PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: April 12, 2022

REVISED: May 24, 2022
ACCEPTED: May 25, 2022
PUBLISHED: June 22, 2022

Light sterile neutrinos and lepton-number-violating
kaon decays in effective field theory

Guanghui Zhou

Institute for Theoretical Physics Amsterdam and Delta Institute for Theoretical Physics,
University of Amsterdam,

Science Park 904, 1098 XH Amsterdam, The Netherlands

Nikhef, Theory Group,
Science Park 105, 1098 XG, Amsterdam, The Netherlands

E-mail: g.zhouGuva.nl

ABSTRACT: We investigate lepton-number-violating decays KT — 7[TIT in the presence
of sterile neutrinos. We consider minimal interactions with Standard-Model fields through
Yukawa couplings as well as higher-dimensional operators in the framework of the neutrino-
extended Standard Model Effective Field Theory. We use SU(3) chiral perturbation theory
to match to mesonic interactions and compute the lepton-number-violating decay rate in
terms of the neutrino masses and the Wilson coefficients of higher-dimensional operators.
For neutrinos that can be produced on-shell, the decay rates are highly enhanced and
higher-dimensional interactions can be probed up to very high scales around O(30) TeV.

KEYWORDS: Baryon/Lepton Number Violation, Kaons, Neutrino Interactions, Sterile or
Heavy Neutrinos

ARX1v EPRINT: 2112.00767v2

OPEN AccCESS, © The Authors.

Article funded by SCOAP?, https://doi.org/10.1007/JHEP06(2022)127


mailto:g.zhou@uva.nl
https://arxiv.org/abs/2112.00767v2
https://doi.org/10.1007/JHEP06(2022)127

Contents

1 Introduction 1
2 The operators in ¥YSMEFT up to dimension seven 3
2.1 The Lagrangian after EWSB 4
2.2 Rotation to the neutrino mass basis 7
2.3 Integrating out sterile neutrinos when A, <m, <v 9
3 Chiral perturbation theory with sterile neutrinos 10
3.1 The case of light sterile neutrinos 10
3.2 The case of heavy sterile neutrinos 12
4 Phase space integral 14
5 Phenomenology 15
5.1 Short-distance contribution 15
5.2 Long-distance contributions and resonances 15
5.2.1 The minimal scenario 15
5.2.2 The leptoquark scenario 16
5.3 Limits on dim-6 operators with a sterile neutrino 18
5.4 Finite detector size effect 20
6 Conclusions 22
A Matching at the EW scale 23
B Additional contributions to the dim-9 operators 24
C Sterile neutrino decay processes 25
C.1 Decay modes in the minimal scenario 25
C.2 Decay modes in the leptoquark scenario 26

1 Introduction

Neutrino oscillations have demonstrated that neutrinos are massive particles, which cannot

be explained within the Standard Model (SM) of particle physics in its original form. Some

Beyond-the-SM (BSM) physics is required explain the origin of neutrino masses. Arguably

the simplest modification is to add a right-handed gauge-singlet neutrino field (a sterile

neutrino) to the SM. This field can couple to the left-handed neutrino (active neutrino) field

and the Higgs field through Yukawa interactions, generating a neutrino Dirac mass term



in exact analogue to other fermions. It is possible to add a Majorana mass term for the
sterile neutrino as neither Lorentz nor gauge symmetry forbids this. Such a term violates
Lepton number (L), an accidental symmetry of the SM, by two units. The combination of
a Majorana mass term and the Yukawa interactions results in neutrinos that are Majorana
mass eigenstates, and the presence of lepton-number-violating (LNV) processes such as
neutrinoless double beta decay [1-10] or LNV kaon decays [11-20].

In recent years, an effective field theory (EFT) approach has been developed for neu-
trinoless double beta decay based on the framework of the SMEFT [1, 2] or its neutrino-
extended version ¥YSMEFT [3]. In ¥ySMEFT, the SM is extended with higher-dimensional
SU(2)rxU(1)y gauge-invariant operators consisting of SM fields and gauge-singlet neutri-
nos vr. Higher-dimensional operators are more and more suppressed by powers of v/A
where A is the scale of BSM physics and they are listed in refs. [21-25]. LNV operators
begin at the renormalizable level, the v Majorana mass term, while all the remaining
LNV operators have odd dimension > 5 [26]. In this work, we extend this approach to
the mesonic analogue of neutrinoless double decay, the LNV kaon decays KT — n*[TIT
(I = e, ). We note that this process has been studied in the SMEFT in refs. [27, 28].

The description of low-energy LNV processes depends on the mass scale of sterile
neutrinos. If neutrinos are heavier than the electroweak (EW) scale v ~ 246 GeV, they
can be integrated out and their low-energy signature is captured by local gauge-invariant
effective SMEFT operators with odd dimension. When neutrino masses are below the EW
scale, the operators of YSMEFT are evolved to the EW scale and heavy SM particles (top,
W, Z, Higgs) are integrated out to match to a Fermi-like EFT extended with v fields
that obeys SU(3), x U(1)em gauge symmetry. If the sterile neutrinos are heavier than
A, ~ 1GeV, they can be integrated out before matching to a chiral EFT Lagrangian.
We obtain LNV dimension-9 operators, which involve two up-type quarks, two down-type
quarks and two charged leptons. These operators induce short-distance LNV contributions
and were systematic studied in refs. [3, 27]. Sterile neutrinos with masses below A, are
active degrees of freedom at hadronic scales. We apply SU(3) chiral EFT extended with
sterile neutrinos to describe LNV kaon decays in this mass regime. Such neutrinos can be
looked for in many different experiments, ranging from oscillation to beta-decay to collider
experiments [29-36].

The current experimental upper bounds on the LNV branching ratios of charged kaons
are very stringent (5.3 x 107!t and 4.2 x 107! [37, 38] for K~ — 7Te”e” and K~ —
ntu~pu~, respectively). Nevertheless, unlike the case for neutrinoless double beta decay
these bounds are too weak to set meaningful constraints on the BSM scale A for the
exchange of virtual sterile neutrinos. However, if a sterile neutrino can be produced on
shell, the LNV decay rate is significantly enhanced due to the small width of the sterile
neutrino [18]. We apply the narrow-width approximation to modify the decay amplitude
and use the resonance to constrain the neutrino mixing angles and the BSM scale. Similar
ideas were used for other kinds of LNV decays including D, Ds, B, B, B., and 7 decays,
see refs. [16, 39-44] for discussions on the minimal scenario without higher-dimensional
operators and ref. [15] on the left-right symmetric model.

The paper is organized as follows. We discuss the vYSMEFT framework in section 2 and
then we give the expressions for the LNV kaon decay amplitudes in terms of the Wilson



coefficients (WCs), neutrino masses and hadronic low-energy constants for the long- and
short-distance contributions in section 3. The phase space integral and resonance are
introduced in section 4 and then we discuss the phenomenology of two scenarios and give
the limits on the WCs of several dim-6 operators in section 5. We conclude this work in
section 6. Appendix A gives the matching conditions to connect operators before and after
the EW symmetry breaking (EWSB). The dim-9 interactionss proportional to m; or my
are discessed in appendix B and we give the decay expressions of the sterile neutrino in
appendix C.

