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Two-neutrino double beta decay with sterile neutrinos
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Usually considered a background for experimental searches for the hypothetical neutrinoless double beta
decay process, two-neutrino double beta decay nevertheless provides a complementary probe of physics
beyond the Standard Model. In this paper we investigate how the presence of a sterile neutrino, coupled to

the Standard Model either via a left-handed or right-handed current, affects the energy distribution and
angular correlation of the outgoing electrons in two-neutrino double beta decay. We pay particular attention
on the behavior of the energy distribution at the kinematic end point and we estimate the current limits on

the active-sterile mixing and effective right-handed coupling using current experimental data as a function
of the sterile neutrino mass. We also investigate the sensitivities of future experiments. Our results
complement the corresponding constraints on sterile neutrinos from single beta decay measurements in the

0.1-10 MeV mass range.

DOI: 10.1103/PhysRevD.103.055019

I. INTRODUCTION

Sterile neutrinos are among the most sought-after can-
didates of exotic particles. The main motivation for their
existence is the fact that the Standard Model (SM) does not
contain right-handed (RH) counterparts of the left-handed
(LH) neutrino states participating in electroweak inter-
actions, in contrast to the quarks and charged leptons. Their
absence is purely because they are required to be singlets
under the weak SU(2), and have zero weak hypercharge if
they are to participate in a Yukawa interaction with the left-
handed neutrino states and the SM Higgs. They are thus
truly sterile with respect to the SM gauge group and in this
paradigm can only manifest themselves through an admix-
ture with the active neutrinos. Thus, sterile neutrinos can in
fact be considered to be any exotic fermion that is
uncharged under the SM gauge interactions; unless pro-
tected by some new symmetry they will mix with the active
neutrinos as described above. Hence, sterile neutrinos are
also often referred to as heavy neutral leptons.
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An important feature of their mixing with the active
neutrinos is the resulting impact on the light neutrino
masses. Neutrino oscillations [1] imply that the active
neutrinos have small but nonzero masses. By adding a SM-
singlet, RH neutrino field vy per generation to the SM,
neutrinos can become massive. A so-called Dirac mass
term can be generated through the Yukawa interaction with
the SM Higgs, though the coupling required is tiny with
effects unmeasurable experimentally. In any case, the
sterile states will be allowed to acquire a so-called
Majorana mass, unless protected by lepton number con-
serving symmetry, modifying the spectrum and nature
of neutrinos considerably. This of course refers to the
well-known type I seesaw mechanism [2-6]. The sterile
neutrinos were initially considered to be very heavy
(my ~ 10" GeV) in order to generate the correct light
neutrino masses, but there is now a strong theoretical and
experimental incentive to consider sterile neutrinos at
accessible energies. Figure 1 summarizes the current
constraints on the active-sterile mixing strength |V,y|? in
the regime 1 eV < my < 10 TeV derived from numerous
experiments. The most stringent limits from fixed target
and collider experiments can be found in the mass range
1 GeV < my < 100 GeV, a region motivated by lepto-
genesis models.

Lighter sterile neutrino masses, while challenging to
accommodate due to the constraints from astrophysics, are
still of interest, especially around my ~ 10 keV where
sterile neutrinos may act as warm dark matter. In the
regime 10 eV < my < 1 MeV, nuclear beta decays are
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FIG. 1.

Constraints on the squared mixing strength |V, y|? of the sterile neutrino with the electron neutrino as a function of its mass

my. For simplicity we assume v, to be the only active neutrino. The shaded regions are excluded by the searches and observations as
labeled. They are discussed in Sec. 4 of Ref. [7]. The band labeled “Ovff” denotes the uncertainty on the current upper limit from Ovff
decay searches on a Majorana sterile neutrino. The diagonal black-dotted line labeled “Seesaw” indicates the canonical seesaw relation

|Venl* = m, /my with m, = 0.05 eV.

currently the only laboratory-based experimental method
able to probe sterile neutrinos. Neutrinoless double beta
(Oypp) decay is an exception, setting stringent limits over
the whole range in Fig. 1, but only if the sterile neutrinos
are Majorana fermions—for sterile Dirac neutrinos or
quasi-Dirac neutrinos with relative splittings Amy/my <
10~* [8], the constraints vanish or become weaker respec-
tively. In addition, if the sterile neutrinos in question are
wholly responsible for giving mass to the active neutrinos
via the type I seesaw mechanism, the contributions from
active and sterile neutrinos to OvfBf decay cancel each
other, see Sec. III A. Thus, especially around my ~ 1 MeV,
the current constraints are rather weak, of the order
|V y|? < few x 1073, As mentioned above, the constraints
arise from searches for kinks in the electron energy
spectrum and measurements of the ft value of various
beta decay isotopes, see Sec. III B for a brief review.
This weakening of limits motivates the use of novel
methods to constrain the active-sterile mixing in this mass
regime. In this work we assess the potential of Ovpf decay
experiments being sensitive to kinks in the background
two-neutrino double beta (2vff) decay spectrum caused by
the presence of sterile neutrinos in the final state with
masses my <1 MeV. This is fully analogous to the
corresponding searches in single beta decays but 2uff
decaying isotopes typically have Q values of a few MeV
and are thus expected probe sterile neutrinos in such a mass
range. The 2uf3f decay process is of course very rare so it

may at first seem difficult to achieve high enough statistics.
While 2uff decay is indeed not expected to improve the
limits considerably, the 2uff decays spectrum will be
measured to high precision in several isotopes as Ovfp
decay is searched for in ongoing and future experiments.
The relevant data to look for sterile neutrinos in 2uff
decays will be available, which, generally speaking, can be
used to look for signs of new physics in its own right [9,10].

In addition to a truly sterile neutrino, i.e., one that
inherits the SM charged-current Fermi interaction albeit
suppressed by the active-sterile mixing, we also consider
RH current interactions of the “sterile” neutrino, e.g.,
arising in left-right symmetric models. Such interactions
change the angular distribution of the electrons emitted in
2upp decay [9]. We parametrize all interactions in terms of
effective operators of the SM with a light sterile neutrino,
suitable in 2upf decays with characteristic energies of
<10 MeV.

