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The latest search for the rare kaon decay K™ — z"vp by the NA62 experiment has produced evidence
for it with a branching fraction consistent with the prediction of the standard model. The new result implies
that in this decay, with the v pair appearing as missing energy (£), the room for possible new physics is no
longer sizable and that therefore its contributions to underlying four-particle s — d operators with parity-
even ds quark bilinears have become significantly constrained. Nevertheless, we point out that appreciable

manifestations from beyond the standard model induced by the corresponding operators with mainly
parity-odd ds quark bilinears could still occur in K — zz modes, on which there are only minimal
empirical details at present. We find in particular that new physics of this kind may enhance the branching

fraction of K; — 7°7°F to values reaching its current experimental upper limit and the branching fractions
of K* - 7272% and K; — a7 [ to the levels of 1077 and 107, respectively. Thus, quests for these
decays in existing kaon facilities such as KOTO and NA62 or future ones could provide valuable
information complementary to that gained from K — zf.

DOI: 10.1103/PhysRevD.102.115021

I. INTRODUCTION

One of the potentially promising avenues to discover
new physics (NP) beyond the standard model (SM) is to
look for processes that are expected to be very rare in the
SM. An observation of such a process having a rate much
greater than what the SM predicts would then be a
compelling indication of NP effects. Among places where
this may be realized are the flavor-changing neutral current
(FCNC) decays of light strange-flavored hadrons with
missing energy (F). These reactions are known to be
dominated by short-distance physics [1-8] and arise
primarily from the quark transition s — dE. In the SM,
it proceeds from loop-suppressed diagrams [2] and the final
state contains undetected neutrinos (7). Beyond the SM,
there could be additional ingredients which alter the SM
component and/or give rise to extra channels with one or
more invisible nonstandard particles carrying away the
missing energy.

Over the years hunts for s — df have focused the
kaon modes K — zvv, leading mostly to limits on their
branching fractions [9—12]. The efforts are ongoing in the
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KOTO [10] and NA62 [12] experiments. The former [10]
has set B(K; = 7%0)koro < 3.0 x 107 at 90% confi-
dence level (CL), exceeding but not far from the SM
expectation [13] of B(K; — n°vp)gy = (3.440.6) x 10711
On the other hand, very recently NA62 [14] has prelimi-
narily reported 3.5¢ evidence for the charged channel with
B(K* = mtub)yag = [11.073(stat) £ 0.3(syst)] x 1071,
which is in good agreement with the SM value [13] of
B(K* —ntup)gy=(8.4+1.0)x 107! and more precise
than the earlier E949 [9] finding of B(K™ — #1wD) 49 =
(17.3%]32) x 107!, As these measurements, notably the
K* ones, have moved increasingly close to their SM
predictions, the room for NP in K — zF has become
quite small.

As it turns out, of the possible underlying s — dE
operators [7,15,16], these decays are sensitive to only a
subset. Specifically, they can probe four-particle operators
that have parity-even ds quark bilinears but are unaffected
by those with exclusively parity-odd ds bilinears [6-8,16].
However, the latter operators can contribute to kaon
reactions emitting no or two pions, namely K — £ and
K — nxF, as well as to analogous decays in the hyperon
sector [6—8]. This means that, since at the moment there are
precious few data on these processes [17], searches for
them might still come up with substantial manifestations of
NP or at least yield useful information about it comple-
mentary to that supplied by K — 7z measurements.

Published by the American Physical Society
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In this paper, we adopt a model-independent approach
to explore how big the branching fractions of the various
K — zzE modes might be, taking into account the avail-
able pertinent constraints. We assume especially that the
invisibles comprise a pair of spin-1/2 fermions or spinless
bosons, all of which are singlets under the SM gauge
groups. It is hoped that the outcomes of our study will
motivate renewed attempts to pursue these decays as
NP tests.