2 The operators in vYSMEFT up to dimension seven

In this work, we denote the dimensions of ¥YSMEFT operators by dim-n with n = 5,6,7
and the dimensions of the operators after EWSB by dim-n with n = 3,6,7,9. At the BSM
physics scale A > v, the relevant Lagrangian can be written as

1 _ _
L= Lsy — 55& Mgrvr + LHY, vg + h.C.]
5 5 6 6 7 7
+LO) + £0) + £+ £8) + £+ £00) (2.1)

where Lgys is the Lagrangian from the SM, L denotes the lepton doublet and H is the
Higgs doublet with H = imoH*. In unitary gauge, we can write

H:\%(lih>, (2.2)

where v = 246 GeV is the Higgs vacuum expectation value (vev), h is the Higgs field. vp
is a column vector of n sterile neutrinos, Y, is a 3 x n matrix of Yukawa couplings and
Mp is a complex symmetric Majorana mass matrix of type n x n that violates lepton
number by two units. We choose a basis where the charged leptons 631, r and quarks
u’L r and dﬁ% are in mass eigenstates with i=1,2,3. While for the left handed down-type
quarks, we have df = V¥ d%mass with V' being the CKM matrix. The charge conjugate
field of ¥ is U¢ = C'U”, where the charge conjugation matrix C is —iy2~? and it satisfies
C=-C"1=_-CT = —C". For chiral fields we have UG r= (UrR) = CET = Pr ¢,
with PR,L = (1 + ’}/5)/2.

We present the possible Feynman diagrams relevant with K~ — 77~ [~ in figure 1.
The first three accomplish LNV through the exchange of a light neutrino (long-distance
contribution). They can be divided into two parts, one for the leptonic decay of K~ and the
other for the leptonic decay of 7~. To get the hadronic operators that induce leptonic decay
of mesons, we need quark-level operators involving an up quark, a down (strange) quark, a
charged lepton and a neutrino, which are at least dim-6 after EWSB. The fourth diagram
contains no neutrino and we call it the short-distance contribution. It may be induced
by integrating heavy neutrinos out or arise from dim-7 operators without neutrinos (see
egs. (2.21) and (A.4)).

There are two relevant operators at dim-5

LI(IEL) = ekZEmn(Lg 0(5) CLm)HZHn ) [’I(/i) = _17103 MI(%S)VRHTH’ (23)



Figure 1. Possible Feynman diagrams for K~ — 771~1~ and the black blob denotes LNV inter-
actions.
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Table 1. LNC dim-6 operators [45] of Lg_i) that affect LNV kaon decays at tree level.

which after EWSB contribute to the Majorana mass terms for active and sterile neutrinos,
respectively. There is also a dim-5 transition dipole operator which is not relevant with
this work and is ignored. We mainly focus on operators that involve only one neutrino
appearing at dim-6 and dim-7. The operators of ,C,(,i) and cfj,.ﬁ are dim-6 and involve a
left-handed neutrino and a sterile neutrino, respectively. We list them in tables 1 and 3.
Similarly we list the dim-7 operators in tables 2 and 4.

2.1 The Lagrangian after EWSB

After EWSB, heavy SM particles with masses above the EW scale are integrated out and

we are left with a SU(3). x U(1)¢p,-invariant EFT which we call LEFT. The Lagrangian of
LEFT can be written as

1 1
L= Lsy — 51?2 Mrpvr + 5131% Mpgvg + v Mprgr + h.c.

6 6 7 7 9
LR + LR LR + LN + LR (2.4)
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O(LI)J eijemn(LZTOLm)Han(HTH) O(L7I),duD 1 €ij(d7uu) (L?C(DuL)j)

Class 2 Y?H?D? Class 6 VAH

7
Ohip1 | €iemn(LECDLL) ) Hyn(DFH), | O | e (LT Cryue) (dntu) H

7
O(L}]DQ ei'rnej’n(LzTC(DuL)j)Hm(D'uH)n O(L7I)1Qd_H1 eijemn(dLi)(Q?CLm) n
Class 3 W2H3D O(L7L)QJH | €imesn (JL-)(QTC’L VI,
Ofipe | €ienn(LTCope) Hilm (DM )| O} 1| eig(Quu) (LLCLH,
Class 4 V2H?X
O(L7HW Eij(GTI)mng(LiTCU“”Lm)HanWIfV

Table 2. LNV dim-7operators [46] of E,(,?L) that affect LNV kaon decays at tree level.

Class 1 W2 H? Class 4 Pt
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Table 3. LNC dim-6 operators [25] of El(,? that affect LNV kaon decays at tree level.

Class 1 Y2 H? Class 5 D
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Table 4. LNV dim-7operators [25] of El(,?R)

that affect LNV kaon decays at tree level.




where Lgps denotes operators of dim-4 and lower of light SM fields and we discuss the
matching conditions in appendix A. Part of the operators in the second line are [3]

2G = > c |5 ~ c = > c | = ~ c
£(A6)L 9= \/§F {uL'y“dL {eR'yMC\(,EE VL+€L’}/MC\(/6E VR} +upy*dgr {eR'yuC\(g){uL-I-eL'yuC\(g){VR}

+urdp [éL Cé?{)l/z—i—éRéégl/%} +updy, [éL Céi)yz“‘éRééi)Vf{}
+iarodpe 0(6) C s g = ~(6)  c
LO R€L0,, Uy VL +URO dLeRU;wCT Vp +h.c.
(2.5)

2GR | _ _ o _ _ o
ES)L 0= \/g{uL’y“dL {eyyucgjﬁ VL—i—eRfyHci?ﬁ I/R} +upyHdp {eLfyHcgfg{uL—i—eR’yucg%uR}

+urdp [eRcééVL—FeLc(SfiyR} +updr, [eRc(SL)VL—FeLc( ) }

_ _ 6 _ — —(6
+urotdy, eRJWc(T) vr+urpot*dgr eLow,c(T) VR} +h.c.

(2.6)
M _2GR]_ [ DT e o AT
Lra_0= \/% ury'dr {eLCVLZDuVL‘FeRCVLZDuVR}
= — Red
turydr e CYRi D i +ernCyRi D uvk] (2.7)
o — _
+7TLLU“VdR éLC%){ au’}/yV%—i—ﬂRO’w/dL éLCé?"')/V@LV%}-Fh.C.
2GR | _ _ A= (7 =
E(AUL 0= ﬂZ{UL’Y“dL {echﬁzDuyL+echﬁzDul/R}
<= <=
+upy*dp [échl))LiD#l/L—f-éLEgl))LiDuljR} (2.8)

+uro*dgr 8# (éLCg‘?E{WVVL) +ugrotdy, 8M (éLC'(;[)ﬂ/VVL) }+h.C.

where ﬁu =D, - ﬁu and each Wilson coefficient carries indices ¢jkl with ¢ = u denoting
the up quark, j = d, s for the down quark and strange quark, k = {e, u} for electron and
muon, [ = {1, 2,3} for active neutrinos and [ = {1,...,n} for sterile neutrinos.

