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Abstract: We investigate the process of lepton-number-violating pion decay, which dominates the nuclear neutri-

noless double beta decay induced by the short-range operator, within the type-I seesaw mechanism. The type-I

seesaw mechanism gives rise to the Dirac and Majorana mass terms of neutrinos by introducing the gauge-singlet

right-handed neutrinos, which are usually called sterile neutrinos. Using chiral perturbation theory, the transition

amplitudes in the case of the light and heavy sterile neutrinos are calculated up to. O(Q?/ A)z() respectively, where O

is the typical low-energy scale in this process and A, the chiral symmetry breaking scale. We then adopt a naive in-

terpolation formula of mass dependence to obtain the amplitude in the full mass range and briefly discuss its validity.
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I. INTRODUCTION

The charged fermions in the Standard Model of
particle physics (SM) acquire mass via its Yukawa coup-
ling with the Higgs field after the breaking of” elec-
troweak symmetry. The SM predicts massless neutrinos
due to the absence of right-handed neutrinos. However,
the observed neutrino oscillation for two decades [1-3]
convincingly confirms that the masses of neutrinos are
non-zero. The simplest way to accommodate the neutri-
nos with nonvanishing mass is the well-known type- I
seesaw mechanism [4—8], or so-called neutrino-extended
SM (vSM), which introduces two or more right-handed
neutrino fields vz manifested as gauge singlet under the
SM gauge transformation such that the SM gauge sym-
metry is preserved. Besides explaining the origin of the
tiny masses of active neutrinos, the sterile neutrinos can
also be utilized to explain the baryon asymmetry of the
universe and dark matter [9, 10]. Another attractive fea-
ture is that the type- I seesaw mechanism can naturally
capture the Majorana neutrinos that induce the neutrino-
less double beta (0vgB8) decay [11].

As a promising probe of the lepton number violation
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(LNV), the hadronic 0vB8 decay plays an important role
in particle and nuclear physics. For this process, both the
GERDA [12] and KamLAND-Zen [13] projects, which
use "°Ge and '**Xe isotopes respectively, provide the cur-
rent best limits on the half-lives up to 10* years. In the
future, ton-scale facilities are expected to improve this
sensitivity by one or two orders of magnitude [14, 15].
On the theoretical side, an effective field theory (EFT)
roadmap for matching various LNV models at high en-
ergy to the nuclear operators at low energy has been ac-
complished in Refs. [16, 17]. Starting with the chiral EFT
framework, the 0vBB nuclear matrix elements (NMEs) of
the nuclei relevant for experiments are available with ab
initio nuclear many-body methods [18—21]. Despite sig-
nificant progress, accurately predicting NMEs remains a
substantial challenge because of the nonperturbative ef-
fects in nuclear systems (for a comprehensive review see
Ref. [22]).

Compared with the nuclear 0vB8 decay, the process
involving only mesons can be treated in a perturbative
manner, providing a simpler way to probe the LNV
mechanism (For an example see Refs. [23—25]). Given
that the transition 777~ — e”e~ (or unphysical transition
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n~ — nte”e”) dominates the nuclear 0vB8 decay induced
by the short-range LNV mechanisms, such as R-parity vi-
olation supersymmetry mechanism [26], we explore this
transition within the chiral perturbative theory (ChPT).
Moreover, Refs. [27, 28] (Ref. [29]) calculated the long-
range (short-range) contribution to the low-energy trans-
ition with the lattice QCD method. Such results can be
used to determine the low-energy constants (LECs) that
appear in the amplitude for the long- and short-distance
mechanisms, respectively.

