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In this work we investigate the implication of K — zvv from the recent KOTO and NA62 measurements
for generic neutrino interactions and the new physics scale in effective field theories. The interactions
between quarks and left-handed Standard Model (SM) neutrinos are first described by the low energy
effective field theory (LEFT) below the electroweak scale. We match them to the chiral perturbation theory
(yPT) at the chiral symmetry breaking scale to calculate the branching fractions of Kaon semi-invisible
decays and match them up to the SM effective field theory (SMEFT) to constrain new physics above the
electroweak scale. In the framework of effective field theories, we prove that the Grossman-Nir bound is
valid for both dim-6 and dim-7 LEFT operators, and the dim-6 vector and scalar operators dominantly
contribute to Kaon semi-invisible decays based on LEFT and chiral power counting rules. They are induced
by multiple dim-6 lepton-number-conserving operators and one dim-7 lepton-number-violating operator in
the SMEFT, respectively. In the lepton-number-conserving s — d transition, the K — zvv decays provide
the most sensitive probe for the operators with zz component and point to a corresponding new physics
scale of Axp € [47 TeV,72 TeV]| associated with a single effective coefficient. The lepton-number-
violating operator can also explain the observed K — zvv discrepancy with the SM prediction within a
narrow range Aynp € [19.4 TeV,21.5 TeV], which is consistent with constraints from kaon invisible

decays.

DOI: 10.1103/PhysRevD.101.055019

I. INTRODUCTION

Recently, the KOTO experiment at J-PARC [1,2] and the
NAG62 experiment at CERN [3] announced preliminary
results of kaon semi-invisible decays [4]

KOTO16/18 __ 4.1 —
K,y = 21507 x 1077, (1)
B2 <244 %1071, (2)

at the 95% confidence level (CL). They update the upper
limit on the decay rate of K* — ztvb from BNL E949
[5,6] and the limit on the branching ratio B(K; — 7°up)
from the 2015 run at KOTO itself [7]
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BROTOP. <3.0x 1077, (3)
BE® | <335x10710, (4)

at the 90% CL. These decays are mediated by flavor
changing neutral currents (FCNC) and thus are suppressed
by the GIM mechanism in the Standard Model (SM),
giving BM = (3.4£0.6) x 107" and B} =

K;—x KT—ntup

(8.4 +£1.0) x 1071, respectively [8-10]. In the SM no
events are expected from the above kaon rare decays, but
KOTO reported three signal events in the search of
K; — n°vi. There exist quite a few works trying to explain
these intriguing events reported by KOTO [4,11-13] (or
constrain particular new physics (NP) models [14-16])
and meanwhile avoid the violation of its relation with the
K* — n"up decay, that is the Grossman-Nir bound [17].
These efforts require the introduction of a new invisible
degree of freedom with the mass scale being around 100-
200 MeV.

The interpretation of the KOTO result depends on not
only whether the invisible particles are viewed as neutrinos,
but also the experimental uncertainties. Even if we only
take into account the statistical uncertainties at 95% CL for
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neutrino final states, there is allowed space for heavy NP
beyond the SM consistent with both K; — 7% and K+ —
#tvb measurements and satisfying the Grossman-Nir
bound. As one can see from the Fig. 1 in Ref. [4], the
allowed region is rather delimited and not far away from the
SM prediction. It can provide a constraint on the relevant
quark-neutrino interactions and shed light on the search for
generic neutrino interactions in the future. Thus, without
introducing any new light particles, we focus on heavy NP
contributing to the generic quark-neutrino interactions and
generically confine the NP scale from the allowed region of
B(K; — 7°w) and B(K* — z*vi) measurements. As the
neutrino flavor is not measured and the fermionic nature of
neutrinos is not determined, the semi-invisible kaon decays
K — mup are sensitive probes for a range of interactions.
In this work, we will use an effective field theory
approach, where NP is described by a set of nonrenorma-
lizable operators which are added to the SM Lagrangian

Lesr = Ly + Z Z C,('d) Ol('d)- (5)

i d>5

Here Of.d) are the dimension-d (dim-d in short below)

effective operators. Each Wilson coefficient ng)

ciated with a NP scale Ayp = (C')1/4-4) We first use the
low energy effective field theory (LEFT) [18,19] to
describe the interactions between quarks and left-handed
SM neutrinos below the electroweak scale. Then, in order
to calculate the kaon decay rate, we match the LEFT
operators to chiral perturbation theory (yPT) [20,21] at the
chiral symmetry breaking scale to take into account non-
perturbative QCD effects. The branching fractions of kaon
semi-invisible decays are evaluated in terms of the Wilson
coefficients and neutrino bilinears as external sources.
Finally, we match them up to the Standard Model effective
field theory (SMEFT) to constrain new physics above the
electroweak scale [22-27].

The paper is outlined as follows. In Sec. II, we describe
the LEFT basis and give the quark-neutrino operators
relevant for our study. The LEFT operators are matched
to yPT and we show the general expressions for the
branching fractions of kaon semi-invisible decays. We
then match the results to the SMEFT in Sec. III. In
Sec. IV we show the implication of K — zvv for new
physics and discuss other constraints. Our conclusions and
some discussions are drawn in Sec. V. Some calculation
details for kaon decays are collected in the Appendix.

1S asso-

II. GENERIC NEUTRINO INTERACTIONS AND
K — mvv CALCULATION IN yPT

A. Generic quark-neutrino operators in LEFT basis

We consider the effective operators for neutrino bilinears
coupled to SM quarks in the framework of LEFT obeying
SU(3), x U(1),,, gauge symmetry. In the basis of LEFT for

neutrinos, the only dim-5 operator contributing to the
neutrino magnetic moments is [28]

Oyr = (1Cio,,v)F* + Hee., (6)

where F,, is the electromagnetic field strength tensor
and v = P;v denote left-handed active SM neutrinos. Its
SMEFT completion has been investigated by Cirigliano
et al. in Ref. [29]. In principle, the neutrino magnetic
moment operator can yield the K — zvv process through a
long-distance contribution with one vertex connecting to
the s — dy transition operator 56,, P /rdF*"*. The corre-
sponding coefficient is estimated to be C, p ~ 107 GeV~!
in the SM [30]. There also exists a strong constraint on
|C,r| <4 x 107 GeV~! [28]. We thus conclude that the
contribution from this operator to K — zvv transition is
negligible. There are also the dim-6 operators [18] with
lepton number conservation (LNC, |AL| = 0)