Dim-9 operators are induced at the electroweak scale and, when sterile neutrinos have
a mass above the chiral-symmetry-breaking scale A, at the sterile neutrino mass threshold.
We thus list all possible SU(3). X U(1)ey, invariant operators

AL 2= 5 Z [(Cl(% erCek + C’l(L) eLCeL) 0; + C( )6’}/#’}/506 o, (2.9)

where O; and O} contain four quarks and they are Lorentz scalars and vectors, respectively.
In general there should also be Lorentz tensors, but in this work we only consider the case



when both of the two outgoing leptons are electrons or muons and thus the tensor operators
vanish. The scalar operators are [27, 47, 48]

O1 = ufyudf wiyts),  O) = ufyudy whysh |

Og = ahd$ uhs’ | Oh = a3 d o s

O3 = a%d? ahst Of = udy, ) s%

04 = apds s s, O} = udd$y uhs

05 = u%d) @ s% Of = udy, whs% (2.10)

where «, /3 are color indices and a summation over them is implied. We get O} by changing
the parity of O;. For the vector operators, we have [27, 48]

Og,udus = ﬁ%’y“d% ﬂ?ﬁ%’ Og,/udus = @?%VudaR ﬁgsﬁ ’
Og,usud = a%»}/ﬂs% ﬁgd%, Og,/usud = a%vﬂsﬁ ’L_L%dg ’
Ol;,udus = ﬁ%*y“dg ﬁgs?‘%, O?,/udus = a%,—yﬂd% E%S% )
0% woud = agAtsy g ds OF oud = uGAHsy, pds
Og,udus = 6%7Md% ﬂ]ﬁ%‘Sg? OlSL,/udus = a%fyud% 'L_LQS/IB% )
Og,usud = ﬂ%’)ﬂu‘g% ﬂ/]@)%dlz’ Og,/usud = {LCVR,}//’LS% faﬁdlﬁ% )
Og,udus = ﬂ%’y‘udg ﬂ%‘s%’ Og,/udus = a?{yﬂd% ag‘S% ’
g,usud = ﬂ%fy'usg ﬂlﬁ%da ) Og,lusud = ﬂ%f}/“g% a/gdc]% : (211)

The higher-dimensional operators are evolved from some BSM scale y = A to the EW
scale u = my and then to the QCD scale A,. The renormalization group equations due to
one-loop QCD effects are discussed in refs. [3, 28]. Their effect on the limits of new physics
energy scale A discussed in section 5 is less than 30% and is neglected in this work.

2.2 Rotation to the neutrino mass basis

We write the neutrino mass terms as

(2.12)

1 My, M;
L= —5NM,N +hec., M,,:( ¢ D),

Mj, M,

where N = (v, v%)T and M, is a 7 x 7 symmetric matrix, with 7 = 3 + n. The mass
matrix can be diagonalized by a n x n unitary matrix, U,

UTM,U = m, = diag(my,...,m34n), N =UN,,, (2.13)
where my, ..., my are real and non-negative. We define v = N,;, + N5, = v¢, which are the

Majorana mass eigenstates. The kinetic and mass terms of the neutrinos become

1 1
L, = iﬂiay - Qrmu. (2.14)



The relation between neutrinos in mass basis and flavor basis is

vy, = PL(PU)v vi = Pr(PU")v
vr = Pr(PsU")v vh = Pr(PsU)v (2.15)
where P and P are 3 X n and n X n projector matrices, respectively
P = (I3><3 03><n> ) Py = (Onx?) Inxn) . (216)

In the mass basis, we can write the higher-dimensional operators in a remarkably compact
form

2Gr | _ _ 6 _ 6 _ _ 6 _ 6
£ = N {uLv“dL lernClr v e, Oy v| + iyt dr [er vuCir v+er 1., V]

+urdgr [éL CSI?RV +er CSQLV} + urdy, [éL Céi)RV +er Céi)LV}

+uroctdgr éLUMVC’%G.I%R v+ urot¥dy éRUuqu}ﬁBL U} + h.c. (2.17)

and for the dim-7 operators we have

2G
£ = \ﬁi{uyy“dL [eL C\(/]leDuV‘i‘@R C\(/ELZD }

— —
+urpytdpr |:éL C\(;P){RZ D, v+egr C\(/"?}){L 1D MV:|
+uro"dg 5LC¥1%1$M%V +uro"’dy, échL)l%aW
Vo Dy (£,08100) + ino™dy, Dy (e1C5v) } The (218)
The Wilson coefficients satisfy the following relation
OWn = C8 U 1 &) PU*,
c® =cO®pu+9pu,

C\ar = O\ PU* + &0y PU™,

c® =¥ pu+ 8 PU,

c. =c®pu+ U, cl. = c¥pur+ %) pu*,

o =¥ PU+ ) PU, O = CIPU + ) PU,

o =¥ puU+ L pU, o9 =c¥prur + &P pU*,

oD =P+ PU, Oy = AR PU + CULPU,

oWs = e pur + &) pU*, CR = O PU* + &) PU*,

Oy = OrPU ., Oy = e PU.

cd =cpu, cD, =D PU. (2.19)

These coefficients carry flavor indices ijkl where ¢ = u denotes the up quark, j = d,s
indicate the down quark and strange quark, k = e, s labels the generation of charged lepton
and [ = {1,...
the dim-9 operators as they contain no neutrino fields. We focus mainly on the operators
in eq. (2.17) as the operators in eq. (2.18) are relatively suppressed by m, /v or v/A.

,n} denote neutrinos in the mass basis. The rotation has no influence on



2.3 Integrating out sterile neutrinos when A, < m, <wv

To integrate out heavy neutrinos above the chiral-symmetry-breaking scale A,, we write
the Lagrangian containing heavy neutrinos as

K1 1

£H = Z {2%@1/2 — §Diml,l.ui + Jivi , (220)

i=1
where neutrinos are in the mass eigenstates and we sum over ny heavy neutrinos whose
masses satisfy A, < m,, < wv. J; contains the interactions for the i-th neutrino. By using
the equation of motion we integrate out the heavy neutrinos and get the following effective
Lagrangian

1
Lo = 5— ol Ti(id + ma,)C T
s7i = Jud,z’ + Jus,i + jud,i + J_us,i )

1. B _ _ _ _
Jud,i =~ 2 [ULW“ dr, [eRwC\(/GL)R + €L%C§/6L)L} + ury*dr [eR ’Y;LC\(%R +er ’YMC\(/GIZLL

+urdp [éL Cé(PSgR +eéen CégL} + updy, |:éL Cé?})R +eéenr Céi)L}

+urotdr éLUul,Cr(fﬁglR + ugot¥dy, éRUuuC(TGI),L] ,
7

Jus,i = ud,i‘d—)sa (221)

where J; is the hermitian conjugate of J;, a sum over i is implied and by transposing the
leptonic part of J; we get J:/. The interactions relevant with K~ — 7+1~1~ are

nH

1 .
LY~ WJus,i(za ) CIL (2.22)
=1 v

which contain two kinds of terms, one proportional to ml and the other proportional to

% with an additional derivative. Here we give the matching conditions for terms of the

i

first kind. We find for the scalar dim-9 operators

i = —0C\LR sy C¥tua s CIR = ~0C\ s OV ua
059122 = UCé?L,usm; ICéL)L,ud 16v C’S“IZL us _lc%ﬁL)LT ud ? 05922/ = UCéPZL,usm; ICéR)L,ud )
C = =320 My CTiLua i =0,