This paper is organized as follows. In Sec. II we introduce
the effective operators relevant for our discussions. In
Sec. III we briefly review the current limits on the active-
sterile mixing squared |V,y|> with a focus on the mass
regime my ~ 1 MeV. The calculation of the 2uff decay
spectrum with the emission of one sterile neutrino is
described in Sec. IV. Section V introduces our statistical
procedure and presents the estimated current limits and
prospective future sensitivities from sterile neutrino searches
in 2upp decay as our results. We conclude in Sec. VL.
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II. EFFECTIVE INTERACTIONS
WITH STERILE NEUTRINOS

We consider the SM with the addition of a gauge singlet
fermion N, i.e., the sterile neutrino. As we consider the
second-order weak process of 2ufBf decay, we restrict
ourselves to the first generation of SM fermions. For
processes with energies <100 GeV we can describe the
relevant weak processes using the effective SM Fermi
interaction. The sterile neutrino inherits the Fermi inter-
action, but is suppressed by the active-sterile mixing V.
In addition, we allow the sterile neutrino to participate in
exotic RH V + A interactions. The effective Lagrangian
taking into account the above takes the form

r_ Grcosfc
V2

+ eRR.]J]\Q/”JRﬂ] + H.C.,

(14 Ssm) s T 1y + Venit I, + €Lrin' I iu
(2.1)

with the tree-level Fermi constant G, the Cabbibo
angle O¢, and the leptonic and hadronic currents j; =
er'(1=ys)v, ji'k=2er"(1Fys)N and J4 x=ay"(1F7s)d,
respectively. The SM electroweak radiative corrections are
encoded in dgy;. The active-sterile mixing is V,y and the
eyy encapsulate effects from integrating out new physics
giving rise to V + A currents of the sterile neutrino. We
neglect any further effective operators, such as exotic
contributions to the SM Fermi interaction and RH currents
with the active neutrino [9].

In Eq. (2.1), v and N are 4-spinor fields of the light
electron neutrino and the sterile neutrino. They are either
defined to be Majorana fermions, v=v; +v{, N=N% +Ng
(i.e., a Majorana spinor constructed from the left-handed
Weyl spinor and its charge-conjugate) or Dirac fermions
v=v; +vg, N=Np+ N; (a Dirac spinor constructed
from two different Weyl fields). The calculation of 2vf3
decay is not affected by this, i.e., it is insensitive to the
Dirac versus Majorana character. If the neutrinos are
Majorana the constraints from Ovff decay must be
considered.

III. CONSTRAINTS ON STERILE NEUTRINOS

In this section we review the constraints on the active-
sterile mixing strength squared |V,y|*> as a function of
the sterile neutrino mass my. We mainly concentrate on
limits in the 0.1 MeV < my < 3 MeV mass range. This is
because 2vpf decay measurements are only sensitive to
sterile neutrino masses below the Q value of the 2uf decay
process, which is of order Q ~ 1-3 MeV for the isotopes of
interest. The relevant constraints in this range come from
the nonobservation of Ovpf decay, single beta decay
spectra, sterile neutrino decays and cosmological probes.
We will see that the same constraints also apply broadly to
the RH current couplings |e;x|> and |egg|.

As an overview we show in Fig. 1 the existing |V,y|?
constraints over the mass range 1 eV < my < 10 TeV; for
further information on each labeled constraint see Sec. 4 of
Ref. [7] and references therein. It is interesting to note
the relative weakness of the upper limits from single beta
decay experiments in the range 0.1 MeV < my < 3 MeV.
Mixing strengths are nonetheless excluded down to
|Von|> £1077-107 and |V,y|> < 107'4-10""" by Oupp
decay and cosmological probes, respectively. It is crucial
though to emphasize that the former constraints are model
dependent and can be avoided if neutrinos are Dirac
fermions or if the sterile neutrinos are responsible for
the light neutrino mass generation. Cosmological con-
straints rely on modeling of the early Universe and can
be avoided in extended scenarios where the sterile neu-
trinos have exotic interactions with a dark sector [11-14].
This therefore motivates looking at the sensitivities of
current and future 2uff decay measurements but we first
look at the existing constraints within the region of interest
in more detail.

A. Neutrinoless double beta decay

If we consider the active and sterile neutrinos to be
purely Dirac fermions, lepton number is conserved and
Ovpp decay is forbidden. Searches for this decay will thus
not provide constraints on the active-sterile mixing of Dirac
neutrinos.

In the Majorana case, if ng sterile neutrinos are added to
the SM with masses myy, and active-sterile mixing strengths
Vn, (we assume for simplicity a single active state v,), the
inverse of the half-life T(1)72 for the Oypp decay process can

be written using the interpolating formula

@+<p2>i Ve, |
me | me & (p?) +m},

¢ =1

1

0
T172

:GOygi|MOy|2 (31)

Here G% is the phase space factor, g, is the axial vector
coupling, M is the light neutrino exchange nuclear matrix
element and (p?) is the average momentum transfer of the
process [15,16]. By considering a single sterile neutrino
with mass my and neglecting the contribution from the
active neutrinos, the constraint in Fig. 1 is derived using the
current experimental bounds.

If the heavy states are related to the light state by a
seesaw relation, then

ng

(M) =m,, + Z V%N,»me =0,

i=1

(3.2)

must be satisfied. Thus, if the sterile states are lighter than
the Ovf decay momentum transfer, my, < (p?), the OupBp
decay rate vanishes and the corresponding constraint in
Fig. 1 disappears. Sterile neutrinos have been discussed in
the context of Ovff decay in detail in Refs. [7,17-19].
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B. Beta decay

Electron neutrinos are produced in the beta decays of
unstable isotopes via the LH charged-current interaction. If
the active-sterile mixing strength |V,y|?> or RH couplings
leLr|?, |exr|? are nonzero, sterile neutrinos can be produced
if their masses are smaller than the Q value of the
process. For a large enough my the emission results in a
distortion or “kink” in the beta decay spectrum and
associated Kurie plot.

The beta decay spectrum with respect to the kinetic
energy of the emitted electron can be written for a single
sterile neutrino with mixing as the incoherent sum

dre dr(0)

dI™ (my)
=(1—=|V.xP = N
dEe ( | €N| ) dEe

dE,

+ Vel (3.3)

where we neglect the light neutrino masses in the standard
contribution. Due to unitarity, the contribution from the light
neutrinos is reduced by the active-sterile mixing strength.
The sterile neutrino contribution gives rise to a kink in the
spectrum of relative size |V,y|*> and at electron energies
E, = Q — my. Alternatively, in the case the sterile neutrinos
are produced by a RH current, the SM contribution is no
longer reduced as a result of unitarity. This weakens the
upper limits on |e; z|? and |egg|> compared to |V, y|?, though
the effect is negligible for upper bounds below 1072,

Kink searches have been conducted for a variety of
isotopes with different Q values, making them sensitive to a
range of sterile neutrino masses. Shown in Fig. 1 are upper
limits from the isotopes *H [20-23], 2°F [24], 33S [25], ¥Ca
[26], ®Ni [27], %Cu [28], '*4Ce~"*Pr [29] and "¥"Re [30],
assuming there to be a single sterile state. With smaller O
values, *H and !®’Re provide constraints over the
range 1 eV <my < 1keV. It can be seen that “Ca,
%4Cu, "Ce — *Pr and 2°F in the mass range of interest
provide slightly weaker upper bounds (between 10~ and
1072) compared to ®*Ni and S at lower masses.