Oy, = (ugy*ur)(oy'v), Oy, = (dpy*dy)(Dr'v),

(7)
OV, = (@rrtug)(r'v),  OY, = (dgr*dy)(or*v),
(8)
and those with lepton number violation (LNV, |AL| = 2)
Ofy = (gu) (W) + He.,
Ol = (drdy) (V) +Hee., 9)
05, = (Wgug) (V) + Hee,
03,, = (dpdg)(v“v) + Hee., (10)

Or, = (wigo*u,)(tC6,,v) + He.,

Ogv = (%oﬂydL)(Uca;wy) + H'C's (11)

where u; (ug) and d; (dg) denote the left- (right-) handed
up-type and down-type quark fields in mass basis, respec-

tively. Note that the tensor operator yga’“’yﬁ vanishes for
identical neutrino flavors (with a = f). The flavors of the
two quarks and those of the two neutrinos in the above
operators can be different although we do not specify
their flavor indexes here. For the notation of the Wilson
coefficients, we use the same subscripts as the operators,
for instance C\ 7% together with O where x, y
denote the down-type quark flavors and a, § are the
neutrino flavors. In the following we will study the
K — 7 transition and thus only consider the operators
with down-type quarks s and d.

B. Matching to the leading order of yPT

The dim-6 quark-neutrino operators can be matched
onto the meson-lepton interactions through the yPT
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formalism by treating the lepton currents together with
the accompanied Wilson coefficients as proper external
sources. The QCD-like Lagrangian with external sources
for the first three light quarks (¢ = u, d, s) can be
described as

Locp = EQCD +qrl,y'qL + qrrartar
+ [qz(s —ip)ar +qr(1} 0, )qr +Hel,  (12)

; _ gt —
where the flavor space 3 x 3 matrices {l, = [,.7, =

r;ﬂ, s=s",p=plt= t’lm} are the external sources

related with the corresponding quark currents. One can
extract the relevant external sources from the above
dim-6 effective operators. On the other hand, based on
Weinberg’s power-counting scheme, the most general
chiral Lagrangian can be expanded according to the
momentum p and quark mass. The chiral Lagrangian
with external sources at leading order reads [20,21]

2

F
L, = TOTr(DHU(D”U)T)

F2
» +T0Tr(;(UT +Uyh,  (13)

where U is the standard matrix for the Nambu-Goldstone
bosons

7+ N V2t V2K

U=exp <%> o= V2= -2+ e V2K° |,
V2K~ V2K -3

(14)

with the constant F,, being referred to the pion decay
constant in the chiral limit. The covariant derivative of U
and y are expressed in terms of the external sources

D,U=0,U~-il,U+iUr, x =2B(s—ip),
2" =2B(s + ip), (15)

where the constant B is related to the quark condensate
and Fy by B = —(Gq),/(3F3). For the later numerical
estimation, we take Fy = 87 MeV [31] and B = 2.8 GeV
[29,32]. The Nambu-Goldstone bosons parametrized by
U and the (pseudo)scalar sources y transform as U —
LUR" and y — LyR", where L (R) is SU(3), (SU(3)z)
transformation.

By inspecting the dim-6 operators related to the s — dvd
transition (the symbol “ ” here indicating the neutrino pair
can be either LNC v or LNV '), we find that only the
LNC operators OY ;, OV , and LNV operators O3, OS5 ,

'Below we use K — vi to generally denote the experimental
processes. K — mvi appears when both v and vv final states can
occur in the analytical expressions of the theoretical calculation
unless a LNC or LNV process is specified in our discussion.

can contribute to the leading order chiral Lagrangian. The
tensor operator (’)gy only contributes to the next-to-leading
order chiral Lagrangian at O(p*). They lead to the
following external sources

()50 = Cair"™ (Tarvp), (16)
()45 = Caet™™ (Tarvp), (17)
(M)5a = Coi"™ (Warvp), (18)
(M)as = Cops™™ @ar'vp). (19)

(S + lp) Ciysldaﬂ(ya ﬂ) + szgmﬂ*( a’ﬁ?)’ (20)

(s +ip)ay = Cout*™ (WEvp) + Co3 " (Ta§). (21)

. dsafpx sda,
(S - lp). Cflbl / ( ) + Cflﬂ ﬂ( Vﬂ) (22)
(s=ip)as = Caf™ (Wa§) + Cay™ (V). (23)

After expanding U, ie., U=1+iz + 2F, (i®)* +

and the insertion of the above external sources into the
Lagrangian in Eq. (13), we obtain the effective Lagrangians
for K - 2% and K* — zvb at the leading order

B S.sd S.sd
LKO—WOUI? == [(Cdyfl o’ + CdDSZ aﬁ)(l/ yﬁ)

2v/2

+(Car™™" + Co ™) ) IK O

i V.sdap | V.sdafy j—
- 2\/§ (Cdlj ¢ + Cdp; “ )(I/a]/”]//})

x (K°0,x° — 0,K°z°), (24)

B
ﬁK*—mJr v = E [(ngsldaﬂ + CS Sdaﬂ)(ya Vﬂ)
S.dsafi* S.dsafpx
+ (Cot™ + Co ") (@ Uav§) K ™
i V.sdo V.sdo —
+ 5 (Can 7+ Cun ﬁ)(”a?””ﬁ)
x (K*0,2~ = 0,K+ 7). (25)

The above Lagrangians fit to the relation

<”0|£K0—>ﬂ0uﬁ K0> _ L (26)

<ﬂ_|‘CK+—>7z+Di/|K > T \/§

This relation is the result of the transition operators that
change isospin by 1/2. By neglecting the small CP
violation in K — K® mixing, for the K, — z° transition,
the relevant effective Lagrangian becomes
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‘CKL - —

A=

[(C3 4+ Coy P + O™ + CLE ™) (WSup) + (CT™ + CL™ + OO + ) (0§) K 20

I V.sdap Vidap _ ~V.dsap _ V.dsap 0
2 (Cani " +Can " = Cyp Can )(Va}’”Vﬁ)(KLa 0 8;4KL” )s (27)
where the flavor indices a, f are summed over all three neutrino generations. Note that the Wilson coefficients for the scalar
operators are symmetric in the neutrino flavor indices. From the effective Lagrangian we derive the branching ratios for the
decays K; — 7% and K™ — #tui

El

1
_ 4K S.sdap S,sdaf S, dsaﬁ S dsafp |2
By, oo =y LZ (1 - §5aﬁ> ‘Cm +Can +Can Can Can vl 2

a<p

Z‘CV sdaﬁ Vsda[f _ CV,dsa[f _ CVﬁdsa/f 2
dvl

(28)