The intriguing features of the type- I seesaw mech-
anism prompt many investigations into the impact of
sterile neutrinos on the 0vBB decay rate [23—25, 30—-35].
Most of the works concentrate on the tree-level effects of
sterile neutrinos on the hadronic decay rate. In this work,
we move the calculation of the process 777~ — e7e™ in
the context of the type- [ seesaw mechanism to one-loop
level, corresponding to O(Q*/A;) in ChPT. Introducing
sterile neutrinos leads to a mass-dependent description
and consequently imposes more constraints on 0v38 de-
cay. In light of the competition between the sterile neut-
rino mass with the breakdown scale A,, as is commonly
done, we integrate the neutrinos with mass above A, out
at the quark level, whereas the neutrinos with mass be-
low A, are kept as explicit degrees of freedom in ChPT.
We note that a description of this process within the
standard mechanism of SM neutrino of 0yB8 decay is
presented up to the one-loop level by Ref. [36].

This paper is organized as follows. In Sec. II, we
present the theoretical formalism of the OySB amplitude
and the interpolation formula. This is followed by results
and discussions in Sec. III. Finally, we summarize in Sec.
Iv.

II. THEORY FRAMWORK

A. Sterile Neutrinos in the vSM

The central idea of the type- I seesaw mechanism to
address the shortcomings of SM is to introduce sterile
neutrinos. In this model, the effective Lagrangian con-
sists of the SM Lagrangian and its extension based on the
k right-handed neutrino fields Ng; :

. 1,
LZ—ESM_ wLHYDNR"_ENRMRNR"'h-C- N (1)

where Y= (vi,er)T denotes the left-handed lepton
doublet, H =ir,H* the conjugate state of the Higgs
doublet H. Yp is a 3xk Yukawa coupling matrix and My
a symmetric kxk matrix. The charge conjugation of the
fermion field is defined as ¢°=CyT in terms of the
charge conjugation operator C =iy,y,. After the elec-
troweak symmetry breaking, the neutrinos acquire masses

1 [0
Lm__E(VL’NR) MLT)

Azfzi) (;f;) the, ()

Vv
where Mp=——=Yp denotes the Dirac mass, in which

v =246 GeV is the Higgs vacuum expectation value. Us-
ing the unitary mixing matrix U, one can diagonalize the
(3 + k) x (3 + k) mass matrix:
R
Vv
)

q/lT 0 MD ﬂ_ Mv 0 (Ll— U
ML My 0 My)’ S

where M, =diag(m;,m,,ms) is the mass matrix of the
three  generations of the  active  neutrino,
My = diag(M,, M,, ..., M,) the mass matrix of the k flavors
of sterile neutrinos. U is the so-called light neutrino mix-
ing matrix, i.e. the PMNS matrix [37, 38]. One should
note that the U matrix is no longer unitary due to the ex-
istence of sterile neutrinos. R, a 3 xk matrix, represents
mixing the sterile neutrinos in the charged current (CC).
To be specific, the neutrino flavor eigenstate v,
(a = e,u,7) is related to the neutrino mass eigenstate via

Vo = UM‘V,' +RHij. (4)
In the context of the Majorana neutrinos, the propagators
can be expressed as [39]

OITvi(x)v] ()10} = iS p(x=y)CT 6,53
OITNi(X)N] ()10} = iS (x~y)C" ;53

(OITN,(x)v; ()0) = 0; )

where S (x—y) is the standard fermion propagator.

Additionally, according to Eq. (3), such model re-
quires the neutrino masses and mixing matrix elements to
satisfy the relation:

> UZmi+) RGM;=0.
i J

(6)

This seesaw relation implies that at least two sterile neut-
rinos must be in the mechanism. For the scenario with
multiple sterile neutrinos, the amplitude results from the
sum of the contributions of individual neutrinos, e.g. see
Refs. [32, 34]. Moreover, although Eq.(6) imposes a con-
straint on the masses of sterile neutrinos, their specific
values are model-dependent due to the existence of un-
determined parameters. For example, M; ~ O(10'%) GeV
arises naturally under the assumption Y, ~ O(1), whereas
keV-scale masses become viable through the soft
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L,—L,— L, flavor symmetry breaking [40]. Therefore, we
focus on the mass dependence of the amplitude in this
work to provide essential inputs adaptable to various
models.