The organization of the rest of the article is the following.
In Sec. II, we describe the quark-level operators responsible
for the interactions of interest. In Sec. III, we derive the
amplitudes for the aforementioned kaon decay modes and
calculate their rates. For the majority of them, we also write
down the corresponding numerical branching fractions in
terms of the coefficients of the operators. In Sec. IV, we
compare the SM predictions for these transitions with their
current data. In Sec. V, we address the allowed maximal
branching fractions of K — zzF due to NP and present our
conclusions. In all the instances we will discuss, we take the
invisibles to be light enough that their masses can be
neglected compared to those of the mesons, which helps
maximize the kaon decay rates.

II. INTERACTIONS

Depending on the types of particles carrying away the
missing energy, the effective s — dF operators are gen-
erally subject to different sets of restrictions. If the invisible
particles are SM neutrinos, which have charged-lepton
partners because of the SM SU(2), -gauge invariance, the
operators would likely have to face stringent restraints from
lepton-flavor violation data. Since these do not apply if the
invisibles are SM-gauge singlets, hereafter we consider a
couple of cases involving them.

The missing energy is carried away by a pair of spin-1/2
Dirac fermions, £ and £’, in the first scenario and by a pair
of complex spin-0 bosons, ¢ and ¢’, in the second one.'
At low energies, the relevant quark-level operators need to
respect the strong and electromagnetic gauge symmetries
and are mostly obtainable from the literature [7,15,16]. We
can express the effective interaction Lagrangians as

Leg = —[Eiy”sfy”(czf, +y5Cha) £
+ Eisf(CSff, +ysCho)
+ do"™sEo,,(CL, +ysCT.)E
+ a7n75SE7n(E¥f’ + 7552f’)f/
+ dyssE(e%, +ys¢% )£l + Hee. (1)

'In the recent literature covering the impact of NP on
K — zrz[F, there are other possibilities for what carries away
the missing energy. In particular, it could alternatively be due to a
single particle such as a massless dark photon [18-20] or an
invisible axion [21].

and

[:4,(/,/ = —[(0(7)¢/ay"s + ngs"_lw?ss)i((ﬁwn(ﬁ’ _ 3,7¢T¢’)
+ (C;u//as + C;,/,/C_JYSS)WW] + H.c. (2)

for the two scenarios, respectively, where ¢ = i[y", y*]/2
and the Cs, ¢s, and cs are in general complex coefficients
which have the dimension of inverse squared mass, except
for clsﬁ‘;, which are of inverse-mass dimension. These are
free parameters in our model-independent approach and
will be treated phenomenologically in our numerical work
later on. In Eq. (1) there are merely two tensor operators
due to the identity 2i6*’ys = ™Moy, If £ # £ (¢ # ¢),
we implicitly also have another Lagrangian, Lee (Ly ),
which is the same as L¢¢ (L) but with £ and £’ (¢ and
¢') interchanged. We note that L¢e and Ly, could
originate from Lagrangians that are invariant under all
the SM gauge groups [7,16].

III. DECAY AMPLITUDES AND RATES

To examine the amplitudes for the kaon decays of
concern, we need the mesonic matrix elements of the
quark portions of the operators in Egs. (1) and (2). They can
be estimated with the aid of flavor-SU(3) chiral perturba-
tion theory at leading order [6,16,22]. For K; ¢ — F, the
relevant hadronic matrix elements are

(0ldyyss|K®) = (0[sy*ysd|K°®) = —if x p%.
(0dyss|K®) = (0[5ysd|K°) = iBfx, (3)

with fx ~ 156 MeV [17] being the kaon decay constant
and By = m%/(m + my) ~ 2.0 GeV involving the average
kaon mass and the combination m + m, ~ 124 MeV of
light-quark masses at a renormalization scale of 1 GeV,
while for K — zF,