S.dsaf S.dsap
‘ Cdul + Cdl/2

2 2
)+ 5S4 it

+ 1 sdaoy ,sday 2
Birorris = IF D (l } 55@3) (Jems + co (29)

asp

The details of the calculation are collected in Appendix A. The J functions parametrize the kinematics of the three-body
decay and are defined as

1 B
W= e [ dss((m} 2, —5)—4 0)'/? = 404G, 30
1 1
Ky, _ 2 2 _ 3/2 _
Lt = F%ip3 : 2117[3”1%L / ds((mg, +m?, 5)? —4m% m 0)¥? =0.247G72, (31)
2
Kt = é&/dss((m%ﬁ +m2, —s5)? —4m%,.m>,)"V? = 17.9G7>, (32)
P 28 3m3 " x
L1 1 _
K = 3 P /ds((mg<+ +mi —s)*—4mi om?.)¥? = 022G7, (33)
K* Mt

where my (mg+) and FI,iXP (T EXP) denote the physical mass and decay width of K; (K*), respectively. m o (m,+) is the mass

of 7°%(z), G is the Fermi constant and s is the invariant squared mass of the final-state neutrino pair. From the hermiticity
of the effective Lagrangian and the Cauchy-Schwarz inequality we derive the following relations for the Wilson coefficients
in LEFT

2
S,sdap S.sdap S.dsap S, dsaﬂ S sdaﬁ S.sdap S.dsap S.dsap
’Cdyl + CdyZ + Cdul + C + CdyZ +’Cdvl + CdL/Z

S.sdaf S.sdap |2
< 2<‘Cdyl + Cdu2

S.dsap S.dsap
‘ Cdul + Cdu2

). (34)

V. sdap V. sdap

V. sdap V. sdap V.dsap V.dsap 2
’C + Cdv2 -C -C dvl + Cdl./2

2
V.dsap V.dsap
dvl dvl dv2 + ’ Cdu 1 + CduZ

2
<a(|eii + cu

V. sdpa V.sdpa
‘ Cdul + Cdv2

2). (35)

fojgﬂ t = CZD’S{%" from the fact that the vector operator itself is Hermitian. If we

sum over neutrino flavors, the second relation above turns out to be

Note that in the second inequality we used C

V, sda/)’ V sda/;’ V.dsafp V d?a[}'
E :’Cdul - Cdvl d 2

<43 Jeui + e (36)
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Based on the above inequalities, the branching ratios in Egs. (28) and (29) lead to

BKL —a'vp

Z3[(* —rtud

where ¢ is defined by

- 4J5 1208
T IK UK

<45, (37)

S,sdafs S,sdafp |2 S, dsap S.dsap|?
Zaﬁﬂ(l - %601/5) (’Cdvsl “ +C o + ‘CdZ/lW/ + Cdlx2Y(ﬁ ) >0 33
€= V.sdap V.sdaf |2 = ( )
Za,ﬂ Cdl/l + Cdl/2

The upper bound on the ratio of branching ratios in
Eq. (37) holds independent of the value of € > 0, because
4J51JJK" ~4.49 and 275 JJK" ~4.51 agree to two sig-
nificant figures. This result is nothing but the Grossman-Nir
bound [17] expected from the isospin relation in Eq. (26)
and the CP-conserving limit for neutral kaon system. The
numerical value slightly differs from the standard G-N
bound value of 4.3, because we do not consider isospin
breaking and electroweak correction effects beyond the
mass difference in the phase space integration [33]. We
obtain the G-N bound from the matching of LEFT to yPT.
Thus, as expected, the Grossman-Nir bound holds for
dim-6 LEFT operators in leading order yPT.

C. Dim-6 tensor operators and dim-7 operators
in the chiral Lagrangian

For the tensor currents in Egs. (11), we have to go
beyond the leading order of chiral Lagrangian. The relevant
O(p*) Lagrangian at next-to-leading order is [34]

[
c; > iNTr(44*(D,U)'U(D,U)" + D, UUD,U),

(39)

where A, denotes the low-energy constant. In terms of the
dim-6 tensor operator O, , the relevant tensor sources are

v dsa v sda,
(tl:) _CT ﬂ(”a ;wl/ﬂ> (ZJ: )sd Cgu ﬁ(l/a ;wl/ﬂ>

(40)

(t?ll/) _ CT sdafix <V00',u,l/ﬂ )

After inserting these external sources into the O(p*)
Lagrangian (39), we obtain the following interactions for
K — mvv transitions

A
cr, Diﬁ22 ChP (V20 K+ 0ym — 9, K°0,)2°) (VS 0,,1p)
A
+ i\/§2 ZCTdsaﬂ*(\/_a[ﬂK‘Fa T —8[ﬂK 8,/]?[ )(z/a Ml/yﬁ) +H.c., (42)

where 0,,A0,B = 0,A0,B — 0,A0,B.

We also investigate dim-7 tensor operators in LEFT. There happens to be only one such operator related with the

transition K — zvv under consideration, that is

Ody dim-7 — (dL

which leads to the tensor sources to be
cl e
(lﬂy) dyglanf7( a?’[”la”]’/ﬁ)a

()4 = Caiam 7 Tari0 ),

By analogy we expand the O(p*

aﬂydR)(Dy[”ia Y1) + Hee., (43)

(4")sa = Copi 7 (Tari0 V). (44)

(#)sa = Cai'amer Tar"i0 ). (45)

) Lagrangian (39) to obtain the interactions with mesons
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T lA2
VR
One can see that, for the next-to-leading order chiral Lagrangian with dim-6 and dim-7 tensor operators in LEFT, the isospin
relation in Eq. (26) and thus the Grossman-Nir bound still hold. Note that the Eq. (46) vanishes for massless neutrinos. This

implies that the nonzero contribution from dim-7 tensor operator appears at O(p®) level, and therefore is further suppressed
by additional p?/ Af factor. In addition, there are also two dim-7 vectorlike LNV operators related to K — zvv, which we

(CL 1 ChAe ) (V20 KO~ — 0,K°0,2°) (Tgyid Yuy) + Hec.. (46)

list for completeness

Ot dim7 = (d_LVﬂdL)(v_Cif) #v) 4+ H.c.,

These dim-7 operators are suppressed by p/my, compared
with dim-6 operators and, like the above tensor operators,
lead to sub-leading contributions. Thus, we neglect them in
the following calculation and restrict us to only consider the
scalar and vector dim-6 operators in LEFT.