C. Sterile neutrino decays

A sterile neutrino produced in the beta decay of a
neutron-rich isotope in a reactor or a light element in the
sun can decay before detection via the channels N — vvp
and N — ete v. The former channel is mediated by a
neutral current and the latter via either a neutral or charged
current. The latter also requires the sterile neutrino mass to
be my > 2m,. At tree level (in the single-generation case)
the total decay rate is given approximately by

G
9613

Mt~ 2 x |V on|?m3, (3.4)
where the factor of 2 is present in the Majorana case.
For RH currents, the factor |V,y|* is replaced by |e;g|?

or |€RR|2'

Reactor experiments with neutrino energies ~10 MeV
are sensitive to sterile neutrinos with masses in the
range 1 MeV < my < 10 MeV. Limits have been set by
searches at the Rovno [31] and Bugey [32] reactors. Sterile
neutrino decays were also searched for by the Borexino
experiment [33] which was sensitive to heavy neutrinos
with masses up to 14 MeV produced in the decays of solar
8B nuclei. Borexino enforces the relatively stringent limit
|V n|*> £107-1075 for my ~ 10 MeV.

D. Cosmological and astrophysical constraints

The presence of sterile states with mixing strengths
|V,n|? (and/or the presence of RH currents) has wide-
ranging consequences for early Universe observables.
These include the abundances of light nuclei formed during
big bang nucleosynthesis (BBN), temperature anisotropies
in the cosmic microwave background (CMB) radiation and
the large-scale clustering of galaxies [34]. Deviations from
the standard smooth, isotropic background evolution (and
perturbations around this background) impose severe
constraints—the region between the gray lines labeled
CMB + BAO + H, (an upper limit) and BBN (a lower
limit) is excluded. These limits are highly sensitive how-
ever to the production and decay mechanism of the sterile
state and can be relaxed in certain models.

The main constraint to consider in the 0.1 MeV < my <
3 MeV mass range is the upper limit labeled CMB +
BAO + H,. Via the active-sterile mixing or RH current,
sterile states are populated in the early Universe and they
decouple when the Hubble expansion overcomes the
interaction rate with the SM particles. It is then possible
for these states to decay at later times to produce non-
thermally distributed active neutrinos, modifying the
amount of extra radiation measured at recombination,
AN, beyond the usual value including active neutrino
oscillations, N =~ 3.046. Useful probes include the CMB
shift parameter Rcyg, the first peak of the baryon acoustic
oscillations (BAO) and the Hubble parameter H(z) inferred
from type la supernovae, BAO and Lyman-a data. These
exclude values of my and |V,y|? corresponding to lifetimes
up to the present day, where the condition that N does not
make up more than the observed matter density Qe <
Qpy ~ 0.12h72 also applies. This constraint can be evaded
in exotic models [11-14], for example those that inject
additional entropy and dilute the dark matter (DM) energy
density.

IV. DOUBLE BETA DECAY RATE
WITH A STERILE NEUTRINO

Considering one sterile neutrino N with mass my <
Opp < few MeV and a SM charged-current as in Eq. (2.1)
with additional suppression by the active-sterile mixing
strength V5 allows for the possibility that in 2043 decay
one N is emitted (vNf3p) instead of a U, (we assume that N
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is long lived and does not decay within the detector, thus
being invisible). The final state is different from the
standard 2ypf decay and thus there is no interference
between vNff and 2ufp. There is also no antisymmetriza-
tion with respect to the two different neutrinos in vNpp.
Moreover, a RH lepton current can be also assumed to be
associated with the emission of the sterile neutrino, which
further affects the 2uvpf observables, mainly the angular
correlation of the outgoing electrons.

In order to write down expressions for the 2vff and
vNpp decay rates, including the possibility of RH currents,
let us start with the general expression [35]

dI_‘I — 2(2 - 5ﬂil7j)ﬂ5(Eel + E€2 + El—/l + El_/z + Ef - El)
x Y[R 2dQ,, dQ.,dQ;, dQ;, . (4.1)

spins

where E;, E;, E, = /p;, +m; and E; = \/p; + m;,
(i =1, 2) denote the energies of initial and final nuclei,
electrons and antineutrinos, respectively. The magnitudes
of the associated spatial momenta are p, = |p,,| and
ps, = |Ps,| and m, and m, denote the electron and
neutrino masses. The phase space differentials are dQ, =
d*p,,/(27)*, etc. The symmetry factor in Eq. (4.1) is
(2 - 6ﬂi5j) = 1 if identical neutrinos are being emitted in
the process and (2 — §;,5,) = 2 if they are distinguishable,
|

i.e., in the case of UNfp. Here, the amplitude R? contains
the average contribution from two diagrams with the
neutrinos interchanged, with a relative minus sign if the
neutrinos are identical. Note that in our calculations we
neglect the mass of the light neutrino being emitted and we
retain only the mass my of the heavy neutrino.

After integrating over the phase space of the outgoing
neutrinos, the resulting differential 2uff decay rate can be
generally written in terms of the energies 0 < E, , E,, <
O + m, of the two outgoing electrons, with Q = E; — E,;—
2m,, and the angle 0 <60 <z between the electron
momenta p,, and p,, as [35]

dFZD CZV 2v 2v
dE. dE. doosd o AT B cosO)pe Ee pe,Ee,, (42)
ey e
where

Gﬂm
8z’ ’

e =(2- 55[17./-) (4.3)

with Gy = GpcosO¢ (Gp is the Fermi constant and 0 is
the Cabbibo angle).

The quantities A* and B* in Eq. (4.2), generally
functions of the electron energies, include the integration
over the neutrino phase space,

2 Bk 2 2
A% = A\ B = m2 \J(E, - Ep B, ~ B, — E; ) = m,
my,
xXE, (E;—E;—E, —E, —E;)dEj;, (4.4)
2 EEE 2 2 2
B = \/E —m2 \/(E;—E; - E, —E, —E;)* —m,
my,
X E (E; —Ef—E, —E,, — Ep)dEj, (4.5)
I
where we have used E;, = E;, — E; — E, —E, — E; due  neutrino masses; hence, the main effect of the sterile

to energy conservation and kept the dependence on the
neutrino masses, although in the SM case they can be safely
neglected. In turn, the quantities A% and B?, generally
functions of the electron and neutrino energies, are calcu-
lated below using the nuclear and leptonic matrix elements.

The rate corresponding to vNSf decay then differs only
by the non-negligible mass of the sterile neutrino entering
the neutrino energy and, most importantly, the integration
bounds. Consequently, the corresponding rate can be
obtained from the above by a simple substitution
vy = N, v, — v and neglecting the mass m,. As shown
later in this section, in the standard case with only LH
lepton currents the quantities A% and B* do not depend on

neutrino mass is the shrunk electron energy distribution
given by the effectively smaller Q value, now given by
Q:Ei—Ef—2me—mN.