Ci% = VO Ot Ci% = vOSTL s ClRla
C5% = 200 s OV o C5% = 2003k sy Oy ua

(2.23)

where C)(g)(X us and C>((6>)<X .q are the coefficients of dim-6 operators in eq. (2.17) involving
a strange quark and a down quark, respectively. We get the matching conditions for the



C’f? operators via the replacement

o -y, o =y, (2.24)
6 6 6 6
c® ., c® ., A€ {S,V,T}. (2.25)

The matching contributions for the vector dim-9 operators are given by

9) U (~(6) 1 A6)T (6) —1A(6) T L 9
CG,usud ) (CVLR,usmVi CSRR,ud - CVLL,usmw CSRL,ud) + 507,usud>
9 V(6 1 (6T 6 16T )
Cé,gdus =35 (CSPER,usmw CVLRud — CéPZL,usmwlCVLL,ud) + 507 udus »

9 _ (6) —1~6)T
C7,usud = 4UCVLR,usmV¢ CTRR,ud’

9 _ (6) —1~(6)T
C7,udus = 4UCTRR,usmw CVLR,ud’

Oy U [ (6) 16T (6) 16T L 9y
CG,usud - 5 (CVRR,usmVi CSLR,ud - CVRL,usml/i C’SLL,ud> + 507,usud’
O _ U (~(6) 1 A(6)T 6) . 1(6)T L oy
C’G,udus - 5 (CSLR,usmVi CVRR,ud - CéLL,usmVi C’VRL,ud) + 507,udus’

(C) (6) —1~6)T
C7,usud = *4UCVRL,usmw CTLL,udv
0y  _ (6) —1~(6)T
C7,udus = _4UCTLL,usmV¢ CVRL,udv
9) U [ (6) 16T (6) 16T 1 9
C&usud - 5 (CVLR,usqu', C’SLR,ud - CVLL,usmVi C’SLL,ud) + 509,udus’
9) VU [ (6) 16T (6) 16T 1 (9
C&udus - 5 (CSLR,usmVi CVLR,ud - CSLL,usmVi CVLL,ud) + 509,usud’
9 _ (6) —1~(6)T
CQ,usud = 4UCTLL,usmVi CVLL,ud’

_ (6) —1~(6)T
s = 4UCVLL,usm1/i CTLL,ud’

O _ V(6 16T (6) 16T L oy
C susud — 5 (CVRR,usmVi C1SRR,ud - C1\/RL,usﬂ7’l/i CSRL,ud) + §C ,udus ’
Oy U [ (6) 16T (6) 16T 1 9y
CS,udus - 5 (CSRR,usmVi CVRR,ud - CSRL,usmVi C’VRL,ud> + 50 ,usud ’
(G (6) —1(6)T
9,usud — _4UCTRR,usmVi CVRR,ud’
o)y  _ (6) —1~(6)T
Cg,udus = _4UCVRR,usmVi CTRR,ud' (2.26)

The matching conditions for terms proportional to m12 are given in appendix B.

Vi

3 Chiral perturbation theory with sterile neutrinos

3.1 The case of light sterile neutrinos

Below the GeV scale, quarks and gluons can not be used as degrees of freedom due to the
strong dynamics. We thus use the framework of chiral perturbation theory (xPT) [49] to
connect hadronic physics with the higher-dimensional operators. When the neutrino mass
is below GeV scale it is an explicit degree of freedom in xPT. We use the external source

~10 -



method and write the QCD Lagrangian in eq. (2.17) as

qu = qiﬁQ"’Q{lu’YﬂPL"i_TM’YuPR_(M+S+ip)PL_(M+S_ip)PR"i't!iyo'puPL‘*’t%/UpuPR}q7

(3.1)
where g = (u,d, s)T is the triplet of quark fields, and M = diag(m.,, mg, ms) is a diagonal
3 x 3 matrix for the quark masses. The external sources can be read from eq. (2.17)

. 2GF _ (6 _ (6 _ (6 _ 6 \f
sip= -2 F {Ai (108w + erCELY) + () (10w + ErClS) } ,
S—lp:(S‘i-Zp)T,

2Gr, (o () __u(©)

M =—=N\ | ery"Cyirv + eY'Cyi;v) + hc.,
V2 ( VLR VLL )
2Gr (6) (6)

B p o

rt = 7 /\Z( erY'Cyppv + e!'C RLI/) +h.c.,

. 2G y o 1

ty = F{ " CTLLV+(>‘ )T("/’LO’“ C%Gf)m’/) }v
thy = ()" (3.2)

with ¢ = d, s denoting a down quark or a strange quark in the currents. The matrices \;
are given by

010 001
M= |000], Xe=[000]. (3.3)
000 000

The leading-order chiral Lagrangian consists of the Lorentz- and chiral-invariant terms
with the lowest number of derivatives

Fg Fg
Lateson = - Tr |(DLU) (DFU)] + 2T [UTx + U] (3.4)

where D,U = 0,U —il, U +iUr,, x =2B(M + s —ip), Fo = 92.1 MeV [50], and U is

0

o ot K+
: V2 V6
ZﬂH x _ 70
U(x) = exp <Fo()> , (x) = T v % K% | . (3.5)

K~ KO —\/gn

The contribution from tensor sources first appears at O(p*) and it can not contribute to
K~ — 7171~ at tree level. Hence we ignore the tensor sources in this part. While for the
remaining sources, we expand U(z) to the leading order and the interactions relevant with
the decay v; — 7 + e, are

Ly =GpEFyo!n™ {éR,i’YMVj(C\(/GjP){R - C\(IﬁL)R)udu +erqy VJ(C\(/6P){L - C\(/GIZL)udij}

(3.6)
—U%Bwa{QJWK%%V—QQRM@r+@uW“%&;—qumw}a

from which we replace the index d with s and 7~ with K~ to get the operators relevant
with the decay K~ — e; + v;. By contracting the neutrino in mass basis, we connect
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the operators containing a n~ with those containing a K~ and get the amplitude. For
the process K~ (k) — 7 (p)ly (p1)l5 (p2) where [; 2 is an electron or a muon, there are two
types of Feynman diagrams. They are different in the positions of the outgoing charged
leptons. For the type where [; and K~ share the same vertex, we get the amplitude

iF3G3 6 6 6 6 _ c
— 5 > {mi32 (CéL)R - ész) wslyi (CéL)R - CéR)R)udlzi u(p1) Pru®(p2)

B (8 - O, (08— 0N ol P

b (O, —0) (OB~ CBL) alppE (o)

B (- o). (C8h— ). atpgP ()

b (08— ) (G0~ O o kgPr() B
B (B - B, (B~ )., n kP

B (B - ). (8~ B o apPrcen
(- ). (8 — ). a2

+ (terms by flipping the chirality of leptons) } ,

My =

¢ —m

where ¢ = k—p1, u(p1,2) denotes a spinor with momentum py 2, m; is the Majorana neutrino
mass below GeV scale and a summation over ¢ is implied. In the second type of Feynman
diagrams ls and K~ share the same vertex. To get its amplitude My, we only need the
replacement p; <+ p2 and add one minus sign in M;j. The total amplitude is

Mp =M, — M, . (3.8)

p1<>p2

The amplitude for the term C\(/()EL,ushi X C\(/()EL,udlgi is four times that of ref. [28] and the

h.c. terms of [, and r, were missed.