III. MATCHING TO THE SMEFT

Next we need to match the Wilson coefficients relevant
for the K — mvi processes in LEFT to those in SMEFT at
the electroweak scale Ay, by integrating out heavy SM
particles. First of all, the SM contribution to the s — d
transition occurs at loop-level and it only matches to the
LEFT operator OZDI by integrating out heavy SM particles
at the one-loop level [35,36]

Gr2a
e = 7% ME; Bus(VisVeaXe + ViViuX,),  (48)
V.d. V . sdfax
Cdm_sgf/[ = Cdysl,él\(jl ) (49)
V.sdi
Corsm =0, (50)

lg

Vsdafp (1),apxy
Cdvl,dim—é - Dj;SDyd (Clq -

CV,dsqﬁ o= C(\i/ysldﬁa* _ D*dD (C( ), afpxy _ C( apxy + <C( ).xy + CHq xy) 5aﬁ) ~ C( ).ap12 C( )11/512 (Cg()],IZ + CS()],

crapry (C(f;‘)],xy n CS()},xy) Bap) & a2

O:i/uZ.dimJ = (%J’ﬂdle)(l/_cia Fv) + H.c.. (47)

|
where the loop function X%/X, can be found in
Refs. [35,36] and higher order corrections are given in
Ref. [9]. We take the central values for CKM elements from
CKMfitter [37], X, and X from Ref. [38], and the rest from
the PDG book [39]. Then, to the leading order in yPT, the
analytical expressions in Eqgs. (28) and (29) with the Wilson
coefficients in Eqgs. (48) predict the branching ratios of
kaon semi-invisible decays in the SM

BM =299 x 1071, BM

K;—-nvp K*—rtww —

=831 x 10~
(51)

which are consistent with SM predictions quoted in the
literature [8—10].

Second, the dim-6 SMEFT operators in the Warsaw basis
[23] and the dim-7 SMEFT operators in the basis given in
Refs. [24,25] can induce the operators in the LEFT by
integrating out the SM particles at tree-level. The LNC
operators (’)Zyl Jp are obtained through matching with the
dim-6 SMEFT operators in addition to the SM contribution
in Eq. (48). To linear order in the SMEFT Wilson
coefficients, the matching results are

3),ap21 1),21 3),21
D1 _ ey (D s (52

lq
12
Jou

dvl,dim-
(53)
V.sdap 21
Cdl)z,;/rn 6= Caﬁ + CHd(saﬂ’ (54)
V.dsc V.sdpox aff12
Cdz/2sdfn 6 — Cdu; pa = l/ + CHdéfl/)” (55)

where D is the unitary matrix transforming left-handed down-type quarks between flavor d; and mass eigenstates d;,
d; = Dd}. We choose D to be approximately the identity matrix and neglect its effect in the following, i.e., the weak
interaction eigenstates are the same as the mass eigenstates and the mixing originates from the up-type quarks. The
convention for the Wilson coefficients is taken from Ref. [23], with the corresponding SMEFT operators being

= (Ly*o'L)(07,0' Q).

O = (Ly"L)(07,0). Ow = (Ly"L)(dy,d), (56)

Of) = (H'iD,H)(0r,0).  OF) = (HIDLH)(01,0'0), Oy = (H'iD,H)(dy,d). (57)
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The o' are the Pauli matrices, and H'iD!H = iH'¢'D,H —
i(D,H)'6'H.

For the LNV operators O )2 the leading contribution
comes from dim-7 SMEFT operators, since dim-6 operators
in SMEFT do not violate lepton number by two units and
the dim-5 Weinberg operator is strongly constrained from
neutrino masses and only indirectly contributes to the
LEFT operators. The only dim-7 SMEFT operator which
induces 05, at tree-level is [25]

OaLQLHl =€ €mn(dL )(QC"iLm)H"» (58)

with the matching result for the Wilson coefficients at the
electroweak scale

S.dsap - \/i laxp 1pxa
Cdz/l,dim—7 -8 UD“(CEILQLHI + CdLQLHl)
V2 1a2p 182a
¥y ”(CHLQLm + CdLQLHl) (59)
S.sdap \/E 20xp 2pxa
Cil dim7 = g ”Dxd(CaLQLm + CdLQLHl)
V2 2alp 2pla
¥R ”(CaLQLm + CdLQLHl) (60)

We use subscripts 1, 2, and x to represent the SM quark
generation. The indices @ or f denote the SM lepton flavor.
As the operator violates quark flavor, the contribution to
neutrino masses is suppressed and does not pose a stringent
constraint. Note that the O3 , operator cannot be induced at
tree-level from SMEFT. In the following we derive con-
straints on the SMEFT operators from K — zvy and
compare to the existing measurements of other related
processes.

A brief comment on renormalization group corrections
in LEFT is in order. As neutrinos neither couple to gluons
nor photons, we only have to consider QCD corrections.
Due to the QCD Ward identity, there are no QCD
corrections to the vector operators at one-loop order and
the running of the scalar operator can be simply obtained by
noting that m fj_fPL, gf 1s invariant under QCD renormali-
zation group corrections. Hence, the running of the scalar
operator can be directly related to the QCD correction to the
quark masses, Cg(u) = Cg(my )m,(my)/m,(u).

IV.IMPLICATION OF K — vy FOR NEW PHYSICS
AND OTHER CONSTRAINTS

In this section, based on the above LEFT coefficients in
the leading-order chiral Lagrangian and the matching to
SMEFT, we evaluate the constraints on new physics above
the electroweak scale from the K — zvv measurements and
other rare decays. According to the decay branching ratios
in Egs. (28) and (29), to the leading order of the chiral

Lagrangian, both vector and scalar LEFT operators con-
tribute to the decays K — zvi. They correspond to dim-6
LNC operators and one dim-7 LNV operator in the SMEFT,
respectively. We will separately discuss the constraints on
them below.