(n~|dy"s|K™) = p% + p4. (n~|ds|K™) = By,
(n~|do™s|K™) = 2iar(p2pk — pLpg). (4)

where pyx and p, denote the kaon and pion momenta,
respectively, and ar is a constant having the dimension
of inverse mass. Assuming isospin symmetry and making
use of charge conjugation, we further have (z°|d(y",
1.6™)s|K%) = (2°[5(=y", 1. =6™)d|K*) = —(a~|d(y". 1,
6™)s|K~)/\/2. For K — nznF, we find [6,16,20]
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(7(po)a™(p-)ld(y". V)yss|K™) =

(w* (p. )1 (p) [, Dyss|KO) =
(P ). Drsd|) = 2 _

(7" (py)m

<”0(P1)7T0

l\/—aT

da S
)|does|K™) = fK

(n°(po)z™(p-

(7" (1 )z~ (p-)|doys|K®) =

2iar

(7 (p+)7 (- o

)[50,d|K) =

<”0(p1)”0 (pZ) |El0'171<s|1—<0> -

where G = pg—po—p-=pg—p-—ri=Pk—P1~ P2
Although generally the matrix elements in Egs. (4)-(6)
involve momentum-dependent form factors, to investigate
the NP influence on these processes in this study
we do not need a high degree of precision and therefore
can disregard form-factor effects. We also ignore
(n%~ 7t |5y"d|K*"), and their charge conjugates, as they
arise from small contributions derived from the anomaly
Lagrangian, which occurs at next-to-leading order in the
chiral expansion [3,16].

We now apply these matrix elements to kaon decays
induced by L¢¢ in Eq. (1) and take the £ and £’ masses to
be negligible, i.e., m¢ ¢ ~ 0. Thus, for K; ¢ — ££/, with the

approximate relations V2K, s = K* + K°, we obtain the

amplitudes to be
i s ~
My, spr = \ﬁBofK”f(SKL_Sff’ + 5Pk, ee)ve,  (7)

from which follow the decay rates

2
B Kml(o

Uk, et = (|él<mff’|2 + |f’KL_Sff’|2)’ (8)
167

where

(p,0)+
(p2)ld(y", 1)yss|K®) = <”0(P1)”0(P2)|S(J’”7 1)ysd|K®)

(p]+ P3.0) + e

p’170)+ 2 ~2 Q7

(Pg _fg)ZIa ("‘U _BO):| 7
mg —4q

5 0) + 12)+qa~2 ("’l’]’ _BO):| 5
k4
pa

Pi+P3)da .,
%(qu _BO):| ) (5)
kK —4d

i’]K,MT[4plip6 + (p}i - p’(;)ér]’
nkm(zl’ +g")p,
—— € PL (2P + 7).

—(2(p1)2°(p2)[50,.d|K°) = fK —L €@ (P + D). (6)

Pk e = CLp + T0

P](Sff/ = Cf’f - Z‘];f" (9)

& =S =Sk
Sk ee/ = Ceg ~ Corgs

& xS =Sk
SKSff/ = Cff/ Cf/f,

We can see that K, ¢ — £ are insensitive to CVASPTT
and ¢V as well as ¢* if me ¢ = 0.

For K — zff, we express the amplitude as
Mynsr = e (Sgaeer + Pgreeys)ve. The S and P terms
for K~ - 7 ff and K; — 2°ff’ are

- pf>CF£f/’
- pf)cgf”

SK_ﬂ_ffl - 2ﬂkcff/ + BOCSff/ +4anK : (pf’
Pk'ﬂ‘ff’ - Z%chf’ + BOCl;f’ +4anK ' (pf’

1
SKLﬂOff’ = (C? C\éf')ﬂ BO(Ci’*f + Cff’)

2
+2arpk - (pe — Pe)(CHe — Chp)s

1
ff’)ﬂK += BO(CP* C];ff’)

—2arpg - (pe —pf)(CT* +CL). (10)