In our calculations we take the S;/,, spherical wave
approximation for the outgoing electrons, i.e.,

wi(p.) = <f+1(g;§i:>-)§e)xs)'

Here, p, = p./|p.| denotes the direction of the electron
momentum, y, is a two-component spinor and g_; (E,) and
f1(E,) stand for the radial electron wave functions
depending on the electron energy E,. As commonly done,

(4.6)
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we approximate them with their values at the nucleus’
surface, i.e., at distance R from the center of the nucleus.
The neutrinos, being neutral, can be simply described as
plane waves in the long-wave approximation,

ED + mu( Xs )
26, \ghaxs )

w(p,) = (4.7)

A. Purely left-handed currents

The standard contribution to 2v4f decay given by the
first term in the Lagrangian in Eq. (2.1) has been studied in
great detail [36,37]. Sticking to the formalism outlined
above, the decay rate is described by the functions

1
Ay = { R -+M) = M8 + M)

3 1 2
3 RO -+ 3Rty )|

A2 A(E) + AR Ee) +AE. (39
and
B30 = {3 R ME +M5) = (Ml + M)
- ot - ey + S oty - |}
X Af1(Ee ) f1(Ee,)g-1(Ee,)g-1(Ee,). (4.9)

where we define Fermi and Gamow-Teller nuclear matrix
elements

[E,— (Ei+ Ef)/2) — ek,
(4.10)

Mz Gr = meZMF,GT(n)
n

The electron mass m, in the above expression is inserted
conventionally to make the nuclear matrix elements dimen-
sionless. The lepton energies enter in Eq. (4.10) through the
terms

€k (Eez +El/2 _Ee _ED])’

1

=~ (E,, +E;, —E,, —E;), (4.11)

2

NI»—iN\»—

which satisfy —Q/2 < ex; < Q/2. In case of 2ufp decay
with energetically forbidden transitions to the intermediate
states, E, — E; > —m,, the quantity E, — (E; + E;)/2 =
Q/2+ m, + (E, — E;) is always larger than Q/2.

The above expressions may be further simplified using
several well-motivated approximations.

1. Isospin invariance

Neglecting the isospin nonconservation in the nucleus,
the double Fermi nuclear matrix elements vanish, i.e.,
ME = ML = 0. Therefore, Egs. (4.12) and (4.13) then,
respectively, acquire the approximate form

1 1
Al gt [<M£T+Mén2 !

: ;0 |

x[g2(Ee,) + [1(Ee o2 (Eo,) + fI(EL,)] (4.12)
and
1 1
B0 | (V15 + ME? + 5 (M8 M|
X 4fl(Eel)fl(Eeg)g—l(Eel)g—l(Eez)' (413)

2. Nuclear matrix element dependence
on lepton energies

If we neglect the dependence of nuclear matrix elements
on gx 1, the nuclear and leptonic parts can be separated and
we get

A ~ GiMEr[921 (Ee,) + [1(Ee )92 (Ee,) + f1(Ee,)].
(4.14)

Bélfv[ ~ gAM2GT4f1( ey )fl (Eez )g—l (Eel )g—l <Eez)’ (415)

with the Gamow-Teller nuclear matrix element now
defined as

Y (OF 1 mmom L7
o mz E,— (E;+Ef)/2

owl07)

(4.16)

A better approximation is obtained by Taylor expansion
of the nuclear matrix elements in the small parameters ey ;
[37]. Keeping terms up to the fourth power in e ; gives

Ay~ g4 |:(MGT—1)2 +(ek+€})Mgr_1Mgr_s

1
+§€%<€% (Mgr_s3)*

1
+ (ek +e7) <MGT—1MGT—5 +§(MGT—3)2> }

x[g21(Ee)) + F1(E)NF 1 (E) + f1E,)]. (417)

and

055019-6



TWO-NEUTRINO DOUBLE BETA DECAY WITH STERILE ...

PHYS. REV. D 103, 055019 (2021)

By ~ ga |:(MGT—I )? + (ex + €1 )Mgr_ 1 Mgr_s

4
+ §€%(€% (Mgr_3)?

+ (ex +€1) <MGT—1MGT—5 + 15_8 (MGT—3)2>:|
X 4f1 (Eel)fl (Eez)g—1<Eel)g—1<Eez)' (418)

Here, the nuclear matrix elements introduced are defined as

Mgr-y = Mg, (4.19)
4Mgr(n)
Mgrs = mez (En—(E + E,)/2) (4.20)

1
Ay = 4{ [g‘é(M’f - ME)* 43

16M gr(n)

Mgr_s = SZ (E, - (E + Ef)2)°°

(4.21)

This is the approximation we employ in our later numerical
analyses.

B. Contribution with a right-handed current

The nonstandard contribution to 2uff decay involving
the RH currents proportional to the eyp coupling, as
appearing in the Lagrangian in Eq. (2.1), was calculated
in Ref. [9]. The corresponding functions A% and B%
entering Eq. (4.2) read

1
A (MEy = Mg |+ | (M1F + M2 + 5 05y + Mt 2

><{[gzluzel)+f%<Eel>Mg%1<Eez>+f%<Eez>] PA(E) - FEE <ez>—f%<Ee2>1’"”’"”}
2 ot O = M7 = S 4 018~ M) = [ O + M - S 8y + vt |

2R (MK — MEYME, — ML) + (MK + ME)(ME, + ML) }

{121 (E) = RUEIE (Be) = B+ 2 (Bo) + AE R (Ee) + AE) o] (422

[ 2 4/]

Here, the dependence on the electron radial wave functions has been made explicit. Likewise, the terms proportional to
P; - P> = cos @ combine to give

5 mymy 8
B: :{ (M + M) = (ME = MiP] =g+ g 9al(MGr = Mr)® + (MGr + Mgr)’

mymy

+§ Gal(MEr + MEr)? (MgT_MéT)Z]E E,

4
+§9%/gfx[(M§ - ME)(ME — MEr) + (MF + ME)(ME, + MGT)] E

8
- S RAIME - M) (M -

X 4fl (Eel )fl (Eeg)g—] (Eel )g—] (Eez)’

ML) + (ME + ML) (MK, + ME, }

(4.23)

In Egs. (4.22) and (4.23), the terms proportional to m,my are small, as one of the emitted neutrinos is still assumed to be the
light with m, < 0.1 eV. As in the SM case, for the purpose of numerical computations we approximate the above
expressions with their Taylor expansions up to the fourth power in the small parameters eg ;.
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C. Decay distributions and total rate

The kinematics of the electrons emitted in the decay is
captured by the fully differential decay rate expressed in
Eq. (4.2) depending on the (in principle) observable
electron energies E, , E,, and the angle & between the
electron momenta. All the information is contained by
the quantities A% and B? presented above both for the
standard LH [Egs. (4.12) and (4.13)] and the exotic RH
[Egs. (4.17) and (4.18)] case. The following values of the
physical constant are used in our numerical computations:
Gs=1.1363x10""MeV~2, a=1/137,m, = 0.511 MeV,
m, =938 MeV, R =1.2A'3 fm (nucleon number A =
100 for molybdenum), Q('Mo) = 3.03 MeV, gy = 1.
Since quenching of the axial coupling g, is expected in
the nucleus [38], we take g4, = 1 instead of the usual value
ghueleon — 1,269 for a free neutron. Further, we use the 2u34
decay nuclear matrix elements from Ref. [37], as shown in
Table I.

With all the above ingredients we can now calculate the
total decay rate as well as various decay distributions
potentially observable in 2v3f decay experiments.