A. Constraint on the LNC operators

From the branching ratios in Egs. (28)—(29), and the
matching results in Egs. (52)-(55), we split the contribu-
tions to the amplitude into the SM part given in Eq. (48) and
the NP part as follows

V.sd V.sdaf V.sdaf V.sd
Cdysl o + Cdysz P = Cdysl,gl{/l + Cdu.vdi(x)f—@ (61)

where the NP part is the linear combination of the Wilson
coefficients of dim-6 LNC operators in the SMEFT in
Eqgs. (52)—(55)

V. sdap V. sdap V. sdap
Cdu dim-6 Cdul ,dim-6 + Cdu2 dim-6
 ~(1).ap21 af21 (3).ap21
~C o -

+ (Cl('-lq’ + CE’-I; + CHd)aaﬂ‘ (62)

Taking the splitting in Eq. (61) and the experimental results
in Egs. (1) and (2), we find

K; V.,sda, V.,sdo, V.dsq 2
BKL—m w =4 ‘ZIm Cdul,Slé[] + Cdu,dinf—6 - Cdu,dinlf-e
aﬁ
€[0.4x107°,6.2 x 1077], (63)

V ,sdaff

Clda |2 44 x 10710,

B[Cr St = J Z ’ CZDSIdSaf/I
(64)

The following generic relations can be immediately
obtained

V.,sdaf 2

atsm) T

CV,Sdaﬁ

V.dsaf
dv,dim-6 C

1.62x 107°G2 < Z’Zlm[C dv,dim-6

<2.51x1078G2, (65)

Sl it < 1ixi0va @

Now we first consider the lepton flavor conserving
(LFC) case and ignore the lepton flavor violating (LFV)
contributions for the time being. After electroweak sym-
metry breaking, the SMEFT operators in Eqs. (56) and (57)
will yield FCNC processes with charged leptons at tree
level. In particular, the leptonic kaon decays provide a
complementary probe of these operators. Thus, there are
constraints on the coefficients with (a,f) = (e,e) and
(u,p) from the kaon decay modes K, s — ete™, utpu~.
Although the matching conditions are not exactly the same
for kaon decays into neutrinos and charged leptons, we can
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evaluate a rough estimate on the NP scale associated with
the linear combination of the coefficients responsible for
both K — zv,0,.v,0, and K; g — e"e”, u*u~. Under the
assumption that the SM contribution has no interference
with the NP contribution, there is a lower limit on the new
physics scale of 83 TeV for (a,f) = (u,pu) from K; —
utu~ and 20 TeV for (a, f) = (e, e) from K; — eTe™. The
detailed derivation of these constraints is reported in
Appendix B.

More importantly, as the component with (a, ) = (z, 7)
does not participate in any tau lepton rare decays or leptonic
charged kaon decays at tree-level, K — zvv provides a
unique opportunity to probe the SMEFT Wilson coeffi-

cients entering Cg;fgfr;_é. If the NP contribution to kaon
semi-invisible decays originates only from the operator
with (a, #) = (r,7), we have

2
_ ZrSM
BKL_’”OM_’ - 3 BKL—HIODD

+ 475 (Im[CRsy] + Im[CR g el (67)

_gBSM

Brioriw =3 Be"pe

+ 5 [(Re[Cisul + RelCyiginm))®  (68)

+(Im[CE Sl + Im{Cy i 6))°)- (69)
The first term describes the SM contribution from decays to
electron and muon neutrinos and the second term describes
the decay to tau neutrinos and receives contributions from
both the SM and NP. The LFV contributions are neglected
as stated above.

We further require the above results fall within the
KOTO and NAG62 sensitivity in Egs. (1) and (2)

3.85 x 107G} < (Im[Ci'sy] + Im[CGin o))

<6255 % 10°G2 (70)

(Re[Cyi6] + Re[Clirr )
+ (Im[C %) + Im[Cl (1) < 8.33 x 1071°G3.
(71)
If we denote the Wilson coefficient as

i0

V.sdrt _ ~V.sder _ €
Cdz/,dim—6 (A)() - Cdv,dim-6 (AEW) = AZ ’
NP

(72)

where 0 denotes the phase of the Wilson coefficient. Note
that the running from the electroweak scale Agyw to the
chiral symmetry breaking scale A, vanishes, as the dim-6
vector operators are not renormalized at one-loop level due
to QCD Ward identity. The allowed range in the plane of
[Anp, 0] is given in the left panel of Fig. 1. From this plot,
we can see that the phase @ is nonzero and the NP scale is
limited to

Anp € [47 TeV, 72 TeV]. (73)
For specific choices of 8 = z/2 or 3z/2, the real part of

V.sdrr . : :
Ci dime Vvanishes and both branching ratios are only

governed by (Im[CZD"ifdsT;,[] —|—Im[CZ:§1if;_6})2. Thus, in the
plane of two branching ratios shown in the right panel of
Fig. 1, the correlation lines for these two choices coincide
with each other. The NP scale resides in the range of Ayp €
[60 TeV, 72 TeV] for @ = /2 or Axp € [53 TeV, 61 TeV]
for @ = 3z /2. We also display the case of § = /3 resulting
in a different line in the plane of two branching ratios.
On the other hand, for the LFV case, a similar analysis
can be carried out based on Egs. (65) and (66). The SM has
no interference with LFV contribution in this case. After

3 2 = e e

~|;°
T

(o) JTH
i
xl
0 C 1 1 1 1 1 1
47 52 57 62 67 72
Anp[TeV]
FIG. 1.

Excluded by KOTO

3 g
2 3 3
- ® Qo
b L -
X2 2 3
< : 3
= S
& g 6=ri3 a
5 2
e) --
2 -—==
0.5 € \\ 60(53) TeV-|
WN) TeV  o_r2(3712)
0 1 1 1 1
5x10-™ 10-1° 1.5x10°1° 2x10-10 2.5x1071°

Br(K* >t vv)

Left: The allowed region in the [Axp, 6] plane. Right: The correlation of two kaon decay branching ratios and constraint on the

NP scale for the LNC operators, with § = z/2 or 3z /2 (pink solid line) and 8 = /3 (purple dashed line). The blue (red) points represent
the lower (upper) limits of the NP scale. The sensitive region from KOTO 2016-2018 is shown in light green, and the excluded region by
NAG62 is in salmon. The light blue region is excluded by KOTO 2015. The black point corresponds the SM prediction.
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neglecting the above LFC contribution from NP and assuming
the coefficient with only one set of lepton flavors is switched
on at a time, a lower limit on the NP scale associated with the
LFV Wilson coefficients can be obtained as

1
Axp =|Cliile| = > 56.4(633) eV, fora# . (74)

where the NA62 result for K+ — z7vp at 95 (90)% CL is
taken. A stronger bound can be set if we assume the

same magnitude for all LFV Wilson coefficients, that is
V.,sdeu V., sdet V. sdut

Cdu,dim—ﬁ = “avdim-6 — “dv.dim-6

Axp > 88(99) TeV, for a # B. (75)

In Refs. [40-42], there are similar analyses for LFV coef-
ficients using the limit on B(K" — ztwp) from PDG. Their
limits can be translated into a bound on NP scale in our
convention as 56.8 TeV in Ref. [40] and 50 TeV in
Refs. [41,42]. We can see that the new NA62 result pushes
|

the NP scale higher. The bound obtained above is the most
stringent one for the coefficients with z flavor, compared to the
bound from 7 lepton LFV rare decays [42]. For the coefficients
with (a, #) = (e, u) or (u, €), the most stringent bound with
Anp = 259 TeV is from the charged lepton decay modes of
kaon, ie., K, - u~e™,uTe”. See also the derivation in
Appendix B.