In principle this is not the whole story. The exchange of virtual sterile neutrinos with
small masses but hard momenta (larger than A, ) leads to hadronic LNV operators without
neutrinos. This is very similar to the exchange of virtual hard photons gives rise to the mass
splitting between charged and neutral pions. This so-called hard-neutrino exchange plays
an important role in nuclear Ov3/ and has been the focus of a lot of recent work [51-57].
These contributions can readily be incorporated for the LNV kaon decays as well (see e.g.
ref. [3] for operators involving pions). As we will discuss below, the contributions from the
exchange of off-shell neutrinos are not sufficiently large to give meaningful constraints. We
therefore do not construct the corresponding operators. However, their corrections should
be included when the sterile neutrino mass is outside the resonance region.

3.2 The case of heavy sterile neutrinos

The chiral Lagrangian induced by the dimension-9 operators in eq. (2.9) has been discussed
in refs. [27]. The most relevant hadronic interactions involve one pion, one kaon and two

- 12 —



charged leptons. The mesonic chiral Lagrangian is

Fy

_*ro (9)
495

Ls

5 s 9 iy T 9
[391KC£ g/RLglL3lu + (92K02L/R + gSKC;)(,L)/R)UZlUSl

i 9 T 9 — _
+ (g4KCZEI)//R +g5KC§2/R) UQlUgl] EL/RC€€/R

4
4v

9 9
+g'777K/C’§,u)dus> LglUi;rl + gg/lg (Cé/g,usud +

F =y = s 9 s 9 e 9
+ o 5emCe [ (gﬁKC((i,zsud + g7KC§,3sud) L5,Uj, + (96 aey

(3.9)

6,udus

9
Cé/z),udus) (L51U21 + Lgl U31)

g 9 9
+ gs/lfg/ (Cé/z),usud - Cig/z),udus) (LéflU21 B LlQLlU?)l)]

(e - o)

where L, =1UD,U  and the parity invariance of QCD implies that the hadronic operators

induced by O; are the same as those induced by O} and they share the same LECs. Then

we expand the U matrix and get operators involving two mesons and two leptons [27]

Ls :%K_ﬂ_ |16L.C] + caerCep] + % (30" K~n~ + cadln™ K| eyyCe” 510
+ %aﬂf(*aﬂr* [C5éC’PLéT + CGECPRéT} , ‘
where the parameters c¢; are
er = — S RGN + O + () + o)
— g7 (] + O — g (O + ).
c = 01‘L_>R,
s = = SERIE (Ot + Cltsa) + 97 (s + O )
- gg/lg (Cé%,usud + Cé%,usud + Cé%,udus + Cs(;%,,udus)
- gg/fg/(cfgaz),usud + Cag%l,usud - Cég%,udus - Cs(;%/,udus)] ) (3.11)
s = = LRI (O gy + Oe) + B+ O
- gg/lg (ng%,usud + Cé%/,usud + ¢ za,udus + Cs(;%/,udus)
+ 9575 (CoJousua *+ Cs/yuond = Cofouaus ~ Cojouaus)]
& = SRR () + ),
cg = 05’L_>R.
The LECs, gI¥, can be estimated by using naive dimensional analysis (NDA)
g =00),  gEis=00Y),  grlh=0(A)). (3.12)
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We can also relate g7 with the LECs appearing in K° — K° [58], K* — 7%7% [59] and
m~ — 7wt [58], some of which have been computed by several lattice QCD groups [60-66].
The tree-level amplitude for K~ (k) — 7 (p)l~ (p1)l~ (p2) can be read off directly

1 _ _ L
Mg = —is 2c1u(p1) Pru‘(p2) + 2cou(pr) Pru‘(p2) — 2iczu(pr)kysul(p2)

+2icau(pr)pysuc(p2) + 2k - plesu(pr) Pru(p2) + coti(pr) Put(p2)] | - (3.13)

4 Phase space integral

The momentum products in the amplitude square |M|? of the decay
K= (k) — 7t (p)l] (p1)l5 (p2) have two independent terms, (k—p1)? = ¢% and k- po, and all
the other products can be expressed in terms of these two products and particle masses.
To simplify the integral further, we write [28]

1 1
(k:—pl)2:a, k-py = @(m%{—ka—mi)(a—kmi—mi)+%m[(|q||p2|cos&, (4.1)

(S

1
)‘2(”12’{”’1—\577’”1)7 Ipa| = )‘(m;’—\/\/g’mb) with A(a,b,c) = ad bt 4ot — 20202 —

2a%c? — 2b%c? and my, is the mass of lepton /;. The decay rate becomes

where |q| =

1 1 1 P2
I'=(2- 51112)2!2771%(647&/da/dC059|Q\|\/;|M|2(aa k- p2), (4.2)

and the integration domains are given by
a € [(my, +mq)?, (mg —my,)?, cosf € [-1,1]. (4.3)

If the mass of neutrino is in the range [my, , +mr , MKk —my, ], the exchanged neutrino
can go on shell. Near the pole, we modify the propagator

1 1

o , 4.4
q? —m? +ie @ —m? +im;[; (44)

where I'; is the total decay width of v; in the mass basis. When the mass of sterile neutrino
is much larger than its decay rate, we use the narrow width approximation

1 s

— 6(q> —m? 4.5
(q2 — m3)2 + mfFf mZI‘Z (q mZ) ’ ( )

to simplify the phase space. The resulting m;/I"; enhancement is typically large enough
that other contributions can be neglected.
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5 Phenomenology

The EFT approach to the long-distance contributions without a sterile neutrino and the
short-distance contributions has been discussed in refs. [27, 28], and the current experiments
can only set a loose bound on the BSM energy scale A with A > O(10) GeV. This scale is
too low for the SM-EFT approach to be valid. However, this is not the case when we work
in the framework of ¥YSMEFT. In this section we first show the effect of the sterile neutrino
on the short-distance contribution and then discuss two scenarios for the long-distance
contribution and instruct the resonance enhancement. Finally we give constraints on the
energy scale of operators in table 3.

5.1 Short-distance contribution

Ref. [27] considered dim-7 LNV operators in SMEFT and matched them onto dim-9 oper-
ators (CégL), CégL)/ and C{QL)), and the resulting Ci(g) are proportional to X—i given that the
WCs of dim-n operators are proportional to A% Using the current experimental limit, they
obtained a relatively weak bound on A > O(10) GeV.

In the presence of a sterile neutrino with mass m, > A,, where the same C’Z-(g) are
induced, the bound on A can be slightly improved. For instance, let us consider a dim-9

operator, C’égg, which could receive a contribution from two dim-6 operators C\(/GP){R us X

C’\(;SI)JRMd, or equivalently from two dim-6 operators Ot(ii)y o X (’)g}l), o Cg()g}; is thus proportional
to v°/(m,A*). Due to the enhancement by v/m,, it is possible to get a more stringent
bound.For instance, for m, = 1GeV, we get a better lower limit on A with A > O(100)
GeV based on current experimental limits, which improves the result in ref. [27] by one
order. Nevertheless, it is clear that for sterile neutrinos with masses above a GeV or so,
the resulting limits are rather weak and it is unclear whether the use of the SMEFT or

vSMEFT frameworks are justified.