1. Total electron energy and single electron energy

The 2upf decay experiments measure primarily the
distribution with respect to the total kinetic energy of
the outgoing electrons, i.e., dI'?/dEyx with Ex = E, +
E, —2m,—m, —m,,. Here, m, , denotes the masses of
the emitted neutrinos, which can be safely neglected in the
SM case, but we consider also a contribution involving a
heavy sterile neutrino, in which case one of the masses
becomes non-negligible and we denote it my. We also
neglect the recoil of the final state isotope which would
change the end point by ~Q?/M < 0.1 keV, with the Q <
3 MeV and the mass of the nucleus M =~ 76-136 GeV.
Some experiments capture the energies and tracks of
individual electrons, thus allowing for study of the single
electron energy distribution dI'*/ dE, (the symmetry of
the process ensures the distribution with respect to the
second electron is identical) and the double differential
distribution dI'*/(dE, dE, ). These distributions are cal-
culated from Eq. (4.2) as

TABLE 1. Nuclear matrix elements calculated within the pn-
QRPA with partial isospin restoration [37] assuming the effective
axial coupling g4 = 1.0.

Isotope M%. M%, M2,
%Ge 0.111 0.0133 0.00263
82Se 0.0795 0.0129 0.00355
100Mo 0.184 0.0876 0.0322
136X e 0.0170 0.00526 0.00169

dar* 1 dar
_— = / dcos)————,
dE, dE,, 1 dE|dE,dcos

szy _ \/'E,—E/‘mul —my,~E,, dEez dl—QU ’
dEe1 m, dEe]dEe2
dl"2l/ E [Emax dl—Qb
= T’;/ U dE———. (4.24)
dEx  ER* Jo dE, dE,,
where in the latter
Ex Ex
E‘el :EK_WE+me’ EeZZE?aXE—'_mE’ (425)

and ER* =FE; — E; —2m, —m, —m,,. We neglect the
light neutrino masses m,, = m,, = 0 in the SM case and
retain only the heavy neutrino mass in the sterile contribu-
tion, m, = my,m,, = 0. Given the fact that most experi-
ments provide only the 2upf decay distribution in
dependence on the total kinetic energy of the electrons, in
the following analysis we focus primarily on this observable.

The kinematic end point of the summed electron energy
spectrum of vNpf decay with an emission of sterile
neutrino is of primary interest as it leads to a distortion
in the spectrum as the main experimental signal. Here we
note that the quantity A* in Eq. (4.17) depends only
weakly on the heavy neutrino mass my as in the Taylor
expansion in the parameters ex ; the leading term, which is
free of my and the lepton energies, is the dominant one. By
restricting our consideration only to this leading term for
the sterile neutrino with left-handed current we can express
the energy spectrum as

dr*  Eg
dEx — ER™

f(Ex)Fn(Ek, my), (4.26)

with

E?ﬂx
f(EK) = CZugle%;T—l A pe]EelpezEez (ggl (Eel)
+ fH(E)) (g2 (E,,) + f1(E,,))dE,

where E, and E,, are expressed in terms of Ex and E
according to Eq. (4.25). The shape of the distribution near
the end point is determined by the function

(4.27)

1
Fy(Eg.my) = — 1/ (y + my)? —m3,

60
X [=8my = 9(y + my)?m3, + 2(y + my)*]
1
+ 1 (v 4 my)m),
(y + my)* = my,
my

x In

’

‘(ermN)Jr

(4.28)
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FIG. 2. Kaurie-type expression K(Ey, my) = FIIV/S(EK, my) for
vNpp decay as a function of —y — my, for various values of the
neutrino mass, my = 0, 0.2, 0.5, 1.0, 1.5 MeV.

with y=ER*—Er (O<y<ER*=0Q—my). For my =0,
this function reduces to Fy(Eg,0) = (EB* — E¢)3/30,
leading to the well-known scaling of standard 2uff decay
near the end point.

In analogy to the construction of the Kurie function in
single f# decay we introduce the vNff decay equivalent

dl'™ /dEg Eg™
f(Ex) Eg

1/5
) — (Fy(Ex.my))',

(4.29)

Kl = (

which is plotted in Fig. 2 as a function of —y — m near the
end point for various neutrino masses. We see that IC(E) is
linear near the end point for zero neutrino mass (my = 0).
However, the linearity of the Kurie plot is lost if the sterile
neutrino has a nonzero mass with the deviation from the
straight line depending on the magnitude of my.

Near the kinematic end point Ex < ER*™* = Q — my, the
function Fy(Eg, my) asymptotically approaches

2u
7 & FN(EIO mN)

dEy
16v2

3/2 EDax _ p 7/2
ey 105 " (ERT - E0T

(4.30)

Hence, the total electron energy spectrum of vNff is rather
smooth near the end point, unlike in the case of single j
decay. Therefore, no sharp kink is expected to appear in the
total energy spectrum including both the SM and the sterile
neutrino contributions.

2. Angular correlation factor and total decay rate

The integration over the electron energies leads to the
equation

dFZz/ F2u
dcos@ - 2

(1= K*cos0), (4.31)
describing the angular distribution of the decay. Here, I'**

denotes the total 2 decay rate and K?* = A% /T"?* stands
for the angular correlation factor, which are given by

rz Coy [EiTEf—me
(AZU) :m[n dEelpelEel
e e

E~E;-E,, A%
x / dEezpezEQ(Bzy). (432)

As the inclusion of RH current leads to the opposite sign of
the angular correlation of the emitted electrons [9], it can be
also used to distinguish the corresponding contributions, as
analyzed in the following section.

V. CONSTRAINTS ON STERILE
NEUTRINO PARAMETERS

We will now use the differential 2vf decay rates derived
in Sec. IV to exclude regions of the sterile neutrino
parameter space—namely, the sterile neutrino mass my
and mixing with the electron neutrino |V ,y|?. To do this we
will first outline a simple frequentist limit setting method.
We will then use the nonobservation of deviations from the
SM 2upf decay spectrum by Ovpf decay search experi-
ments such as GERDA-II, CUPID-0, NEMO-3 and
KamLAND-Zen to put upper limits on |V,y|? as a function
of my. We will also estimate upper limits from the
forecasted sensitivities of future Ovff decay experiments
such as LEGEND, SuperNEMO, CUPID and DARWIN.
Finally, we will compare these upper limits to existing
constraints in the 0.1 MeV < my <3 MeV range from
single beta decay probes (**Cu, '**Ce —**Pr and ?°F) and
sterile neutrino decays (Borexino) as discussed in Sec. IIL.