B. Constraint on the LNV operator

In this section we assume the NP contribution from dim-
6 LNC operators is negligible and therefore only keep the
SM contribution in the LNC case. Under this assumption,
we focus on the LNV NP contribution. As discussed above,
the scalar LEFT operators from one dim-7 LNV operator in
the SMEFT play an important role in the kaon semi-
invisible decays.

The kaon invisible decays can entail constraint on the
above Wilson coefficients. The effective Lagrangian for
K; — vv at the leading order is

IBFy [, s5.d S.d S.sd S.dsap\
LKL—wv = [(Cdusl “ Cdulmﬂ - CduSZ @ - Cdu2wﬂ>(l/g ”ﬁ)
— (Cot™ 4 Co " = Co5 ™ = N (TS )] K. (76)

and that for K¢ — vv decay is

IBF S.sdaf S.dsaf S, sdaff S.dsapy [ C
‘CKS—’W = 2 |:(Cdvsl - Cdulsa - CduSZ ; + Cdu;a )(ygyﬁ)
— (G = CO = CIA™ + CO ™) ) | K. (77)

One can see that the processes are only induced by |AL| =
2 dim-6 operators in LEFT since they flip the helicity of
one of neutrinos to allow the pseudoscalar kaon to decay
invisibly. The |AL| =0 dim-6 operators Oy, , are se-
verely suppressed by the neutrino mass because they are
subject to helicity-suppression. As seen in the above
subsection, only the OS5, operator is induced by one
dim-7 SMEFT operator at tree-level. By including the
one-loop QCD running result for C5; from electroweak
scale Agw ~ my to the chiral symmetry breaking scale
A, ~2 GeV, we obtain

C3,1(A,) = 1.656C5, | (Agw). (78)

We further assume the Wilson coefficients in Egs. (59) and
(60) at Agw scale as

la2p _ ~lp2a _ alp
CEILQLHl(AEW) - CBLQLH1<AEW) - C(;[LQLHI (AEW)
1
_ 2pla .
- CHLQ(LHI(AEW) = ATNP@;/}, (79)

where Ayp denotes the NP scale above the electroweak
scale. Combining Egs. (76) and (77), the matching results
in Egs. (59) and (60), and the naive assumption in Eq. (79),
we find that there is no tree-level contribution to Ky decay.
For K, invisible decay, we obtain the branching ratio of
invisible decay

2
. (80)

1 mg 1 BFyv
Br o =2 X3 x=-x—=2—10.585
K 27 v len Adp

where the factor 2 accounts for the antineutrino case, the
factor 3 for the 3 generations of neutrinos, the factor 1,/2 for
the identical neutrinos in final states, and 1/16x for the
phase space, respectively. The experimental bounds for the
kaon invisible decay were estimated in Ref. [43] as

BlQ—»invisible <63 x 10_4 (95% CL), (81)
BKS—>invisible <1.1x 10_4 (95% CL) (82)

The above K; bound translates into a rather weak lower
limit on the new physics scale
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ANP >4 TeV. (83)

Given the matching results in Egs. (59) and (60) together
with the assumption in Eq. (79), the branching ratios of
K — zur in Eqgs. (28) and (29) can be simplified as

1 , 2
K S.dsap S,sdc
BKL—ﬂrOuD = Jl LZ <1 - 5511,5) ‘Cdblsa/ + Cdvvl ?

a<p

SM
+ BKL—>7z°uz7

58.58
GSAI6\IP + KL—ﬂr v’

+ 1 dsaf |2
Byt prvy = I Z (1 - 55043) <‘C§L1mﬁ
asp
SM
BK+—>IL’+DD

13
G3A

(84)

)

S,sdaf
’ Cdbl

+BM (85)

—rtup’

There is obviously no interference between the SM con-
tribution and the LNV contribution. If we require those
results to satisfy the region allowed by the KOTO and
NAG62 upper bounds, the NP contribution resides along the
pink line in Fig. 2 and the NP scale is highly constrained to
a narrow range

Axp € [19.4 TeV,21.5 TeV]. (86)

See Fig. 2 for a more detailed illustration. This is an
appealing scale both for LHC experiments and TeV scale
seesaw mechanism yielding Majorana neutrino mass.
This interpretation highly depends on the precision of
the measurements and the simple assumption in Eq. (79).
If we take the upper bound on By-_,,+,; from the NA62
experiment at 90% CL, that is Bg+_,+,; < 1.85 x 1071°
[3], the contribution of the LNV operator together with the

3 Excluded by KOTO
z g
> 2 =
- @ o)
X o |
£ 2 2 3
{ 2 3
7) o |
T g il
¥ ” ]
= 1 |C_> 7
o ° G-N bound 19.4 TeV
0.5 21'5M
slw/ 1
o T L L L
5x10-11 10-10 1.5x10-10 2x10-10 2.5x10-10

Br(K* > vv)

FIG. 2. The correlation of two kaon decay branching ratios and
constraint on the NP scale for the LNV operator. The labels and
colors are the same as those in Fig. 1.

assumed Wilson coefficients in Eq. (79) is almost excluded.
The analysis of the 2018 NA62 data would indicate if
LNV operator can precipitate the discrepancy under the
assumption.

The operator in Eq. (58) can also contribute to neutrino-
less double beta (Ouvff) decay. The NP scale from this
process is constrained to be larger than O(100 TeV)
[29,44]. Constraints from K — zvv are complementary
and provide a similar sensitivity, because they constrain the
quark flavor violating Wilson coefficients with an s- and a
d-quark and any arbitrary generations of the lepton fields in
the operator after relaxing the assumption in Eq. (79).

V. DISCUSSIONS AND CONCLUSIONS

In the above analysis, we focus on the contact inter-
actions from effective operators composed of s, d quarks
and two neutrinos for s — dvp transition, that is the so-
called short-distance (SD) contribution. In addition, there
exist the long-distance (LD) contributions to K — zvv from
the heavy NP parametrized by the dim-6 LNC operators in
SMEFT. The LD contributions are mediated by light
charged leptons, neutrinos or light meson propagators in
the yPT picture. In the K — zvi processes, it turns out that
the LD contributions are negligible compared to the SD
contribution and can be safely ignored. The detailed
analysis is included in Appendix C.