_ (A%
PK,/zOff’ - (Cf’f

These lead to the differential rates
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L Y N s )
& 1921;37;1} Ciel* + [C2e 1"+ 3555 ffzz,(—ff az(ICte |+ ICEe )3 ).
- p/a
dCy e A2 CS, 4 C¥ 2 +|Ch, — P2
m AHOff A |cff’ *f|2 + |Cff’ - C/E;kf|2 + 3BzA | = f| | = : fl
ds 76871’ m 2/1[(07[0
+2a%(|ct, — CT|? + |cT, + CTL )3 (11)
where § represents the invariant mass squared of the ££ pair.
Aap=K(m3,mp.8), K(x,y,z)=(x—y—z)*—4dyz. (12)
Evidently, K — zff’, unlike K — ff/, can probe CVASPTT "hut not ¢V-ASP
For K~ —» 7%z £f and K; — (7, 2°2°)££', we find
iv2 y . By . A
MI('—ﬂzolr_ff’ = ﬁuf{(ﬂo )(C\f/f’ + }/SC?f’) + F (Ci’f’ + 756§f’)<p(1 - PS)%
+ ZlaT[4p(ip6 + (p{i - Pg)ar]ﬁm(?s ff + Cff’)}vf’!
lf BO ~S ~p a A . a Ao T T T
MKL—>7Z+7r_ff’ f —— s 11—0—( Cepr + ySCff’) 2 (Cff’ + }/SCff/)p+‘I(x + 2laT(2p— +4q )p+5ar(75cff’ + Cff’)
K
TA* BO ~ ~ . T ~ * "%
+ P (C5 +1sTHe) + 27 (€8 —¥sT8e)p2q + 2iarp2(2p + §7)o (vsCrip = CLE) ve,
o ~v =V ~A ~ A% By s ~S* ~Px \1(% a
MI(,_—»;rO;zOfE’ = W“f ﬂK[cff’ + Core + yS(Cff/ + Ce f)] + ? [Cff’ e T 75(Cff’ + Cerg ](S - pKQa)
K
+2iar§* pyca.lys(Cly — Ch,) + CT, + CLx] }vf, (13)
where
(14)

A _ /\_/\2 “’2_ 2 A
q = ps+pe, S =4q°, K* = my — s,

with mg in K being the average kaon mass. We then arrive at the double differential rates

3/2 o . i
Pl trce P [(141258) B i TGN o ) o9
dsdg  (4n)°f% Ag- 18m3- 050k -
L. 122 |cT.|? + T,
+ a7 [s + 4€+2K7 (mz-—2) } # ) (15a)

dZFKL—m*n:’ff’ _ e Ko
dsdc 4(4rx )SfK 18m3
A R [ |cff, + 8

3/2 fa s v . Far
Jiso {(1 125§ g) &Y — TP + (88, — ey )P
Ao

L gkt T Cel? |2y — 2

0 12&%m?3, 662m3,

45¢ |eSe — e P+, + % 12¢

+ 1+~ BZA ff ff +(12 3,_|_4A+~ m2 _2\2

< /11(") 4ﬂ2K4 3 T 9 /IKO ( X0 g)