B. Chiral Perturbation Theory for LNV pion decay

To describe the effects of physics beyond SM much
larger than the electroweak scale at a low-energy scale, a
systematic EFT framework has been made in Refs. [16,
17]. With this approach, the beyond-SM operators are
first matched to a low-energy EFT (LEFT) with
SUB).xU(l)en gauge symmetry via integrating out
heavy SM particles whose masses are comparable to the
electroweak scale such as Higgs particles. Further, the
LEFT operators are evolved to the QCD scale using the
renormalization group equations and then rewritten as
chiral effective operators based on chiral symmetry. It is
worth emphasizing that the degrees of freedom have been
changed from quarks to hadrons (pion, nucleon, etc.) after
matching LEFT onto ChPT due to the nonperturbative ef-
fects of QCD.

In the seesaw model, the ChPT description of a sterile
neutrino depends on its mass M;. For M; < A, the (light)
sterile neutrino as a degree of freedom in ChPT mediates
the 0vBB decay of pion. The relevant Lagrangian spelled
by the pion fields u =exp(ir-m/(2F,)) and the leptonic
charged current ¥ = -2 V2GpV,ytt €. YuVer can be written
as

2

F N
L= IOTr (s, +uyeu” + uytul), @)

where F, is the pion decay constant in the chiral limit, the
Fermi constant Gy = 1.166x 10~ GeV 2, the quark mix-
ing matrix element V,;, = 0.97, and

u, = —1I [MT((?# =il )u— uaﬂuq

X = 2B diag(mm md)~ (8)

The constant B (~ 2.8 GeV) connects the leading order
pion mass M to the light quark masses via
M?* = B(m, +my,), called the quark condensate. For the
sake of clarity, we expand the Lagrangian in the pion
field and split it into two parts: the pure strong interaction

Lor (27r0c')#7r0 +779,m + n‘@,,n'*)z

:67]78
2

N2
+TF§(7TS+27T 7r)

©
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describing the coupling between pion fields and the CC

operators

LCC = 2GFVud {F()a‘uﬂ'_ +1i (71'_(9#71'0 —ﬂoaﬂﬂ_)

+ 3F, <7T_7T_8”7T+ -t d,m

(10)

+ Mo”0,y — n(z)ﬁyn")} erVuVer-

Again, the sterile  neutrino couples with the hadron
through the neutrino mixing in Eq. (4).

We note that the operators in the second-order Lag-
rangian only provide the corrections to the constants F,
and M. Within the accuracy we work, as done in Ref.
[36], one can replace these constants by their physical
values to account for these subleading corrections, such
as the-diagrams involving a pure mesonic loop and the
subleading operator insertions. Therefore, we hide the ex-
pression of the subleading Lagrangian and, in what fol-
lows,” make the substitution Fy— f, =922 MeV,
M — m, =138 MeV.

Moreover, the light sterile neutrino would be integ-
rated out if its momentum approaches or exceeds A, be-
fore matching to ChPT. This means an additional contri-
bution that describes the neutrino exchange in the region
less than 1/A,, thus calling the hard neutrino exchange
contribution. By dissecting the chiral symmetry of the
quark operator in the amplitude with two insertions of the
weak charge current, as done in Ref. [31], one can obtain
the pionic operator with two derivatives [36], which dom-
inates the contributions of hard neutrinos,

5 .
Lwwa = gf,f k(M) &7 (M)~ 0, eges (11)

where g7" denotes a LEC encoding hard-neutrino ex-
change and

2G2LV2, UM,
k(M;) = W (12)
By naive dimensional analysis (NDA) the LEC

g™ ~O(1), which can be fixed by experiment and lattice
QCD simulation. Because of the non-perturbative effects
of QCD, the mass dependence of g™ in the type- |
seesaw mechanism is currently unknown. We note the
lattice QCD calculation for the mass-dependent g of the
n—n coupling in the left-right symmetry model in Ref.
[41] and expect the prediction of g™ (M;) from the lattice
QCD. Besides the Lagrangian in the pion sector, the hard
neutrino can also induce chiral operators involving nucle-
on fields, which are independent of this work.