A. Statistical procedure

To obtain upper limits on the mixing |V,y|> we follow
the standard frequentist approach of Refs. [1,39]. Firstly,
we define the total differential 2uf3f decay rate as the
incoherent sum of the sterile neutrino and SM rates for
a given sterile mass my and total kinetic energy
Ex =E, +E, —2m,,

dr(€)

dl—*2z/
— (1 =V . 2)2=SM
( | eN| ) dEK

drzzi(mzv)

1=V D) IVonl? ,
+( | eN| )| eN| dEK

(5.1)
explicitly writing the dependence on active-sterile mixing
|V,.v|>. The total differential rate depends on the sterile
neutrino parameters & = (my, |V,y|?) and Eg. Here, the
contribution dI'3 /dEy due to the sterile neutrino includes

055019-9



BOLTON, DEPPISCH, GRAF, and SIMKOVIC

PHYS. REV. D 103, 055019 (2021)

0.67 — 100 ] 2v
Mo — dI /dEg
— Xe - \V(N\Zdl‘?\’,’/dE,(

37
041
=
<
)
=
~
a
R
g —20
s —40\
g
A —60

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Ey [MeV]

FIG. 3. Total differential 2y decay rate (solid) and the
sterile neutrino contribution (dashed) with my = 1.0 MeV and
[V.n|*> =0.5 for the two isotopes '“Mo (purple) and '3%Xe
(blue). Both distributions are normalized to the SM decay rate.
The vertical dotted lines indicate the respective Q values and the
panel at the bottom shows the corresponding percentage devia-
tions from the SM rate.

a factor of two compared to the SM contribution, as
two distinguishable neutrinos are emitted in the process,
cf. Eq. (4.1).

In Fig. 3, the total differential decay rate in Eq. (5.1) is
compared to the sterile neutrino contribution |V,y|*-
dr'%/dEy (where both are normalized to the total SM
decay rate I'%,) for the isotopes Mo and '36Xe. The
respective Q values of the isotopes are indicated by the
vertical dotted lines and the values my = 1.0 MeV and
|V.n|?> = 0.5 are chosen. In the panel below we show the
corresponding percentage deviation of the total differential
rate from the SM rate,

1). (5.2)

It can be seen that the magnitude of dI'**/dEy decreases
with respect to the dI'%,/dE as the total kinetic energy
increases, eventually plateaulng at around —10%. This is
because the sterile neutrino contribution |V, [>dl'% /dEg
falls as Eg increases above ~1.0 MeV. Eventually its
contribution is negligible, but there remains a suppression
from the (1 — |V,y|?) factor multiplying the SM contribu-
tion, which is particularly sizeable for the choice
|V n|?> = 0.5.Itis apparent from Eq. (5.2) that the deviation
tends to a factor of —|V,y|?. The characteristic signature of
the sterile neutrino is a relative increase of the differential
rate for Ex < O — my.

Any experiment measuring the 2/ decay spectrum will
count a number of events N, distributed over a number
of bins Ny, in the total kinetic energy Eg. In the presence

dEx dEx ) dEx "N \dEy' dEx

of a sterile neutrino, the expected fraction of events AN, ng
per bin will be the integral of dI"** /dEy over the width of

the bin from the total kinetic energy E; to E; .,

: 1 Eiy dar
AN, = —/ dEL S 5.3
P N E, K d EK ( )
where the normalization factor A is
N / e dr (5.4)
B Emin K dEK ’ .

i.e., the total area enclosed by dI'* /dEy between kinetic
energies E.;, and E_ ... The total number of expected
events per bin will then be

® +N() Nevents'ANg&)p?

NéQp = N51g bkg (55)

where we have also split the expected number of events into
the number of signal and background events as

i Neven Eiy arz  Jarz
N() evel [g|VeN|2/ dEK< N _ SM)’ (5.6)
E;

518 N dEx  dEg
. 2v
(i) Nevents Eis dFSM
Ny =——— dE . 5.7
bkg N Ei K dE K ( )
The probability of the experiment observing N(()gs events

per bin glven Néx)p expected events is the Poisson proba-

bility P( obs ]Nexp) The likelihood of the data D given the
sterile neutrino hypothesis, L£(DI|€), is defined as the
product of the Poisson probabilities over all bins. It is
more convenient to write the log-likelihood

—2log L(D[§)
mes

(i) N
_22{ exp §) N0b5+N IOg<NT(§)>}

exp
o 3 (Vo = Nes(6))°
i cxp (f)
where the second equality holds via Wilks’s theorem if

there are a large number of events per bin [40]. From this
we can construct the test statistic

(5.8)

—log L(D}§)). (5.9)

qe = —2(log L(D[§)
where é are the values of the sterile neutrino parameters that
minimize the log-likelihood function. The quantity g, is
expected to follow a y? distribution with one degree of
freedom.
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We assume that the experiment does not observe a
spectrum deviating significantly from the SM prediction.
We therefore set the number of observed events in Eq. (5.8)
to N (()lb)s = Ng()p(é) with & = (my,0). In reality, however,
the experiment could be repeated many times and record a
different value of Né’gs each iteration. This fluctuation
can be imitated by running a series of toy Monte Carlo
simulations of the experiment. For every toy Monte Carlo
there is a value of e with the relevant test statistic
becoming the median of these values. A representative
data set is commonly used as a good approximation of the
Monte Carlo method in the large sample limit [41]. This is

the so-called Asimov dataset D, for which the observed
(i)

number of events per bin N

equals the number of
background events Nf)'lzg [42]. The & that minimizes the
log-likelihood to —2log £(DA|€) = 0 is then simply & =
(my,0) which matches our initial approach.

The magnitude of the test statistic g¢ = —21og L£(D, [€)
translates to a degree of compatibility between the Asimov
dataset and the sterile neutrino hypothesis with parameters
&= (my,|V,y|?). For example, if both parameters are
allowed to vary, combinations of the parameters giving
ge 2 4.61 are excluded at 90% confidence level (C.L.).
Rather than performing a two-dimensional scan of the
parameters, we instead fix my for values over the range
~0.1-3 MeV and find the value of |V,y|*> for which
ge = 2.71, corresponding to the 90% C.L. upper limit
on the mixing.

Finally we note that we have not yet included the effect
of systematic uncertainties. Systematics altering the total
number of observed events without leading to distortions in
the spectrum can be accounted for by introducing the
nuisance parameter 5

o (N = (14 )N (6))° :
—_ ~ . - i
2log L(D 57'7)"2: (602 + (oll))? +( ) ’

where o, is a small associated uncertainty. The remaining

systematic uncertainties are included in the quantity

aﬁQs = O’ng;)p which adds in quadrature with the
statistical uncertainty (65&)2 = N((:Qp in the denominator
of Eq. (5.10). The test statistic becomes

A

qg = —2(log L(D £.7)).

g? 72]) - 1Og£(D

(5.11)

where 1:7 minimizes the log-likelihood for a given € while &
and # are the values at the global minimum of the log-
likelihood. For the Asimov dataset the parameters at the
global minimum are &€ = (my.0) and # =0 such that
—2log £(D|E,7) = 0. The test statistic then reduces to

g¢=min

|:Nbi“s(Nl(fk)g—(1+77)N<(3Qp(§))2+ ('7)2]’ (5.12)

() 4 (o2 o

n

which will be used to derive constraints in the next
subsection.