In summary, we investigate the implication of K — zvv
from the recent KOTO and NA62 measurements for generic
neutrino interactions in effective field theories. The inter-
actions between quarks and left-handed SM neutrinos are
first described by the LEFT below electroweak scale. We
match them to yPT at the chiral symmetry breaking scale to
calculate the branching fractions of Kaon semi-invisible
decays and match them up to the SMEFT to constrain new
physics above the electroweak scale.

In the framework of effective field theories, we prove
that the Grossman-Nir bound is valid for both dim-6 and
dim-7 LEFT operators in yPT, and the dim-6 scalar and
vector operators dominantly contribute to the K — zvb
transition. They are induced by multiple dim-6 LNC
operators and one dim-7 LNV operator in the SMEFT,
respectively. After providing a generic constraint on the
relevant Wilson coefficients, we separately discuss the
constraints on the two kinds of operators. The LNC vector
operators lead to interference with the SM contribution.
We consider the lepton flavor conserving case and
evaluate the constraints from kaon leptonic decay modes
K; - ete ,uu~. For the 7z component in the s — d
transition, the K — zvv decays provide the only sensitive
probe. We find the NP scale associated with the 7z Wilson
coefficient is limited to be Axp € [47 TeV, 72 TeV].

One the other hand, we assume the NP contribution from
dim-6 LNC operators is negligible and therefore only keep
the SM prediction in the LNC case. As a result, the scalar
LEFT operators from one dim-7 LNV operator in the
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SMEFT dominates the K — v decay. We find that the K,
invisible decay K; — vv places a weak bound on the new
physics scale for the LNV operator. As there is no
interference with the SM contribution, the constraint on
the NP scale from K — zvw is rather precise and resides in
a narrow range Ayp € [19.4 TeV,21.5 TeV].
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APPENDIX A: THE AMPLITUDES AND PARTIAL
WIDTHS OF K — mvp

In this appendix we present details of the calculation
of K — nvb. For the process of K(pg)— n(p,)+

Uo(P1)Ds(P2)/Va(P1)Vp(P2) /Va(P1)Ps(P2), the amplitudes
for K; decay are

MR (K,) = L 2UCT + CR o G 4 R (p) €l ),
MK, = %2(02;‘?“’“ +Cad ™"+ Cu' + Ca )P ) C (p2),
iM3EO(K ) = 3 (Cot™ + C™ = Cut™ = CLg™) (i + ), 8 (p1)rv(pa). (A1)
and those for K™ decay are
M2 (K ) = TP 2(CSH 1+ ST (p1)Culp),
ML) = P 2(CS 4 () C (1),
iMSEO(K) = <CZ£""” + Co )k + Pa) (PP v(p2). (A2)

with a, f = e, p, 7. The factor of 2 comes from the symmetry property of the operators and the corresponding Wilson
coefficients for |AL| = 2. We neglect the masses of final state neutrinos and thus the different amplitudes do not interfere.
After summing over all possible flavors, the flavor- and spin- summed squared matrix elements read

2 o
Stk = S5 (o e ')+ St
all a<p spin a,ff spin
=23 (1= o) 5 [+ s+ e+ s
a<p
V,sd Ve V.d V., dsaf |2
4 Z‘Cdysl @ Can @ Cdmmﬂ - Cdyzmﬂ ((mg = 1)(t = mz) — st) (A3)
Splmienf = 22355 (eteen +fase=zenf) + 5 st
all a<p spin af spin
2 2
= 3150 )t -t et it )
V,sdo V dap |2
+ Z)cdbi P CUS (0 = 1) (e = m2) - s1), (A4)

where s = (p; + p,)? and t = (p, + p,)*. Here a < f means that for |AL| = 2 we take aff = ee, eu, et, up, ut, vt flavor
configurations. One should note that the flavor indices «, f are implicitly summed over in the Lagrangian, while in the
above amplitudes they denote the specific neutrino flavors in final states. The overall factor 2 in the second line for K
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decay is because the contributions from M{*=%(K ) and M{+="2(K) are the same for any pair of (a, ). The —1/25,,
accounts for the double counting of final state phase space for identical particles.
The partial decay width can be expressed as

r b1 / e’ / dt)M(K )|’
S T A 1m0 3.0 s — VY
K 2my 1285 m2 Jy 8

) (AS)

where the integration interval of ¢ is

2 2
€ [(Bs+ B3P = (B3 + \JER —m2)  (Bs + B3 — (B5 = \JEZ = m2) ). (A6)

with

1 Im2 —m2—s
E;:_\/E’ Eé:EKTﬂ

The partial widths of kaon semi-invisible decays are obtained by performing the ¢ integral

(A7)

dFK 2Oud S,sdaf S,sdap S.dsay 2
- _ \ . Jdsaf S.dsaf
CLZS 2971'31’}1}( Z; 50/3 ’Cdvl + Cdl/2 + Cdyl + Cdv2

x s((m% + m2 — 5)> — dm%m2)'/?

1 V.sdaf V.sdaf V.dsaf V.dsaf |2
+ 3.011 43,3 Z’Cdvl + Cdv2 - Cdvl - Cdl/2
K ap

X ((m%( +m2—s)? 4me )3/2, (AB)

e = e (130w ) (i + 3+ e + i)
s+ = ) b S JCUT 4 U (ki o~ amimP
(A9)
APPENDIX B: THE CONSTRAINTS FROM LEPTONIC KAON DECAYS
The current experimental constraints on the branching ratios of K¢ — ete™ [45] and K¢ — up~ [46] are
B(Kg— ete™) <9x 1072, B(Kg = putu=) <2.4x1071, (B1)
at 90% CL. The lepton flavor conserving modes of K; decays have been measured [39]
B(K, = ete”) =970 x 10712, B(K;, = utu) = (6.84 +0.11) x 107°. (B2)
Their SM predictions are [47-49]
B(K; = ete )gu~9x 10712 B(K; = utu)gy = (6.85+0.86) x 1077, (B3)

We match the SMEFT Wilson coefficients in Eq. (56), relevant for kaon physics, to the four vector operators
in LEFT

Ol = (Z}/ﬂdL)(ayﬂeL)’ Oler = (EJ’ML)(@YM@R)’ (B4)

Oge3 = (d_RVudR)(qheL)v OZM = (d_RVudR)(aheR)- (BS)
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The matching condition is given by2