Similar to the hard-neutrino case, the sterile neutrino
with mass M; > A, is no longer an appropriate low-en-
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ergy degree of freedom in ChPT. Integrating out the
heavy neutrino in LEFT gives rise to a dimension-nine
operator that has the same form as the O, operator
defined in Refs. [16, 17]. As a consequence, the heavy-
neutrino contribution relevant to this work— parameter-
ized through a LEC g7"—can be expressed as in ChPT

5, .
Lheavyzgfnz’(gllmayﬂ' 61171- eLeL, (13)

where we have ignored the scale dependence of the
matching coefficient because this dependence is mild [33,
35], and

2172
= 3G Vi Uei. (14)
M;

We are now in a position to calculate the amplitude
for the process 7 (p,)n (py) = e (p1)e (p,) with mass-
less electrons p? = p3 =0 in the type- [ seesaw mechan-
ism. Similar to the case of the light-neutrino exchange,
the amplitude of the transition mediated by sterile neutri-
nos is straightforward via performing a substitution

3

>

i=1

3+k

-2

i=1

UM,
g -M;

2
Ueim,-

2_ .2
q-—m;

(15)

Following the Ref. [36], we define the transition amp-
litude as follows

3+k

202 " T (M) S oo M),

i=1

Trr = (16)

where Tiep = 4GEV2,ur(p1)us(p2) UAM; with the spinor of
electron u;(p). The dimensionless amplitude S,, can be
expanded in the powers of momentum

Sun=Sm S5+, (17)
where S denotes the correction with magnitude of
O(QV/A)V(), called NYLO correction in what follows for
convenience.

For the case of the light sterile neutrino mediating the
LNV decay of pion, the diagrams up to N’LO are shown
in Fig. 1. The Fig. 1(a) is the tree-level contribution and
these remains are subleading contributions. Unlike in the
case of nuclear 0vB8 decay, the hard-neutrino contribu-
tion occurs at N’LO and cancels the ultraviolet diver-
gence (UV) of the one-loop diagrams. Again, additional
one-loop level diagrams extended from Fig. 1(a), which
are not explicitly shown, provide the corrections to the
constants Fy and M, and these corrections are incorpor-

ated by taking their physical values.
Adopting the Mandelstam symbols

s=(Patpp), t=(Pa—p1), u=p.—p:), (18)

the tree-level amplitude can be written as

S“”:S“:—l( 1 1

At N’LO, the amplitude is composed of the one-loop and
hard-neutrino contributions:

S2 =S+ s

T

(20)

in which the one-loop contribution S is sum of the fol-
lowing amplitudes

@ +q-(Po—Pa) — Pa* Db
(@2 -m2) [(py—p2—q* - M?]

N,/
= _Tfﬂz
4 +q-(Pa=Pp)=Pa" Db }
(@ =m2) [(pa—p2—qP - M| )

e _ 1 d4q{ 2¢° +q-(Po+ pa)
™ 3f2 ) @yt g -m2) [(pr—gq)? - M?]
2¢> —q-(pa+ ps) }

(> —m2) [(p2+qP—M?| ]’

w2/

d4q C]'(Pb"'Pa—q)[Zpa~pb+q~(ph+pa—q)]
Q) (g2 —m2) [(p1 =) = M} [((pa+pp—q)* —m2]
(21)

|

d _
Smr_

The full expressions of the above amplitudes based on the
Mandelstam variables are not listed explicitly because of
their complexity. For the hard-neutrino contribution, it
can be written as

@nfy L6® T

hard _
T

(22)

Using the MS scheme, the hard-neutrino term absorbs the
UV divergences such that §'2 is a finite and p-independ-
ent quantity.

At the threshold, corresponding to s=4m?, t=u=
—m2, the above amplitudes can be written as

2

©__ "M
™ mi+ M?
2
@___ "M N M. 23
T (47Tf7r)2 (Vﬂﬂ(xl)+ 6gv ( 1) ( )
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(a) (b) (c)
Fig. 1.