5.2 Long-distance contributions and resonances

If a sterile neutrino exists with a mass inside the resonance range [m; + mr, mg — my], the
decay rate is significantly enhanced [18] and we can get much stronger constraints on A and
neutrino mixing angles. In this subsection we ignore sterile neutrinos with mass outside
the resonance range and discuss two scenarios, the minimal scenario and the leptoquark
scenario, and show their effects on the decay rates of K~ (k) — 7t (p)l~ (p1)l™ (p2).

5.2.1 The minimal scenario

In the minimal scenario, we add a sterile neutrino vg with mass m, in the resonance region
and it can only interact with the SM particles via the mixing with active neutrinos. We
get the Lagrangian by setting the WCs of operators from tables 1-4 to zero and writing
the active neutrino v, in the weak interaction in terms of the neutrino mass eigenstates v;

Vo = Uail/iy (51)

where a = e, u and ¢ = 1,2,3,4. We also assume the sterile neutrino mixes only with the
electron neutrino v, in K~ — wte”e” or with the muon neutrino v, in K~ — 7tp~p™.
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Figure 2. Decay rates of the sterile neutrino in the minimal scenario for cases Ugq # 0 (green
solid) and U4 # 0 (pink dashed ). The kinks at m, ~ 140 and 240 MeV are due to threshold of
decay channels N — 7% + v, /v, and 7% + T /u¥.

Due to the small mixing angles between the sterile- and active- neutrinos, vg is approxi-
mately equivalent to vy.

The possible decay modes of the sterile neutrino are discussed in appendix C. We show
the decay rates of the sterile neutrino in figure 2. In figure 3 we plot the branching ratios
of kaons as a function of m, for the case of final-state electrons (left panel) and muons
(right panel). When calculating the decay rates, the mixing angles |Ue4| and |U,4| are set
to the see-saw prediction 1/0.05 eV /m, with m, the mass of the sterile neutrino. It is clear
that m, /I’y > 1 and it is safe to use the narrow-width approximation. The two branching
ratios are slightly above the current limit around 300 MeV. Hence either there is no such a
sterile neutrino with a Majorana mass around 300 MeV, or the mixing angle |Ujy| (I = e, )
is smaller than the see-saw relation.

In figure 4 we show the limits on |Ueq|? and |U,4|? as functions of m,,. The limits are
quite close to the black curve indicating the type-I seesaw relation. The constraints on
[Uea|? and |U,4|? could reach O(1071°). The limits on the mixing angles detoriate quickly
near the boundaries of resonance regions due to the phase space suppression.

5.2.2 The leptoquark scenario

In this section we neglect the interactions of the minimal scenario and the SM is extended
only by interactions with leptoquarks (LQs), which can convert quarks to leptons and vice
versa. Ref. [67] summarized all the possible representations of LQs and we focus on a scalar
LQ: R (3, 2, 1/6). Its interactions with quarks and leptons are given by

Lirg= —yi}}LJRiR“e“bL%j + yERQ%, Ry + h.c. (5.2)
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Figure 3. Branching ratios of K~ — nTe~e™ (left panel) and K~ — 7T pu~pu~ (right panel ) as
functions of the sterile neutrino mass m, in the minimal scenario.
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Figure 4. The excluded parameter space above the curves for |Ues|? (left panel) and |U,4|? (right
panel) from the limits on branching ratios of K~ — 7717[~. The two black lines correspond to
the type-I seesaw relation {|Uc4|?, |U,a|?} = 0.05 €V /m,. The gray (dashed) lines are the modified
limits when including the finite detector size effect.

where 14, j, k,l and a, b are flavor and SU(2) indices, respectively. After integrating the LQ
we get the following dim-6 operator

_ o ~ -
51(2 = Oéd)Qu,ijkl (L?dj> e (QZVRZ) +h.c., (5.3)
where
6 _ 1 LR, RLx
CLaQuiijkl = miIgJkaz Yii (5.4)

and mrq is the mass of the LQ. Below the electroweak scale, four operators are induced

6 2GFr [_
£(A)L:OZ V2 Cél%,z'jkz

_ _ 6) - _
UridRjeLkVRL + Cr i ULio™ dR €L kT VR

_(6 7 _ (6 - _
+ cl(\I%R,ijkl dridRr VL kVRI + cl(\I%,ijkl dp o' dp VL ko' vRy| +he.,  (5.5)
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where the two neutral currents contribute to the decay width of the sterile neutrino and
thus affect LNV decay process in the resonance region, and the coefficients satisfy

A0 6 _ V' TR pL .

CSR,ijkl — *CT ikl = om2 Yii Yik > (5.6)
LQ
2 _

—~(6) _ 4=(6) _ v LR, RL#*y,*

CNSR,ijkl — 4CNT,ijkl = 92 Yml Yik~ Vini - (5.7)
LQ

The matching to the operators in eq. (2.17) is

n
(6) _ 40(6) _ =(6)
Csrrijet = 4CTRR ikl = > SRk Usti» (5.8)
I=1
where n is the number of sterile neutrinos and here we consider only one sterile neutrino.
Since we focus on the resonance region, the contributions from other light neutrinos can
be safely ignored and the mixing angle |Uy| ~ 1.

LR, RLx R

In order to induce the decay K~ — whe”e™, we set yoi‘yii* = yﬁys L* to one

e
and all other indices configurations to zero. Similarly for K~ — 7tu~p~ we assume
yﬁ?yﬁf* = y{f?yﬁf* = 1 with all others being zero. Then the decay rates are a function of
the leptoquark mass my,q and the neutrino mass m,. One can check the decay rate of the
sterile neutrino is much smaller than its mass and thus the narrow width approximation is
still valid. In figure 5, we show the limits on mpq by varying m,. The regions below the
two colorful curves are excluded, and the green curve (K~ — wTe~e™) reaches an energy
scale around 300 TeV while the pink curve (K~ — 7 u~ ™) could reach 250 TeV. Due to
the same reason as that in the minimal scenario, myq approaches 0 near the resonance

boundaries.

5.3 Limits on dim-6 operators with a sterile neutrino

In principle by using the current limit on K~ — 771~ [~ in the resonance region we can
make a limit plot for every operator from tables 1-4. The strongest limits arise from (part
of) the operators in table 3, because contributions from the operators in the other tables
are suppressed by either the small mixing angles |U, /u4‘ for those containing a left-handed
neutrino or A for the dim-7 operators. Not all vYSMEFT dimension-six operators contribute
equally. For instance, (’)(LGV) 7 has no direct effect on the LNV kaon decay and is ignored
here. (’),(g%, can induce the decay N — v+, which is relatively fast and decreases the LNV
kaon decay rates in the resonance region. (91(,?%/ is strictly constrained because it generates
neutrino dipole moments at one-loop [68, 69] and it is also ignored. We are then left

with four operators (O(LQC;QV has been discussed in previous subsection) in table 3. These

operators can easily be obtained in models with Z’ bosons (ng)w I O(Lgy)Q 4), and left-right
symmetric models (Og,)j .)- We refrain from introducing specific models and focus on giving
the limits on the WCs of these four operators directly.