We note that the critical uncertainty is that of the
experimental measurement of the 2uf3f decay rate and
not that in theoretical calculation of the corresponding
nuclear matrix elements. This is because both the SM 2v4f
decay and the one involving a sterile neutrino (vNSf) have
the same nuclear matrix element and depend e.g., on the
axial coupling strength g, in the same way, at least to a very
good approximation as detailed below. Thus, while the
individual decay rates have a large theoretical uncertainty,
e.g., considering a range of 0.7 < g4 < 1.27, their ratio is
largely unaffected and one may use the experimental
measurement to set the overall scale.

The heavier mass of the sterile neutrino does influence the
energy denominators in Eq. (4.11) which changes the matrix
elements as a subleading effect. This mostly affects differ-
ential decay properties, such as the electron energy spec-
trum, but it is essentially negligible for the sterile neutrino
case with a left-handed current. This is because the distinc-
tive feature, the different energy threshold for the vN 3 case,
is unaffected: its location is determined by kinematics and its
shape is already smooth, «(Q — my — E)”/?, with small
corrections having no discernable effect within the exper-
imental energy resolutions considered. In other words, there
is no sharp threshold (as in single # decay) which is in danger
of being washed out due to corrections.

The same procedure can be applied to place upper limits
on the RH current couplings |e;x|> and |egg|*. As seen in
the previous sections, the RH current modifies the total
kinetic energy distribution to

dTQu § dFZu
4() = SM lexr|?
dEx ~ dEg

7
M’ (5.13)
dEg
where the SM contribution is no longer reduced by the
sterile neutrino mixing. The RH current also modifies the
angular distribution to Eq. (4.31) with the total rate I'** and
the angular correlation factor K% given in terms of SM and
RH current contributions as

2

Fzy(f) = Agfvl + A12\7(mN)|€XR )
KZI/(&) — Bé?V[ + Blz\y(mN)|€XR|2 .
Aélyvl +A12\/U(mN)|€XR|2

(5.14)

Assuming |exg|? < 1, K can be Taylor expanded as

K> (&) ~ K3y + a(my)|exg

2, (5.15)

where the SM contribution and RH current contributions,
respectively, are
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FIG. 4. The approximate factor a(my) multiplying the RH
current coupling |eyg|? yielding the sterile neutrino contribution
to the angular correlation factor K for $2Se (red) and '"“Mo
(blue).

BZu B2u(m )_KQI/ Azb(m )
K= almy) == SR (5.16)
SM SM

The SM values are K%, = —0.627 for 1Mo and K%, =
—0.631 for ®°Se (the isotopes of experiments that are
sensitive to the angular correlation factor, NEMO-3 and
SuperNEMO, respectively). The a(my) factors are plotted
for 32Se (red) and Mo (blue) in Fig. 4, which also
indicates the values at my = 0. The factor a(my) is
positive, indicating a change of the angular distribution
away from the back-to-back configuration of electrons in
the SM V — A case. It is maximal for my =0 and is
suppressed to zero as my approaches the Q value.

Using the measured total kinetic energy distributions
from all 2uBB decay experiments, the & = (my, |exg|?)
parameter space can be constrained in the same was as
(my, |V.y|?) described above, i.e., using the test statistic in
Eq. (5.12). In addition, the experiments NEMO-3 and
SuperNEMO will measure a certain number of events N (()'b)s
distributed in bins of the cosine of the angle, cos . We can

TABLE IL.

estimate the total number of signal plus background events

NéQp in each bin by integrating over the angular distribution
Eq. (4.31). We can then compute the test statistic in
Eq. (5.12) to put an additional constraint on the & parameter
space.

B. Results

A selection of current and next generation Ovff decay
search experiments measuring the 2uff decay of isotopes
7Ge, 82Se, 19Mo and !39Xe are shown in Table II. Listed
are the exposures, total number of events Ny, €nergy
resolutions AE and estimates for the parameters o, and o
quantifying the uncertainties on the nuisance parameter 7
and from other systematic effects, respectively. Values are
taken from the list of references given for the experiments.
For each experiment we make use of Eq. (5.12) to set an
upper limit on the active-sterile mixing |V ,y|* as a function
of the sterile neutrino mass my.

Figure 5 (left) shows the 90% C.L. upper limits derived
from the current generation experiments GERDA 1II ("°Ge,
gray), CUPID-0 (¥%Se, red), NEMO-3 (%Mo, purple) and
KamLAND-Zen ('3°Xe, blue). We also show a combined
constraint (black dashed) found by summing the log-
likelihoods of the experiments (each minimized with
respect to a separate nuisance parameter 7). It can be seen
that the upper limits worsen for smaller and larger values of
the sterile mass in the range 0.1 MeV < my < 3 MeV,
with the most stringent upper bound being found at my
similar to the peak energy of the associated spectrum. The
constraints are compared to preexisting constraints (shaded
areas) from single beta decay experiments and sterile
neutrino decays. While NEMO-3 and KamLAND-Zen
provide the best individual constraints (|V,y|* < 0.02),
they are not as competitive as previous limits. However,
it is promising that 2uv/f decay is more sensitive for sterile
masses 0.3 MeV < my < 0.7 MeV where existing con-
straints are less stringent.

Current and next generation Ovff decay search experiments measuring the 2u4f decay spectrum of the isotopes considered

in this work. Shown are the current and forecasted exposures, total number of events N, energy resolutions AE and parameters
(0, 0/) estimating the effect of systematic errors on the log-likelihood function.

Isotope Experiment Exposure [kg - y] Nevents AE [keV] (0. 0¢)[%]
6Ge GERDA 1I [43] 103.7 3.63 x 10* 15 (4.6,1.9)
LEGEND [44] 103-10* 10°-10° 2.5 (0.5,0.5)
82Se CUPID-0 [45] 9.95 5.8 x 103 50 (1.5,1.0)
SuperNEMO [46] 102-10° 10*-10° 50 (0.5,0.5)
100Mo NEMO-3 [47] 34.3 4.95 x 10 100 (5.4,1.8)
CUPID-Mo [48] 0.116 3.9 x 10* 20 (1.4,0.5)
CUPID [49] 102-10° 10°-107 (0.5,0.5)
136X e KamLAND-Zen [50] 126.3 9.83 x 10* 50 (3.1,0.3)
DARWIN [51] (2-5) x 10* 106-107 5 (0.5,0.5)
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Upper limits and sensitivities at 90% C.L. on the squared mixing |V,|* between the electron and sterile neutrino as a function

of the sterile neutrino mass my from 2uff in current (left) and future (right) experiments. Shown are the individual constraints as
indicated in the legend as well as a combined constraint (black dashed). The bands in the right plot correspond to the possible future
exposures in Table II. The combined future sensitivity uses the maximum forecasted exposure of each experiment.