(d) (e)

The diagrams of transition 7~ +7~ — ¢~ +¢~ up to N’LO. The dashed and solid lines represent pion and lepton fields, respect-

ively. The black square denotes an insertion of the neutrino Majorana mass, and the gray circles sketch the contributions of heavy or

hard neutrinos.

where g77(0) = 0.45 obtained by matching on the lattice
result in Ref. [27] and x; = M;/m,, the function V,,(x) is
defined as

Ver(x) = % {— 241log(x*) +2Li, ( E ) )

+1)°
. (x-1 (1
—4L12(x2+1)—2L12(§(x2+3)>
4 22_
+2Li, (g) —2Li, (M)
x2+1 xx+1)

4(522-7) . (1, ,
o e (50 -)
8 (2x*-3) log (xz)}

(2 -1y

+

(24)

with dilogarithm function Li,(x). As x; — 0, the result un-
der the standard mechanism given by Ref. [36] will be re-
covered.

One of the main features of the seesaw model is that
the ChPT description originating from this model is based
not only on the pre-set expansion in Q/A, but also on an-
other expansion in M;/A, . This is because the loop integ-
ral gives rise to the positive power of the neutrino mass
such that this additional expansion becomes possible. For
the light neutrino, M;/A, is an expansion parameter of
ChPT. Therefore, one can expand the LEC g™ in the
powers of M; as follows [35]

(M) = g"(0) [1+0(M; /AD)]. (25)
The second term in the above expansion can be regarded
as a low-mass truncation error of ChPT. Moreover,
by NDA, the amplitude up to the one-loop level we
calculate accepts an additional uncertainty with
O(M}/A}) arising from the next order such as two-loop
corrections. As a result, the amplitude with error can be
expressed as

S, = {s DMy + S0P (M) + Shard(0) {1 +0 (
M4
Ayo(5%))

It should be emphasized that the procedure above adopts
a conservative way to estimate the effects of the mass of
sterile neutrino on the amplitude. The construction of a
consistent power counting that accommodates the
massive sterile neutrino effects remains a crucial object in
ChPT.

In the context of the heavy neutrino, the amplitude of
the pion decay up to N°LO is given by

Sl

(26)

1[5
S = W {gg’;" (s—mer)}, 27)

where g7" =0.36 at the scale u=2 GeV extracted from
the lattice calculation in Ref. [29].

C.

In principle, one now obtains the mass-dependent
amplitude of the pionic 0v38 decay within the type- I
seesaw mechanism based on ChPT. However, due to the
expansion parameter M;/A,, the ChPT description would
break down when the neutrino mass approaches A, . Con-
sequently, the amplitude of the pion decay in the region
where the neutrino mass is close to A, needs to be
modeled.

There is an intuition that the evolution of the amp-
litude from light-neutrino to heavy-neutrino area is con-
tinuous. Therefore, with the constraint of the heavy-neut-
rino asymptotic behavior

Interpolation Formula

(28)

2

. m
Hm S o (M;) = S1Y oc -2
Mij—co

one can construct the following M; dependence in the
M; <A, region
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STM;) = S 1x(0) (29)

1+ (M;/m,)*

where S ,,(0) =S2(0)+S2(0) given by ChPT. Based on
the above intuition, one can utilize the matching condi-
tion

S My = S (M) (30)
to pin down the parameter m, at M; =2 GeV.

The reason for considering Eq.(29) is that this inter-
polation formula, which has been widely used to predict
the mass-dependent NMEs of the nuclear Ov83 decay,
e.g. see Refs [30, 32, 34, 42-45], captures the main fea-
tures of the amplitude in the light- and heavy-neutrino re-
gion. Because of the unknown dependence of the LEC
g7 on the neutrino mass so far, we do not plan to discern
the M; dependence of the long- and short-range contribu-
tions as done in Refs. [31, 33, 35].

