mN hold and for the neutrino we also have l0 ¼ jlj, further
we define l · k ¼ l0k0 cos α. Then, the third identity is

I0 ¼
Z

d3k
2k0

Z
d3q
2q0

δ4ðkþ qþ l − pÞðl · kÞ

¼
Z

d3k
2k0

δð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jkþ lj2 þm2

e

p
þ k0 þ l0 −mNÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

jkþ lj2 þm2
e

p ðl0k0Þð1 − cos αÞ

¼ l0
Z

dΩð1 − cos αÞ
Z ðk0Þ2dk0

2

δð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk0Þ2 þ jlj2 þ 2k0jlj þm2

e

p
þ k0 þ l0 −mNÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðk0Þ2 þ jlj2 þ 2k0jlj þm2
e

p

¼ 4πl0

0
B@ ðk0Þ2
2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk0Þ2 þ jlj2 þ 2k0jlj þm2

e

p 

1þ k0þjljffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðk0þjljÞ2þm2
e

p
�
1
CA
������
k0¼−m2

e−2jljmNþm2
N

2mN

¼ 4πl0
ðm2

e −Q2Þ2
8m3

N

¼ π

4m4
N
ðm2

N −Q2Þðm2
e −Q2Þ2: ðA9Þ

Here, the δ4 was split up into a spatial part and a time part so
we can integrate over them by using d3k ¼ jkj2dΩ k0

jkj dk0.
The spin for the incoming heavy neutrino in the center-of-
mass frame is simply ðs⃗·p⃗mN

; s⃗þ ðp⃗·s⃗Þp⃗
2mN

2Þ ¼ ð0; s⃗Þ. For these
identities, the trick is to split up the δ4 like mentioned and to
directly integrate over the spatial coordinates. Since the
interaction has to be timelike we need to integrate consid-
ering only the frame where Q has only the time component
Q̃0. Once integrated, we can transform back into the
original frame. Exploiting Lorentz-invariance and using
the first identity we obtain

Q2 ¼ m2
N − 2mNl0 ⇒ l0 ¼ 1

2mN
ðm2

N −Q2Þ

ða · lÞ ¼ mNl0 þmN js⃗j cos θj⃗lj

¼ 1

2
ðm2

N −Q2Þ þ 1

2
js⃗j cos θðm2

N −Q2Þ

Q · l ¼ mNl0 ¼ p · l ¼ 1

2
ðm2

N −Q2Þ

Q · a ¼ Q · pþmNQ · s ¼ m2
N −mNl0 −mN js⃗j cos θj⃗lj

¼ m2
N −

1

2
ðm2

N −Q2Þ − 1

2
js⃗j cos θðm2

N −Q2Þ:

Once the other identities are applied, we can see that
ðl · qÞ½ðpþmNsÞ · k� has been integrated to become

π

24

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
e

Q2

s �
l · ðpþmNsÞQ2

�
1 −

4m2
e

Q2

�

þ 2ðQ · lÞðQ · ðpþmNsÞÞ
�
1þ 2m2

e

Q2

�	

¼ π

48
ð1 −Q2Þ 1

Q2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
e

Q2

s
½Q2 þ 2Q4 − 2m2

eðQ2 − 1Þ

− js⃗j cos θ½Q2 − 2Q4 þ 2m2ð1þQ2Þ�� ðA10Þ

And ðl · kÞðpþmNsÞ · q is integrated to be

π

48
ð1 −Q2Þ 1

Q2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
e

Q2

s
½Q2 þ 2Q4 − 2m2

eðQ2 − 1Þ

− js⃗j cos θ½Q2 − 2Q4 þ 2m2ð1þQ2Þ��: ðA11Þ

Same as above. Lastly, the third term

π

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
e

Q2

s
m2

eðl · ½pþmNs�Þ

¼ π

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
e

Q2

s
m2

eðmNl0 þmN js⃗j cos θl0Þ

¼ π

4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
e

Q2

s
m2

eðm2
N −Q2Þð1þ js⃗j cos θÞ; ðA12Þ

HEAVY NEUTRAL LEPTON DECAY SEARCHES USING SOLAR … PHYS. REV. D 113, 015046 (2026)