To induce the LNV kaon decay, we turn on a single operator with specific flavor

configurations at a time and ignore the minimal interactions. For qu)w ; and (’)Sl),e we only

need to turn on one flavor configuration to induce LNV kaon decay. We set Cgl),e 1= %
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Figure 5. Limits on the leptoquark mass my,q versus the sterile neutrino mass m,, in the resonance
region. The green curve is based on current limit for K~ — 7+te~e™ and similarly the pink one for
K~ — ntu~p~. The gray (dashed) lines include the finite detector size effect.

to induce K~ — mTe~ e~ with all other indices configurations being zero. Then we can
get limits on A as a function the sterile neutrino mass m,. Because the left handed
down-type quarks are not in mass eigenstates, K~ — mTe~e~ can also be realized via
C’ggu L1 = % The remaining two operators are special in the sense that we need to
turn on two flavor configurations to induce LNV kaon decays. For convenience we assume

) 9) (9)

9) _ 1 _ 1 . - +o— -
Cawve 1111 = Cauve2111 = 72 °F Crogaiinn = CrLogainz = ez to induce K~ — whe"e™.

o 9) (9) ) _ 9 9) _ ~9)
Similarly, we set Cpy, 19, CQ'UJ/L,IIIQ’ Cduue,nu = Cdur/e,2112 and CLqu,Qm = CLqu,znz

to 5z to induce K~ — wtp~p~.

We show the limits on A for these four operators in figure 6. The two scalar-type
operators give stronger limits than the two vector-type operators, because the decay rates
from the latter are relatively suppressed by m2/B2. The contributions to the LNV kaon

decay rate from Og)ye and OS?WL are further suppressed by |Vys|?. Note that near the

threshold m, = m; + m, for the plot of Oc(li)ye, the decay rates of the sterile neutrino
and the |pe| in eq. (4.2) approach to zero at the same speed. Hence the two curves for
A approach to some fixed values instead of going down straightly around m, = m; + m..
While for the plots from other three operators, the decay rates of the sterile neutrino are
not zero around m, = m; + m, as the sterile neutrino can still decay into light particles,
e.g. T + v.. We refer to refs. [70, 71] for a more detailed discussion and calculation on the

decay modes of the sterile neutrino for various dim-6 operators.
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Figure 6. Same as figure 5 but now we present limits on the BSM scale A associated to various
dim-6 operators.

5.4 Finite detector size effect

In the resonance region where a sterile neutrino could be produced on-shell, we consider
the intermediate neutrino as a real particle and it propagates for some distance before
decaying into a pion and a charged lepton. In the case when sterile neutrinos decay outside
the detector, we can not reconstruct the LNV process and thus get no valuable bound
on the mixing angles or energy scales of the higher-dimensional operators. The observed
branching ratio is suppressed due to the fact that some neutrinos decay outside the detector.
Refs. [11, 12, 43, 72-74] have discussed this effect. In this work we follow the method used in
ref. [11] to make a rough estimate. We include the finite size detector effect by a probability
factor P,, which is the probability of vz to decay within the detector. We write P, as

Lp

P,=1-—¢Tv, (5.9)

where Lp denotes the typical detector length and L, = m{’/ = with p, the momentum of

vg. In the rest frame of K, the momentum of the sterile neutrino is given by

[NIE

A2 (my ,mp ,my)

* — 5.10
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We can relate the energy F, of vg in the lab frame with those quantities in the rest frame

of K~ by the relation
20,
E, = E} <7+E* 72—100891*,) , (5.11)

v

where v = % denoting the boost factor of K~, E is the energy of vg in the rest frame
of K~ and 6 is the emission angle of vp relative to the velocity direction of K~ in the
rest frame of K~. The energy of vg lies in the range £, < E, < E}f with Ef =
vE} + piy/7? — 1 and obeys a flat distribution.
We then can get the total number of LNV kaon decays inside the detector by integrating
neutrino energy E,
ES  BR(K™ — 7 l"x")
Nevent - NK* /El,_ dEI/ Elj_ — EV_
ES  BR(K™ — " vg)T(vg — "1t
~ Ng- /

P,
(5.12)

dFE,
E, v -EV+ —E, Fl/

Py,

where N - is the number of K. In NA62 experiment, 400 GeV protons collide the target
and produce a large number of K+ mesons, which carry a momentum of 75 GeV. Assuming
three years of running, the expected number of KT decays in the fiducial volume is Nyt =
1.35 x 10'3. Following refs. [11, 75], we assume zero background events and Lp = 65 m.

By requiring the signal events to be Neyent = 3.09 we get bound on the mixing angle or
new physics energy scale A as a function of sterile neutrino mass m,. We show our results
in figures 4-6, where we use the gray lines to denote the sensitivity for K~ — mte~e™ and
gray dashed lines for K~ — 7" u~pu~. Through the gray (dashed) lines, we find the limits
on |UZ| are of the order 107, and the limits on A are 5-30 TeV.!

In the minimal scenario the gray (dashed) lines we get in figure 4 are above the re-
gion excluded by big bang nucleosynthesis (BBN) [76, 77]. However they are slightly
weaker than the limits from ATLAS experiment [71], and weaker than the constraints
from Kt — [tvg [78, 79] by two to three order of magnitude. This makes sense as we
require additionally vr to decay within the detector.

The constraints on the higher-dimensional operators mentioned in previous subsection
have been probed a lot in refs. [30, 32, 80-85] via elastic coherent neutrino-nucleon scatter-
ing, missing transverse energy searches, lepton flavor universality, CKM unitarity, meson
and tau decays, etc. For the sterile neutrino with mass m, < m, < mg, the bounds
they got are from 1TeV to 10 TeV, which are weaker than those from LNV kaon decays.
Ref. [71] investigated higher-dimensional operators via displaced vertices search for the
sterile neutrino at the LHC and SHiP, which could reach a limit 20-30 TeV. Neutrinoless
double-beta decay [3] gives a stronger limit roughly 50 TeV. Despite the different flavor
configurations and the narrow parameter space of the sterile neutrino mass, our results are
close and complementary to their results.

In principle one should also consider the decay length of K+ and the geometry of NA62 experiment.
We leave this careful analysis in the future work.
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6 Conclusions

In this work, we used a systematic framework to study the effect of light sterile neutrinos
with mass smaller than the electroweak scale, m, < v, on the lepton-number-violating
decays K~ — w7171~. The sterile neutrinos N are gauge singlets under the SM gauge
group and are allowed to interact with the SM fields through the Yukawa interaction and
gauge-invariant higher-dimensional interactions up to dim-7. After integrating out heavy
SM particles, we match the vYSMEFT operators onto SU(3) x U(1)e,-invariant operators.
If the sterile neutrino mass is above A, we also integrate it out and get dim-9 operators,
which induce the short distance contributions to LNV kaon decays. For the sterile neutrino
with a mass m, < A, we get LNV operators of dim-6 and dim-7 in egs. (2.5) and (2.7),
and LNC operators in egs. (2.6) and (2.8). By using chiral perturbation theory, we connect
dim-6, -7 and -9 operators at the quark level to mesonic physics and give the expressions
for the decay amplitude, which includes the long-distance (from dim-6 and -7 operators)
or short-distance contributions depending on whether the sterile neutrino mass is above or
below A,.