III. RESULTS AND DISCUSSIONS

The actual breakdown scale of EFT is often lower
than the theoretical expectation A, for a given process.
For example, in 7—n scattering, the theoretical range 1is
associated with the p-meson mass, while in nucleon-nuc-
leon scattering this range is approximately 500 MeV [46].
Determining the realistic breakdown scale of ChPT in a
specific process is essential because- it limits the range of
theory and provides an input to the uncertainty estima-
tion. To this end, we first focus on the mass dependence
of the tree-level and one-loop contributions to the pro-
cess in which two pions convert to two electrons at the
threshold under the light sterile neutrino exchange mech-
anism.

As shown in Fig. 2, both tree-level and one-loop con-
tributions in M; < 50 MeV exhibit less sensitivity to neut-
rino mass compared to the regime of M; ~ m,. This is un-
surprising because the neutrino mass is smaller than the
typical momentum ~ m, in these cases. Furthermore, the
one-loop contribution becomes zero for M;~200 MeV
~ m,. In the range of M; > m,, the tree-level amplitude
still decreases with increasing M;, whereas the one-loop
correction increases logarithmically. When M; ap-
proaches 500 MeV, we find the magnitude of the one-
loop correction is comparable to the tree-level contribu-
tion. In principle, up to this scale, the mesons with masses
heavier than m, (such as K and # mesons) can be created
and should be included as the explicit degrees of free-
dom in ChPT. One naturally expects that the one-loop
correction may be changed due to the contributions of
these heavier mesons, thereby ensuring the validity of the
perturbative expansion. However, by means of the chiral
Lagrangian in the three-flavor case, we confirmed up to

1.0 ' ' ha
Tree :
— One-loop total|
- 5{7 N
0.5 i T
S
UJ§ T 57;” .
0.0 e e e
\\\ \.\.
0.5 F . . Vo
1 10 100 1000
M, (MeV)
Fig. 2.  (color online) Dependence of the threshold amp-

litude S, on the sterile neutrino mass M;, showing the contri-
butions from tree-level and one-loop diagrams (sub-diagrams
(b), (¢), and (d)) based on ChPT calculations.

the one-loop level that the K and # mesons do not gener-
ate extra contributions to this process.

To gain insight into the effects of various one-loop
diagrams on this sub-leading contribution, we illustrate in
Fig. 2 the mass dependence of the different amplitudes
St ., 8¢, and S? in eq.(21) denoted by dotted, dashed,
and dot-dash lines, respectively. The mass independence
of these contributions from three diagrams can be ob-
served in the range of M; <50 MeV. Meanwhile, S is
nearly negligible, and S¢_ is almost equivalent to the con-
tribution of S¢ . Notably, for M; ~200 MeV ~ m,, the
contributions of three one-loop diagrams approach zero,
leading to a tiny one-loop correction at this point. This
behavior arises because a loop integral in eq.(21) van-
ishes after renormalization when M; approaches m,. In
the heavier mass region, the contributions of various dia-
grams change dramatically, and the cancellation between
the S¢, and the remaining amplitudes leads to a mild
mass dependence of the total correction (a logarithmical
increase with M;). Moreover, S° and S¢, will exceed the
tree-level contribution when M; > 400 MeV. This simply
implies that the neutrino with mass M; > 3m, is no longer
a suitable light degree of freedom in ChPT and it may be
possible to treat the neutrino as an explicit heavy degree
of freedom in a way similar to the treatment of the
A(1232) resonance in ChPT.

Apart from the one-loop correction at N°LO, there is a
contact contribution that stems from the hard-neutrino ex-
change. According to the interpolation formulae of the
hard-neutrino LECs discussed in Ref. [31] and the lattice
simulation [41], one can foresee that the hard-neutrino
contribution is negatively related to M;. On the other
hand, this contact term doesn't change the situation of the
breaking of perturbative expansion for ChPT. Con-
sequently, we suggest that the breakdown scale A in this
framework is about 500 MeV and A, will be replaced by
A in the following analysis.

We fix the value of the parameter m, in Eq. (29) to be
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Fig. 3.
dicted by Eq.(29) as a function of the sterile neutrino mass, in

(color online) The amplitude S, at threshold pre-

comparison with the amplitude based on ChPT. The blue and
red bands represent the results with the low-mass truncation
errors of g7 and amplitude, respectively. The black curve de-
notes the prediction of the interpolation formula.

