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We study the sensitivity to the decay of a heavy neutral lepton into e*e™-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 m;/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 m; > 2m,, then the following decay would be
possible N — v; +e" + 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
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Lagrangian is
—L = gv,ZN + getZe™NC, (1)
—L = ge*WTN + geTWTy,CC. (2)

In this paper we consider HNLs with m > 2m, ~ 1 MeV
and consider their decay to the final state described above
containing a e " e~ -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
v, + e — v, + 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 e™e™ final state will be the sum energy of the e e~ -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 e™ will lead to two tracks and the
et furthermore will result in two back-to-back 0.511 MeV
gammas. We will show that the opening angle between the
e"e™ 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 ve'e™, see Ref. [7]
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signature. Also, we did not include the radiative decay
mode (N — vy) 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 my =5 MeV and
|U,u|*> =1, the decay time is 10'° s. Consequently, the
mass parameter space we are interested in has a lower limit
of 2m,.

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 e™e™-pair and cos 6, the
angle of emission of v, relative to N’s polarization
direction. Putting everything together, we have

2mz(Q? - 1)) - 620%m;

CC Contribution

X(Q>-20%+2m2(1+ Q%)) + 6ZQ2m§] } (5)

where X = [(gy +1)* + (g4 + 1)’ and Z = [(gv + 1)* -
(ga 4+ 1)?]. 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

We would 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:

_DomyTiot

R (6)

M= VT [ gy Do) Vo
dEy  pn T
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; my is the HNL mass, Ey is its
(lab-frame) energy and py the corresponding momentum;
I 1s the total (rest-frame) width of the HNL, I'¢ is the
width of the N — ve®e™, and 1- is the branching ratio.

lo

Now the inverse decay length of the HNLs is given by
T/ (yvn) = (my/Ey)(Twi/fc), and the fraction of HNLs

_DomyTiot
that survive the journey from the Sun to Earth is e Zv/c |

CC Contribution

|
with Dy = 1.5 x 103 cm the mean Earth-Sun distance.

This yields a flux per unit area per unit time of HNLs
b,
dEy

Pn dq)o

=1U |2E dE,
N

(7)

where d®/dE, 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 my,.

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, E, , is
related to rest frame neutrino energy € via

E, =y(e+pcosbe) = —e(1 + fcosh).

N

The maximum outgoing neutrino energy in the rest frame is

Q2 = mN - 2WlNemax (zme)
m%, — 4m?
= 8
€max 2my ( )
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We further find that cos @ is inversely proportional to €, thus
for € to have a maximum, cos @ needs to have a minimum

1 E++ E,-

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

form from d‘gv to 95 an 7 Where E is the energy of the e™ e™-pair.

N *N*ldeddN”L
et = N T 08y cos “dedcosd

= /l d cos 0/ dE My N,
€08 Opnin EN(I +ﬁCOS 9) ded cos
dN ,+,-

= dE

1 my dNU
= 0 L. (1
/cos Onin dcos EN(I + ﬁ Ccos 9) ded cos 6 ( O)

In addition, we multiply the time 5 that N spends in the
detector per unit length, along with other unit conversions,
such that the spectra describe the e*e™ 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 — v ete™ as follows:

dNe+ dq)o DomN‘mt
/ dEy [()samm dcos ot dEy
dN, 1
“—|Uen|* = (11)
Ey(1 +ﬂcos€) ded cos @ Pc

III. EXISTING CONSTRAINTS ON HEAVY
NEUTRAL LEPTONS

A search for eTe -decay mode has been previously
conducted by the Borexino collaboration [1] using solar
boron-8 neutrinos with an exposure of 0.122 ktyr. In the
Borexino detector a et e -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 v, + e~ — v, + ¢~ 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
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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].

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
Gosgen [11] and Rovno [12] have been superseded by this
constraint from Bugey. The pion beta-decay experiment
PIENU [13] is sensitive to the ratio BR(z" — e¢*v,)/
BR(z" — p*v,) and can find bumps in 7, 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
et e -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
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et e -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 gcm™),
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 ®B elastic scattering (ES)
signal v, , . + ¢~ and CC signal v, + 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 e™e™-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 ete™-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 ete™ pairs with high efficiency. The only
background resulting in e™e™-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

|UeN|2

——-=- Borexino

—-= Tracking, 1 kton-yr
----- Tracking, 5 kton-yr
—— Tracking, 25 kton-yr
—== Calorimetric, 100 kton-yr

1078
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FIG. 2. Exclusions on and sensitivities to the HNL parameter
space [10,21-28]. All constraints are at 90% CL The gray regions
correspond to various existing constraints and the yellow region
corresponds to future reactor experiments; see text for more
details.

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 e*e™-
pair can practically solve this problem. For the sensitivity
computation we therefore assume that e*e~-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 e'e-pairs in
kiloton-scale detectors is possible and show a sensitivity
corresponding to a 25 kton — yr exposure in Fig. 2.
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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 e e~ 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

Gp . —
e = el 1, (1 = vs)un] 9y = gars)ve]

Hee = % [ﬁen(l - YS)MN] [ﬁuei/”(l - 75)%}' (Al)

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

=, (1 =y unl{arl(gy + 1)

V2

—(ga + Dyslve}.