We find the presence of a sterile neutrino and the non-standard interactions have a
dramatic impact on the LNV kaon decay phenomenology. In the case of a sterile neutrino
with mass A, < m, < v, the new physics scale probed by the dim-9 operators is improved
by one order compared to the case without a sterile neutrino [27]. Nevertheless, the BSM
physics scale that can be probed is of order O(100) GeV which is still too low to make the
vSMEFT approaches valid. The limits are also much weaker than the corresponding Ov3j3
decay limits for similar operators with different generation indices because of the relatively
small data samples of kaon experiments. However, very stringent bounds on the EFT
operators emerge if the sterile neutrino mass lies in the resonance region (m, + my, mg —
my). The resulting lepton-number-violating decay rate are highly enhanced and we obtain
strong limits on the neutrino mixing angles |UZ| and |UZ,| at the level of 1079-1071°, close
to seesaw predictions, and on the BSM scales A, up to O(300) TeV, for various higher-
dimensional operators. After considering the finite detector size effect, we find the limits
on mixing angle |UZ| become at the level of 107¢ and the BSM scales A are weakened to
O(30) TeV. These limits obtained this way are very strong though only in a narrow window
of sterile neutrino masses with 150 MeV< m,, <490 MeV. The framework we developed in
this work can be readily extended to probe BSM physics in other types of decays, e.g. the
LNV decays of charm and bottom mesons, or 7 leptons.
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A Matching at the EW scale

We give the explicit matching conditions for all the operators in eq. (2.4). For the mass

terms we have

Mp =

2
V7 (6
V.- S0l

The matching conditions for dim-6 operators involving active neutrinos vy, are

i) = ~21v 4 202 [0 - Ok - Clida1] v - 22 (o) v
4‘“ 9 Miv + 4v (cggm) MV,
&) = — 20(6)
Cg = ( LedQ) ’
&) =0 (Cln) V.,
C(T6) = ( LeQuS) ’
L = e+~ V2 () v (el
%C\(/Glzuij - \2027@)1;&]'1"
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where the indices ¢j denote the generation of leptons and the indices of quarks are implied.
While for the dim-6 operators with sterile neutrinos vgr, we have

o = [+ 2 ato, - 2 (o) - 2]y,
Ao = ot ()

&) = 020+ 5 C,.

& = (C) v+§(cgzwD>*MRv,

& = 2%

oo _ 4{ U® ity \[0521V+82 (cD) v

" (ﬁ) (CgV)QLHQ) V 4 40* (CI(L?IW)T MLV,

Ol = = ma () + (5) (B

088 = [ 3l + VI~ el ~ il

O = |58 hen = (35) G+ L + G G+ roscllp] V.
O = = () v+ M () V- (A3

The matching conditions of dim-7 operators can be obtained from [3] and we ignore them
here as they are not important in this work. The matching conditions for the dim-9
operators can be taken from refs. [1, 27]

1 *
ﬁ C{%) = 4Vuqus (Céf)IDl + 4CLHW) )

L 9 (7)x
E Csr = 4Vad O qup 1 us
9) (7)x
03 C s = 4iVus CLLduD 1ud " (A.4)

B Additional contributions to the dim-9 operators

In general, four-quark two-lepton operators with an additional derivative are also induced
when integrating out a heavy neutrino. When we match them onto the Chiral Perturbation
Theory, a lot of new LECs arise. In table 5 we give the matching conditions only for
interactions, which via the equations of motions can be written as my, x OO or my x OO
with mg, being the light quark mass and m; the mass of charged lepton. The remaining
terms contain a derivative and are of dim-10, which result in unknown LECs when matched
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C\(?L)R,ud C\(/%R,ud Cé%)R,ud Céi)R,ud C”(I‘ﬁl%R,ud
C&L)L,us %mdog,usudE/t %mdogusudEu muOy By, muO2 By, 8muOsEL
f%mUOé‘;udeu f%muogdeu —msOLE], —msO4EL —4mgaO1 Ep,
+mO1Ep, —2mOLE; _%mlog,usudEu _%mlogusudE/t
C\%L,us 3maO% abu | 3maOl euaEn myO4EL, myO4Ep, 8mqOsEy,
—3muOf uaBu | —3muOk sna Bu —msO4EL —msO9 B, —4m, OBy,
—2mO5Ep, +m O Ep, f%mlOg‘qumEu *%mlogusudEu
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%mlog,udusEﬂ %m’log,udusEﬂ
éggL’us —4m, O1ER —4m Ol ER QTTLSOé,usudEu 2my Og usud By, 787n5(2(’)§,udus + OlS,usud)EH
+8msOsER +8m,OLER +2m, Op usud By +2m5(9g7usudEu +8m (207 usud + Op,usud) By
Table 5. The dim-9 interactions induced by integrating a heavy neutrino between two dim-6

operators involving neutrinos of different chiralities (the coefficients have been divided by Zr-1r
and the corresponding two dim-6 WCs).

onto Chiral Perturbation Theory. Thus we neglect them here. To make the expressions in
a compact form, we have removed an overall factor U%# and the dim-6 WCs, and we also
use E,, = éfyu%CéT and B p = éLyRC'é}C’R.

(6)

In principle dim-9 interactions are also induced by terms, e.g. Cy/g 4 X C\(,GIZL ud- We

can easily get the dim-9 interactions induced by C\(,?R’us X C\(?ﬁhud via a replacement d < s

on the dim-9 interactions induced by C\(,?L s X C\(,?R ud -

C Sterile neutrino decay processes

In this section we discuss possible decay modes of the sterile neutrino with a mass m, in

the resonance region (m, + m;, mx —m;) and give their expressions in analytical forms.
C.1 Decay modes in the minimal scenario
In the minimal scenario we find the decay rate for vp — [Tn¥ is,

F(VR N l:Fﬂ_i) — 9% A(mllvmlamﬂ)

GEFS V|| U

8mms, (C.1)

X ((mz — m?)2 — mgr(ml2 + mg)) O(my, —my —my),

where [ = e, x and we add a 2 to account for the Majorana nature. The decay rate of
vr — vy’ is given by [71]

G2 F2m3 U2 2\ 2
P(VR—>VZ7TO):2><IW 1—% B(my, — myo). (C.2)

v
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The sterile neutrino can also decay into three light active neutrinos and the decay rates

are [86]

G%m?x‘UoA‘Q
76873

where o = e, pand 8 = e, u, T are the flavor indices of the active neutrinos. The three-body

F(I/R — I/ayﬁﬂﬁ) =2x(1+ 5a,3) (Cg)

decay rates for sterile neutrino into two charged leptons and one active neutrino can not
be written analytically. Thus, we use the method of ref. [71] and use FeynCalc [87-89] to
do the phase space integrals numerically.

C.2 Decay modes in the leptoquark scenario

Without considering the interactions in the minimal scenario, there are only two types
of decay modes for the sterile neutrino in the leptoquark scenario. The decay rate for
vp — 1Tt is

D(vg — IFr%) = 2x

2
>\ 1 ™ 2
St )< U ) G FE B (2 —m2 -+ m)B(m, —my— ).

327wm3 2mi
(C.4)
and for vy — 70 we find
1 v? 2
T(vg — yr?) =2 G2 F2B*(m2 —m20)%0(m, — . C.5
(VR nm ) X 647Tm13j <2m%Q> FLo (mu mﬂ'0> (ml/ m7r0) ( )
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