112 MeV from our calculation for the amplitude at the
threshold, it is then comparable to the pion mass. In Fig.
3, we depict the M; dependence of the amplitude S,
based on the ChPT and Eq.(29), respectively.

To survey the validity of the interpolation formula,
the uncertainty estimation based on Eq.(26) is also. in-
cluded, in which the blue (red) band denotes the low-
mass truncation error of g7" (amplitude). Obviously, the
truncation error of g7 given by Eq.(25) has a minor ef-
fect on the amplitude, this again suggests that the contri-
bution of the hard neutrino is hard to cure the breakdown
of the expansion in M;. Moreover, the ChPT result, as
specified by Eq.(26), remains nearly invariant in the
M; 550 MeV region, and the interpolation formula is in
excellent agreement with the ChPT calculations.
However, the difference between this interpolation and
ChPT predictions emerges when M;>50 MeV. Espe-
cially for the mass region where ChPT is still valid such
as M; ~ m,, the prediction of the interpolation formula de-
viates significantly from the ChPT results, meaning a de-
mand for a more reliable interpolation formula. Further-
more, the low-mass truncation error of the amplitude dis-
plays a divergent trend in the region with M; > 300 MeV,
reflecting the conclusions drawn from Fig. 2 regarding
the breakdown of the perturbative approach. For the
heavy neutrino, the amplitude S,, from the interpolation
is consistent with ChPT.

As mentioned in Sec.Il, the interpolation formula
Eq.(29) uses only the data of two extreme cases, the amp-
litudes under the light- and heavy-neutrino exchange, to

predict the mass dependence of the amplitude. Although
correctly describing the main behavior of the amplitude,
this method may be under-fitting. In addition, Eq.(29) ad-
opts the most economic assumption that the ratio of the
long-range contribution over the hard-neutrino contribu-
tion is independent of M;. This means in the case of the
light sterile neutrino that ¢g”" can be expressed as an ex-
pansion in powers of M;/m, rather than M;/A, which
contradicts NDA. Therefore, the form of Eq.(29) is insuf-
ficient for the pionic 0vBB8 decay mediated by a sterile
neutrino. We also note that a similar conclusion is shown
in the two-nucleon case by Refs. [33, 35].

IV. SUMMARY

In this work, we studied the pionic 0vBB decay in-
duced by the sterile neutrinos with masses M; in the
framework of ChPT. The sterile neutrino mass has not
been stringently limited in experimental and theoretical
aspects so far such that we explore this process in a broad
mass range. Since the mass dependence of the amplitude
can be derived analytically in the case of the heavy sterile
neutrino, we focused on the mass region below a few
GeV. We calculated the transition amplitude under the
light- and heavy-neutrino mechanism up to N°LO.

The amplitude associated with heavy neutrinos up to
N?LO is given by the contact term. Its mass dependence
is scaled as M;2. For the scenario of light neutrino, which
is an active degree of freedom in ChPT, the one-loop cor-
rection as a subleading contribution would be over the
leading-order contribution in the intermediate mass re-
gion with 500MeV < M; < A,. Thus, we recommend
A =500 MeV as the breaking scale of ChPT in the LNV
pion decay process mediated by light sterile neutrino.

Because of the ChPT expansion breakdown in the in-
termediate mass region, we employed a naive interpola-
tion formula to connect the amplitude based on ChPT
across the light and heavy sterile neutrino mass regions.
This interpolation formula, which assumes the long- and
short-range contributions share the same functional form
of mass, does not recover the ChPT prediction well in the
light mass region. Differing from it, a sort of interpola-
tion that distinguishes the mass dependence of the long-
and short-range contributions is presented in Refs. [31,
33, 35]. More studies on the mass dependence of the
amplitude, especially for short-range contributions, are
needed to describe accurately the OvgB decay under the
seesaw mechanism.
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