* |2 * |2 T * |2 * |2
|Cff’ CT f| + |Cff’ - CE’f| +a s |Cff’ f| + |Cff’ C£1f| (15b)
O, T 3pimy, '
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3/2 ~ =V ~ A% P
BTy, st Pedy [| te TP+ [0 +EY |2+B23~<1+‘f >|Cff’_ rel’ + ety + 28
dsde (47:)5 I 6m, 0 Ao 4R m?,
% 12 T |2
+ a2 |Cte — CFel* + Ity + CE (15c¢)
3m, ’
|
where ¢ is the invariant mass squared of the pion pair, which lead to the decay rates
dmz 5 0 B2f2
= 1= = s =K~ _boJk 2
Pr=y[1-75" T K(m%.3.3), P=K.K". (16) Tk, gt = Torm by F eyl (18)
The § and ¢ integration ranges for calculating the K~ and K,
partial rates from Eq. (15) are 0 < § < (mg- o — 2m,)? and As for the two-body modes, we find
dm2 <& < (mK k0 — 81/2)%, respectively. For the mode "
with the 7%~ (272~ or z°z°) pair, m, refers to the AUk gy _ AK-n (Ag-p-lc) > + 3B2 )¢S 2)
isospin-average (charged or neutral) pion mass. The ex- ds 7687 my- 1 T e ¢t
pressions for the K¢ — nxf £’ rates equal their K, counter- dr . 2172
parts computed from Eq. (15) but with the signs of ¢} 7> and Klé’_:” o7 _ 3072K0 g’o o (Akomoleyy = c(V/),*{/)|2
Cip T flipped. Clearly, K — znf ¥/, as opposed to K — r£ s Mg

are sensitive to ¢VAS® besides CTT, but not to C¥AS® in our + 3Bo|c o T C | ), (19)

approximation of the hadronic matrix elements. We remark
that the £’ = £ possibility has previously been considered in

where § =& with §=p + D being the sum of the

Refs. [6,16] and our formulas above applied to thatcaseagree momenta p and P of ¢ and ¢, respectively. For
with those given therein in the m = 0 limit. K — nngd’, we derive
If £ # £, the extra channels K — (2%, 2777~, 2°2°) '€
also occur, whose rates are obtainable from those of .
ivV2(ph — p- BOC ’q‘r
K — (2% a7, 2%")£F/, respectively, by interchanging ~ Mg-_ 0,45 = M [C;}(ﬁ/ (p-D), — Lf
the labels £ and £’ of the coefficients. For £/ # £, if &;3%" fx K
/3 )
and C are not zero, they are generally independent from My, onin gt = f— [( 22& P+ ngs' ") (0 -D),
[ fA,SP and ct T, and bring about K~ — 7%z~ £'f as well.
Turning to the processes induced by L, in Eq. (2), we + ( )4
again assume that the masses of the invisible particles, ¢ CppP=~ ‘/”/”p /e |
and ¢, can be neglected, my y = 0. It follows that the T
. - o l(l’l + p3)
amplitudes for K; ¢ — ¢¢’ are Mg, ooy === |(cy, Cop T c¢¢,)(p D).
S V2fk
1
M B — T = P ;o Pj; B s BO % A
Ki—¢ ﬁ(%z/) cpg)Bofx +t= (g — Cl;(ﬁ,)qf}, (20)
—i
MK —Sdd — = (CP b + CP:; )BOva (17)
s 79 from which we arrive at
|
371/2 ” A
JZI“K__)” il zf)(ﬂ IB )“ j"K_ + 12S€|CA /|2 AK O |C ,|2
dsde 387)3f% | 3my- 0\ R SN
2 _ 1/2 1 A
Plar gy Pho [pho t 1538 o o BloBS . 0 o
dsdz (87:)5 28 3ml, O e T R, a4
Ago 3(Ago +45¢)B?
2 K 0 _
T |C + el + Rm?, [€bip = ool |-
B} a2y 5 A
PL ity _ Py ’11(0 | * M| 2 (21)
dsde (871-)5f2 oo T t/)t/l K4m§{0 ¢ ¢ ¢4, :
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TABLE 1. Summary of coefficients in Egs. (1) and (2) contributing to the various FCNC kaon decays with missing energy carried
away by Dirac spin-1/2 fermions, £/, or by spin-0 bosons, ¢¢/, if their masses are negligible, me g g = 0.

Decay modes K — ff K — nff’ K — anff’ K — ¢ K — npd’ K = arpd’
Coefficients cs, ot cv,ch, s, P, T, cr AR el ect P eV, ¢S A P

The expressions for the Ky — zzp¢’ rates equal their K
counterparts calculated from Eq. (21) except that the signs
of ¢y are flipped.