To express the transition probability, we write

dr ="
T

& / &’k
-~ 200027)% ) 2k°(2x)?

" / d’q  Gp(2n)*
2¢°(27)> 2

Zspin|M‘2
2Ey

(A2)

Hg+k+1-p)

where ¢, k, [, and p are the four-momentum of the outgoing
electron, positron, neutrino and the incoming heavy neu-
trino correspondingly. The % 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 = (i, (1 = ys)uye P {a,y,[(gv + 1)

— (ga + Dys|v eitathxy, (A3)

To evaluate the transition rate dI", we need to first evaluate
> spin IM|* = Y- i MM, which can be done in two parts
separately for neutrinos and charged leptons, respectively.
Focusing on the neutrino part first,
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> [, (o) (1= ys)uy (B, )], @ 0 (1 = y5)uy (5, 9)]'

t

= ", (L (1 = ys)uy(p. s)ay(B. s)r* (1 = ys)u,, (I.1)

N Tr{y”(l —rs)l (=) (P +my) (1 +2]/5;(>}

=Te{r"(1 —ys)lr*(L —ys)(# + myd)}

= Te{Jy* (¥ + mn)r" (1 —vs5)}

= 8[l(p +mys)" — g“(1- (p +mys)) + I“(p + mys) = ie"“P1,(p 4 mys) ]

=8[lFa* — ¢**(I-a) + IYa" — ie”"”ﬁlaaﬁ], (A4)

where a = (p + mys). 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 v,. Similarly, the charged lepton part is

22 Aoy +1) = (ga + Drshoe(k.0")
x (i @, r/) {<gv +1) = (g4 + Drshoe(k, )]
=i v+ 1) = (g4 + Drshoo(k.1")

/1
N

x B, (k, )1, {(gv + 1) = (ga + 75 }u (3. 7)
=Tr{y,[(gv + 1) = (g2 + D)ys](d +m.)r.[(gv + 1) = (ga + D)ys](K+ m,)}

= +Tr{y,(9v + D)4 + m.)r,(gv + DK+ m,)}
= Tr{y,(9v + D)(d + m.)r,(9a + Dys(K +me)}
= Tr{y,(ga + Vys(d +m)y,(gy + 1)Kk +m,)}
+ Tr{yu (94 + Drs(g +me)r,(ga + Dys(K +me)}
= +Tr{r,(gv + Ddr.(gv + DI} +mTe{y,(gv + Dy, (gv + 1)}
= Tr{y,(gv + v, (g4 + Dysk} = mTe{y,(gv + Dy, (g9a + Drs}
= Tr{y,(9a + Drsdr.(gv + DK} = mTe{y,(ga + Drsr.(gv + 1)}
+ Tr{y,(ga + Drsdro(ga + Drsky +meTe{y,(ga + Drsy,(ga + Drs}

= +(gv + 1)* + (ga + DATe{y,dr. k} + 2(gv + 1)(ga + 1)Tr{y.dy. Krs}
+mg[(gy + 1)* = (ga + 1) Tr{y,7,}
= 4X(ka gﬂl/(q k) +4q, /4) 8Yl€;4’a’1/ﬂ’q k? + 4m Zg/wv (AS)

where X = [(gy +1)> + (94 +1)°], ¥ = [(gv +1)(ga + 1)}, and Z = [(gy +1)* = (g4 + 1)*]. Now, putting them
together we get

S IME = 32((X ~2Y)(1- g)(a- k) + (X +2¥)(1- K)(a~ @)~ Zm(1 - )] (A6)

spin

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

d*k 4 4m? 2m2
Iap=/2k0/ kpo'(k+q+1=p) =224 1 Q”Z[aﬁQ2< Q2)+2QaQﬁ( ;;)]G)(QZ—M%),

(A7)
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which can be obtained by using the ansatz [,; = Angaﬁ + BQ,04. We will solve for A and B later. Further, we have