015046-7



where l0 ¼ j⃗lj and s⃗ · ⃗l ¼ js⃗j cos θj⃗lj that defines the angle of emission of νe relative to N-polarization direction s⃗ with
furthermore, p · l ¼ mNl0. Now we put everything back together and write

dΓ
d cos θ

¼ 2πl2dl0

2l0ð2πÞ3
G2

Fð2πÞ4
ð2πÞ6

1

2mN

Z
d3k
2k0

Z
d3q
2q0

δ4ðqþ kþ l − pÞ 1
2

X
spin

jMj2

d2Γ
dl0d cos θ

¼ G2
Fm

5
N

192π3
ð1 −Q2Þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
e

Q2

s
1

Q2
f½2XðQ2 þ 2Q4 − 2m2

eðQ2 − 1ÞÞ − 12ZQ2m2
e�

− js⃗j cos θ½2XðQ2 − 2Q4 þ 2m2ð1þQ2ÞÞ þ 12ZQ2m2
e�g; ðA13Þ

where, as a reminder, X ¼ ½ðgV þ 1Þ2 þ ðgA þ 1Þ2� and Z ¼ ½ðgV þ 1Þ2 − ðgA þ 1Þ2�. Finally, we will change to the format
used by Shrock [8] with the following definitions

Γ0 ¼
G2

Fm
5
N

192π3
;

d2Γ
dl0d cos θ

¼ Γ0jUs1j2
d2Γ̄

dl0d cos θ

d2Γ̄
dl0d cos θ

¼ 2ð1 −Q2Þ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
e

Q2

s
1

Q2
f½XðQ2 þ 2Q4 − 2m2

eðQ2 − 1ÞÞ − 6ZQ2m2
e�

− js⃗j cos θ½XðQ2 − 2Q4 þ 2m2
eð1þQ2ÞÞ þ 6ZQ2m2

e�g: ðA14Þ

Setting up the decay rate, we integrate the momentum
over the initial and final states. The interaction part of the
Lagrangian constitutes four massive dimensions, so overall
we have mass dimension 5. We then pull out m5

N such that
every massive term will be in the dimension of the heavy
neutrino. On the other hand, since we are interested in the
polarization of the initial state, we only sum over the spins
of the final states.

APPENDIX B: ELECTRON AND POSITRON
OPENING ANGLE

We can generally write the kinematics of the three body
decay νH → eþe−νe in four-momentum, independent of
which channel the decay happens through. Then, writing in
Lorentz-invariant form, we will be able to set up the
kinematics equation that can be solved to obtain the
opening angle of the e−eþ pair. To begin with, we denote

the four-momentum of the heavy neutral lepton νH, out-
going neutrino νe, electron e− and positron eþ to be p, l, q,
and k, respectively. The squared of the momentum transfer
to e−eþ is

ðp − lÞ2 ¼ ðqþ kÞ2:

Now, we rewrite everything in the lab frame where
observations are made

m2
H − 2ðEHEν − pHpν cos θÞ
¼ 2m2

e þ 2ðEeþEe− − peþpe− cos αÞ:

Here, we assumed that the outgoing neutrino mass is zero.
The opening angle of eþe− is α and the angle between
νe and νH is θ. Solving the equation for the cosα

cos α ¼ 2me2 þ EeþEe− −m2
νH − 2EHEν − 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
H −m2

H

p
Eν cos θ

peþpe−
;

where Eν ¼ EH − Eeþ − Ee− and pe� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
e� −me2

q
. For the parameter space of interest delineated by the electron mass

and the upper energy of the neutrino flux from the Sun, we have 2 MeV ≤ EH ≤ 16 MeV, which indicates that Eeþ þ
Ee− þ Eν ≤ 16 MeV sets an upper limit on the outgoing energies Eeþ and Ee− . On the other hand, cos θ will be in the range
cos θmin ≤ cos θ ≤ 1, where

cos θmin ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − ðmH
EH
Þ2

q
 

mH
m2

H−4m
2
e

2mH

 
1 −

Eeþ þ Ee−

EH

!
− 1

!
:
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Now, if we fix the four-momentum of the heavy neutral
lepton, the opening angle will depend on the energies of
the eþ and e−. It is natural to expect that when the
Lorentz-boost is larger, the possible minimum eþe−’s
opening angle will be smaller, depending on the direc-
tion of boosting. With careful study of opening angle for
different momenta of νH and νe, we found that the
bigger the three momentum p⃗H is, the smaller α will be.

Note that cos θ does not change the possible smallest α,
it just changes the probability for the occurrence of each
α. For example, if the smallest possible α ¼ 30°, then, a
smaller cos θ results in a higher probability to observe
α ¼ 30°. The smallest possible α we found by varying
all the parameters is approximately α≳ 50°. Therefore,
there will be a clear eþe− signature with two well-
separated tracks.
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