The last paragraph shows that K — ¢¢’ are sensitive
exclusively to ¢”, whereas K — z7¢h¢’ can probe solely the
parity-odd couplings, ¢* and c*, in our approximation of
the mesonic matrix elements. By contrast, K — m¢d/
depend on the parity-even coefficients, ¢V and ¢5, but
not on ¢*f. Asin the fermionic scenario, if ¢’ # ¢, the extra
channels K — (7°, 77—, 7°2°) ¢ ¢ also take place, as well
as K~ — 2%z~ ¢/ if cyp # 0. We comment that the ¢’ = ¢
possibility has also been considered before in Refs. [8,16]
and our formulas above applied to that case are consistent
with those obtained therein for m, = 0.

In Table I, we list the contributions of the different
constants in Egs. (1) and (2) to the kaon decays of interest
according to the discussion above. We remark thatin the £ =
f case for £ having a Majorana nature, instead of Dirac one,
Ey'f = E6™ £ = 0, which causes the C}7"™ and Y parts to
disappear. Moreover, for ¢’ = ¢ being areal field, rather than
complex one, the ¢, terms would be absent.

For later convenience, here we write down the numerical
branching fractions of K — F and K — zzF in terms of the
contributing coefficients, employing the central values of
the measured kaon lifetimes and meson masses from
Ref. [17] as well as a; = 0.658(23)/GeV from lattice
QCD work [23]. Before doing so, in view of Egs. (8) and
(15) and the fact that £ and £’ are not detected in the
searches, it is appropriate to define

B(K — (zn)£f') + B(K — (ar)f'£)

B(K — (zn)£f') = T1o.n

’

(22)

where the factor 1/(1 + 8¢¢) with the Kronecker delta §¢ ¢/
has been added to prevent double counting when £’ = £.
Thus, Eq. (8) translates into

B(KL e ff/) = 145(|Z.Sff/ - ~S*f|2
10 Gev*
1 +5ff/

|2+ |Cff’ _C 2)

+ | ff’ ~P* )

’

B(Kg — £f') = 2.54(|¢%, + ¢

B(K, — nta££) = {134[)eY, — &% P + |62y — e 2] + 67716, + V2 + (24, + 24 )

+431[|e5, + P+ [ -,

+ 14.3[|CT,, + CT[> +|CT, — CTx ] + 0.50[|cT, — CTr > + |CT, +

B(KL —> T ﬂoff ) = {424“0 £ +C

+0.34[|c]

In the invisible scalar case, analogously to Eq. (22), we express

B(K — (zz)pd') =

10" GeV*
L+ 6¢p
and Eq. (15) yields
B(K~ = 2%z~ ££')
= [6.28(|¢Y o[> + [e8a P + €L * + 128 1%
+2.01(|88 o[> + |22 + 25 + 125
+6.59(|CT > + |CTo > + |CL * + [T )]
10° GeV*
X (24a)
1+ 6¢p
|
f f f f
A+ 118[|es, — e8P + |8 + 2|7
i 10° GeV*
+ P ————., (24b
P ()
e 4+ T+ 80288 — TP+ |8 + P
§ ., 10° GeV*
be — Crel? +ICEe + CREP 75— o (24c)
B(K — (zz)pg') + B(K — (z7)¢'p) (25)

1+ 84y
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From Egs. (18) and (21) we then have

B 2
B(K, - ¢¢') = 2.93 x 101 GeVzM,
L+ 044
[y T Cpal’
B(Kg — ¢¢') = 5.14 x 10! Gev2 4220 (26)
1+ 0y
and
o ) s o 107 GeV*
B(K, — zz=¢¢') = (0.0334]c, — cf [P +2.94]cli  + ¢, [PGeV™?
107 GeV*
2 _ 2CaV-2
+0.169|cy; + cjy | +51.3]c, — ¢ [7GeV™?) T
,, 107 GeVv*
0.0 417 12 12
|
respectively. and X¢ = Xt ~ 1.2 x 1073 and X% ~ 8 x 107* are c-quark