Clt™ = DDy ()™ + CP — (1= 283)) (Clp™ + Ci™)84p). (B6)
Chs™™ = D3, D, 253 (Chp™ + Cr™)84p. (B7)

Cos = ' = (1= 253 C3 6. (BS)

Caer'™ = 253 Clibup. (B9)

The lepton flavor conserving decay widths are

F2m? 2
B(Ky — £67) = B(Ky = ¢ )ou + 555/ 4m§‘c,$jﬁf§_6‘ +[LT. (B10)

where X = S, L and F is the physical kaon decay constant. stands for the interference term between the SM part and
the NP part. Here the contribution is larger than the pure NP squared term in the above equation. To make a
conservative estimation of the NP scale, we simply neglect the interference term below. Note that, once including the
additional interference term, we should obtain a more stringent limit on the NP scale for ee and pu coefficients. The NP
contribution is the linear combination of Wilson coefficients in Eqgs. (B6)-(B9)) and takes the form as

Vsdtt _ (AVisdtt  (~Vsdtt  ~V.sdte V.sdtty

CKS,dim—G = (Cya Car Cas" "+ Cpy") —cc, (B11)
Vsdtt —_ AV.sdet V.sdtt V.sdtt V.sdtt

CKL,dim—G = (Ca)"" +Cay "+ Cpy T+ Cay") +cc (B12)

Considering the physical lifetime of K¢ and K; and the experimental constraints in Egs. (B1) and (B2), the stronger limit on
NP scale is set by the K; decays. After neglecting the interference term in Eq. (B10) and subtracting the SM contribution in
Eq. (B3), the NP scales associated with the ee and pu coefficients are constrained to be

Axp :(C,V(fﬁ’;gl_6 * > 83 TeV, (B13)

1
Axp :‘clv(fﬁfg_é *>20 TeV. (B14)

Finally, we quote the result for the LFV mode K; — u*eT

(M, = MRFEM2) i 12

B(K, —» ute™) = el BIS
( L—H ) 6 4ﬂm;< LFKL K; LFV ( )
(mk _mz)zF%(mé V.sdue |2
B(K, — uet) = —FKe ¥ ( sdue |2 B16
( L H ) 6 47rm§( LFKL K, LFV ( )
|2 ' . ’ 2 . % . ’ 2
] =|chs - cha - e[ +cia® - cha - e (B17)

The upper limit on the lepton-flavor-violating decay of B(K; — e*uT) < 0.47 x 107! at 90% CL [39] leads to a
constraint on the NP scale of

1L
Axp :(C,V(jﬁ"; ? > 259 TeV, (B18)

with (£,¢") = (e, pu) or (u,e).

*We do not include tensor operators O,y and O, which are suppressed in yPT power counting relative to the vector-type operators,
and also the scalar operators O,y which are suppressed by the SM Yukawa couplings.

055019-13



LI, MA, and SCHMIDT

PHYS. REV. D 101, 055019 (2020)

APPENDIX C: LONG-DISTANCE
CONTRIBUTIONS FROM DIM-6 OPERATORS

In this Appendix, we estimate the long distance (LD)
contributions to K — zvw from the heavy NP parametrized
by the dim-6 LNC operators in SMEFT. The LD contri-
butions are mediated by light charged leptons, neutrinos or
light meson propagators in the yPT picture. In Fig. 3 we
categorize the possible topologies for the LD contribution
from the dim-6 two-quark-two-lepton operators O(gqLL)
and four-quark operators O(gggq) in SMEFT. The dashed
and solid lines represent the possible meson and lepton
fields, respectively.

The LD contributions mediated by neutrinos are sup-
pressed compared to the SD contribution. In the Feynman
diagrams for this kind of LD contribution, the vertex
connecting the Kaon state involves the same Wilson
coefficients as the SD case and the other vertex leads to
one additional suppression factor Gr. Hence, we find that
they are suppressed by F3Gp ~ 107"

The LD contributions mediated by charged leptons can
be induced by charged-current vector and/or scalar oper-
ators. The contribution from scalar operators is strongly
constrained by charged pseudoscalar meson decays. The
branching ratio for M = K,z is

B(M* - ¢tv) « Z{m%‘cg;;/;if :

apit’ |2
+ Bl + T (c)

. . S.apit
where we sum over neutrino flavor i and C d‘Zf} =

Canrr = Caings Caur” = Cyuip = Cinazs ) demotes the
scalar (vector) operator contribution. The SM contribution
is helicity-suppressed and given by CZL'fof = 2\/§GFVaﬂ,
while NP scalar contributions do not suffer from helicity-
suppression. Requiring that the NP scalar contribution
can be at most as large as the SM contribution trans-
lates into |C5%2°| < 2v2Gg|V 45lm,/B. The same scalar
contribution enters the LD contribution to K — zvv medi-
ated by a charged lepton. After considering the phase
space, the squared matrix element \M%ﬁff:ﬁwﬁ =
> |Copl?((mk —1)(t —m2) —st) is determined in
terms of

N 2
(Copl? = |ClA" + €U +3

% 10_3 ’BQCS,suay CS,duyﬂ* 2 + .

duve duve

(€2)

The second term is suppressed by a factor of O(107°) and
consequently the LD scalar contribution is subdominant.

In the SM, the LD contribution induced by vector
operators is suppressed by O(107*) relative to the SD
contribution [50]. As the NP contribution to charged
current operators is at most of the same order as the SM
contribution, the LD contribution from vector operators is
negligible.

Similarly, the meson-mediated tree-level contributions
(LD3 and LD4) are suppressed by O(10™*) with respect to

LDA1

LD2

LD3

LD4 e eeees L

2M2u/2M¢ty
0(GqLL) =
M2u/IM¢ty  -------
M o-ueeen
0(qq99) =
7.7 SER—

FIG. 3.

LD5 eeeee-- @--oe

The topologies of LD contribution to K — zvv in the context of yPT with the light charged leptons, neutrinos and Goldstone

mesons as dynamical degrees of freedom. There also exist other topologies like the pure meson loops which we do not show here, since
they are severely suppressed by additional loop factors and a yPT factor p/A, relative to the shown diagrams.
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the SD contribution [50,51] in the SM, while the one-loop
contribution LLD2 is of the same order as the LDI
contribution in the SM [52,53]. To our knowledge, there
is no general LEFT analysis of LD contributions to
K — nvv. As four quark operators with AS =1 directly

contribute to hadronic kaon decays of which many have
been measured at subpercent level precision, we expect that
similar conclusions hold for NP contributions mediated by
meson exchange. In summary, currently it is safe to neglect
long-distance contributions to K — zvi.
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