&’k 7 4m?
I= *(k I—p)==4/1-—" A8
/ 70 / tqt+l-p)=7 0 (A8)
In the center-of-mass system, q + k +1 = 0 and ¢° + k° + I° = m, hold and for the neutrino we also have I° =
we define 1- k = [°4k° cos a. Then, the third identity is
&’k
I = —54 k I—p)(l-k
55 [Ehstwsari-pu-n
PRSIk 1>+ m2 + k0 + 10—
:/_0 [ AT+ e + 1+ mN)(lokO)(l—cosa)
2K Kk + 17 +m2
k°)2dk® 5(\/ (k%) + 1> + 2k°]1 2RO+ 0
:lo/dQ(I—COSO{)/( ) (\/( )+||+ ||+me+ + mN)
V(K02 + |12 4 2k001] + m?
kO 2
= 4zxl° s - (k) PO
2/GOPH I+ 20 (14 i) | e
— 471_1() (m% - Q2)2
8m3,
T
=l (my — Q%) (mz — 0*)*. (A9)
I
Here, the §* was split up into a spatial part and a time part so ju 4m?2 ) 4m2
we can integrate over them by using d°k = |k|2d£2|%“|dk0. By - 0 - (p+mys)Q°( 1~ 0’
The spin for the incoming heavy neutrino in the center-of- o2
mass frame is simply ("’ s+ & S)pz) (0,5). For these +2(Q-D)(Q- (p+ mys)) (1 + Q;ﬂ
identities, the trick is to split up the 54 like mentioned and to
directly integrate over the spatial coordinates. Since the 5 5 4 _0p2( 0P
interaction has to be timelike we need to integrate consid- ~ 48 (1 ~Q) Q2 Q2 [Q +20% = 2m,(Q° ~ 1)
ering only the frame where Q has only the time component - . 5
Q°. Once integrated, we can transform back into the — [§]cos 0]0% = 20* + 2m?(1 + 0?)]] (A10)

original frame. Exploiting Lorentz-invariance and using
the first identity we obtain

Q> =mk =2myl’ = I° = i —(m% — 0%

(a-1) = myl® + my|5| cos 0]
1

1
L = 0%+ L Flcos ot - 02)
1
01 =myb = p-1= L (n - )
Q-a=Q p+myQ-s=md—myl’ —myl|5|cos6|l|
1
— = L, = 0%) ~ L i cos 00, - 7).

Once the other identities are applied, we can see that
(- q)[(p + mys) - k] has been integrated to become

And (1-k)(p + mys) - q is integrated to be

T 1
s1-2g/1- Q2 0% 1204 - (0 - 1)

— |s]cos 0]Q* = 20* + 2m*(1 + Q?)]]. (A11)
Same as above. Lastly, the third term
\/ “[p + mys])
“ 4o smZ(myl® + my|5| cos 01°)
\/ 4m 1+ |5|cosf), (A12)
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where [0 = |7| and §-1= |5| cos 9|7| that defines the angle of emission of v, relative to N-polarization direction 5 with
furthermore, p - | = myI°. Now we put everything back together and write

dcosf 20002z (27)° 2my ) 240

dr 2712dI° G%(2r) &’k
n m)* / /54 fk41-p Z|M|2

spm

arT GlzpmjsV 4m
— 1 — 2\2 e 2X 2 2 4 _ 2 2 2 _ 1 —127 )
Pdeosd 1922 1 L) Qz{[ (0" +20% = 2m(Q° - 1)) 0*my)

— |5] cos O[2X (Q?

- 2Q4 +2m*(1 4+ Q%)) + 12Z2Q*m?]},

(A13)

where, as a reminder, X = [(gy + 1)*> + (g4 + 1)?] and Z = [(gy + 1)?> = (g4 + 1)?]. Finally, we will change to the format
used by Shrock [8] with the following definitions
Grm3 ar d’T
Ly =4, 3 =TolUal’ —5——
1927 dl’dcos 0 dl’dcos 0

d2f 4 2 1
dPdcoso 20~ Qz)z\/%@{[x(@ +20% = 2m2(Q? - 1)) — 62Q*m?]

— |5 cos 0]X (Q?

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 m3, 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 vy — eTe v, 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~e™ pair. To begin with, we denote

2me* + E,E, — m,%H

=20 +2m2(1 + Q%)) + 6Z2Q*m?]}.

—2ELE,

(A14)

I

the four-momentum of the heavy neutral lepton vy, out-

going neutrino v,, electron e~ and positron e* to be p, [, g,

and k, respectively. The squared of the momentum transfer

to e"et is
(p—1=(q+k)>

Now, we rewrite everything in the lab frame where

observations are made

my; —2(EyE, — pyp, cos )

=2m2 + 2(Ep+ Eo- — o+ Po- COS Q).

Here, we assumed that the outgoing neutrino mass is zero.
The opening angle of e"e™ is a and the angle between
v, and vy is 6. Solving the equation for the cosa

—2+/E} —m%E,cos 6

cosSa =

PetPe

where E, =Ey —E,+ —E, and p,- = 4 /Eii — me?. 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 < Ey < 16 MeV, which indicates that E,+ +
E,- + E, <16 MeV sets an upper limit on the outgoing energies E,~ and E,-. On the other hand, cos # will be in the range

€080, < cosf < 1, where
1 ( my (1 E,. +Ee-> 1)
" i \ )
1- El_:>2 mgmﬁm En

015046-8

oSOy =




HEAVY NEUTRAL LEPTON DECAY SEARCHES USING SOLAR ...

PHYS. REV. D 113, 015046 (2026)

Now, if we fix the four-momentum of the heavy neutral
lepton, the opening angle will depend on the energies of
the et and e~. It is natural to expect that when the
Lorentz-boost is larger, the possible minimum ete™’s
opening angle will be smaller, depending on the direc-
tion of boosting. With careful study of opening angle for
different momenta of vy and v,, we found that the
bigger the three momentum p; is, the smaller a will be.

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