Figure 5 (right) shows the corresponding sensitivities
estimated for the next generation of Ouff decay experi-
ments. The forecasted range of exposures given by the
collaborations are often one or two orders of magnitude
larger than those of the current generation. We estimate
the total number of events N, seen in future by
multiplying the current values by the ratio of future to
current exposures. Energy resolutions are taken from the
references in Table II and we assume an optimistic value of
o, ~ 0y~ 0.5% for the systematic uncertainties. We com-
pute the 90% C.L. sensitivity for both the higher and lower
forecasted number of events in Table II, shown as bands for
LEGEND ("Ge, gray), SuperNEMO (¥°Se, red), CUPID
('%Mo, purple) and DARWIN (!36Xe, blue). Also shown is
the combined sensitivity (black dashed) using the largest
predicted exposure of each experiment. For a given experi-
ment the upper bounds exhibit the same improvement
for sterile masses close to the maximum of the total
differential decay rate. The most stringent upper limits
come from CUPID and DARWIN, |V, y|* <2.5x 1073,
which would exclude the currently unconstrained region in
the 0.3 MeV < my < 0.7 MeV range.

Likewise, we estimate the current limits and future
sensitivity on the RH couplings |e;x|> and |egg|*> from
measuring the 2y decay energy distribution and angular
correlation. In Fig. 6 we plot the upper limits at 90% C.L. on
le.g|* and |egg|? as a function of the sterile neutrino mass n1,.
The blue solid line is the combined constraint from current
2upff decay experiments using the total kinetic energy
distribution, while the red solid line is the upper limit derived
from the angular distribution measurement of NEMO-3
(1%Mo). The blue dashed line is the combined sensitivity

Ir NEMO-3, 1Mo, £
f cosh
[ -- SuperNEMO, 82Ge, :{1{; .
2 ‘
Future Angular, % Se, ;
" !
; ar” ’
Combined 2v33, T o

0.1t

Combined Future 2v38, %

0.001f

05 1 2
my [MeV]

0.1 0.2

FIG. 6. Current upper limits and future sensitivities at 90% C.L.
on the RH coupling |eyx|* as a function of the sterile neutrinos
mass my. The solid (dashed) blue line shows the combined
constraint from current (future) 2uff decay experiments meas-
uring the total kinetic energy distribution. The solid red line is the
upper limit derived from the angular distribution measurement of
NEMO-3 ('%Mo). The dashed red band indicates the range of
upper limits expected from the angular distribution measurement
of SuperNEMO (%2Se). The dot-dashed red line shows the
upper limit from a future 2Se experiment with an exposure of
107 events.
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Current upper limits (solid blue) and future sensitivities (dashed blue) on the mixing strength |V, y|? between the electron and

sterile neutrino as a function of the sterile mass my. Likewise, the red curves give the current limit and future sensitivity on the RH
coupling |exg|? using a measurement of the angular distribution in 2uf decay. The shaded regions are excluded by existing searches in
single beta decay and sterile decays in reactor and solar neutrino oscillation experiments.

from future 2v3f decay experiments, while the red dashed
band indicates the sensitivity range from the angular distri-
bution measurement of SuperNEMO (3°Se). The latter does
not improve over the current limit as SuperNEMO is not
expected to have a significantly increased exposure compared
to NEMO-3, see Table II. We therefore also indicate the
sensitivity of a hypothetical 3’Se angular measurement with
an exposure of 107 events (red dot dashed).

Due to the different total kinetic energy distribution for
the RH current in Eq. (5.13) (no suppression of the SM
rate), the combined constraints on |e; z|* and |egg|* (dashed
lines) are slightly weaker than the equivalent constraints on
|V.n|*. The constraints from the NEMO-3 angular distri-
bution are generally better, tending to a constant upper
bound |eyg|*> <1073 for my < 0.2 MeV. This roughly
agrees with the result ey < 2.7 x 1072 in the massless
case found in Ref. [9].

VI. CONCLUSIONS

Measuring the kinematic end point in single beta decay is
arguably the cleanest means to determine the absolute
neutrino masses in a model-independent fashion. For the
light active neutrinos in the SM, the most promising isotope
for this is trittum (*H) and its beta decay is currently
measured in the KATRIN experiment [52] as well as the
future Project 8 [53] and CRESDA [54] efforts. The same
method can be applied to search for sterile neutrinos,
not only in Tritium but in a host of beta decay isotopes
where masses smaller than the respective Q value of

the decay can be probed. The limits on the active-sterile
mixing strength |V, |? from such searches are summarized
in Fig. 7. They are comparatively weak, of the order
[Von| £2x 1072 =2 x 1073, in the sterile neutrino mass
range 0.1 MeV < my <1 MeV.

In this work, we have analyzed the prospects to search
for sterile neutrinos using the same principle in 2v/3f decay.
If one of the two neutrinos emitted in the process is a
heavier, sterile neutrino it will likewise affect the distribu-
tion with respect to the kinetic energy of the two electrons
observed in the decay: the kinematic end point is shifted to
lower values depending on the sterile neutrino mass and the
active-sterile mixing will reduce the usual SM contribution.
This is expected to be challenging because of the very long
2upp decay half-lives and small rates compared to single
beta decay. Nevertheless, future searches for the lepton
number violating Oyfpf decay will push the envelope in
terms of exposure and allow measuring 2vf3f decay with up
to 107 events. These data can then be used to probe exotic
physics with 2y decay in its own right. Apart from sterile
neutrino searches, other examples include exotic neutrino
self interactions [10] and RH leptonic currents [9]. We have
extended the latter analysis here to consider a RH V + A
current for a sterile neutrino rather than the SM electron
neutrino. As in Ref. [9], this gives rise to an anomalous
angular distribution of the electrons in 2uff decay.

To summarize the sensitivity we compare in Fig. 7
the current limits on |V,y|*> from existing 2u88 decay
(solid blue) to constraints from single beta decays and
sterile neutrino decays over a wider range of masses,
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100 eV < my < 10 MeV. The blue curve uses the com-
bined constraints from measurements of 2uff decay
electron energies. The red curve shows the current con-
straint on the effective RH coupling |exg|* using the
NEMO-3 angular distribution measurement. The dashed
curves indicate the corresponding future sensitivities. At
lower masses both the current and future upper limits on
|V n|* cannot compete with existing constraints from %*Cu
and '*Ce — '“Pr beta decays. At higher masses they are
also less stringent than constraints from Borexino, Bugey
and Rovno. It is the 0.3 MeV < my < 0.7 MeV range
where 2vpf decay can provide competitive constraints in
the future, though we expect that similar improvements
from 2°F and '%Ce — '*Pr beta decays are also possible.
The constraints on the RH coupling |eyg|* using an angular
distribution measurement in 2y decay is most sensitive
for light sterile neutrino masses my < 0.1 MeV as the
effect is phase space suppressed otherwise. We note,
though, that the limits from single beta decays and the
other processes shown strictly speaking apply to |V, y|?
only and need to be reevaluated for a heavy neutrino
coupling through a RH current.

Our analysis demonstrates that 2y decay can be used to
search for sterile neutrinos with masses lighter than

my ~ 1 MeV. While current searches are not competitive
with limits from single beta decays, future searches will have a
much more increased statistics where effects of new physics
can be tested. While sterile neutrinos in this mass range are
also heavily constrained from astrophysical measurements
and cosmological considerations, it is important to improve
our understanding using all available data.
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