IV. SM PREDICTIONS AND EMPIRICAL
INFORMATION

As mentioned earlier, the latest NA62 measurement on
Kt — zvp has turned up evidence for it that is fully

consistent with the SM expectation [14]. In view of Table I,
V.,A,S,P,T, T

this implies that the couplings C¢’ and ¢, " onglnat—

ing from possible NP cannot by sizable anymore To
explore how much the other coefficients shown in Table I
may be affected by NP to amplify the K - £ and K —
zrF rates with respect to their SM values, we need to know
the latter.

In the SM, our processes of interest arise at short distance
from effective dsv;v; interactions, with [ =e, u, 7,
described by [2]

-a.G
LM — T VEV X, + ViV X!
sdvv \/gﬁ'sil‘l29W 1;%1( td " tst cd’ cs c)
x dy"(1 = ys)swyy,(1 —ys)y, + He., (28)
where «a, =1/128, Gp is the Fermi constant,

sin? 0y = 0.231, qu/ are Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements, X, = 1.481 from #-quark loops,

’A preliminary report from KOTO [24] has revealed that its
most recent data contain a couple of K, — 7'vi events sug-
gesting an anomalously high rate, which still needs confirmation
from further measurements. If this anomaly persists in the future,
it may be due to NP, as discussed in, e.g., [25-27] and the
references therein, but its effects would not be large enough to
modify our conclusions for K — zzF.

contributions [2]. Applying the notation of Eq. (1) to
Ex aw» We then have Cy, =-C), =-Cy, =0, =
a.Gp(A,X, + 2.XL)/(v/8nsin?8,) ~ —(3 + 0.9i) x 10711/
GeV2 and C3PTT = &80 = 0.

Accordingly, in light of Eqgs. (8) and (9) we see that
B(K; s — vb)gy = 0, given that the neutrinos are massless
in the SM. However, supplementing it with nonzero
neutrino masses and taking their biggest one from the
direct limit my." < 18.2 MeV [17] would instead lead to
the maximal values [6] B(K, — vi)gy =1 x 10710
and B(Kg — vb)gy ~2 x 10714,

As for the four-body channels, employing Eq. (24) we
get B(K™ - 2’z ub)gy~4x 107  and  B(K, —
(mt 7=, 2°72°) i) gy ~ (8,5) x 10714, These are in rough
agreement with more refined evaluations in the literature
(3,4,28,29]:

B(K= = 2’n~vb)gyy ~ 1.2 x 10714,
B(K, = ntaub)gy ~2.8 x 10713,

B(K; = 2°2%m)gy ~ 1.5 x 10713, (29)

with the latest CKM matrix elements [17]. The estimates
for Kg — wavp are about three orders of magnitude less
than their K; counterparts. The two sets of K~ and K
numbers above indicate the level of uncertainties in our
K — zz[ predictions in the next section.

On the experimental side, merely two of these modes
have been looked for [17], with negative outcomes which
led to the limits [30,31]
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B(K™ = 2%7700) o, < 43 x 1075,
B(K; = n°z%p),,, < 8.1 x 1077 (30)

exp
both at 90% CL. These exceed the corresponding SM
numbers in Eq. (29) by several orders of magnitude. As
regards K; ¢ — [, there have been no direct searches for
them yet. Nevertheless, from the existing data [17] on the
visible decay channels of K; ¢ one can obtain indirect
upper bounds on their invisible branching fractions [32].
Thus, one can infer [20]
B(K,—>F)<18x1073, B(Ks—F)<7.1x10™ (31)
at the 20 level, which are far away from the aforesaid
B(K; s — vb)gy values. Comparing Eqgs. (30)-(31) with
Eqgs. (23)—-(27), as well as Table I, we conclude that
currently there remains potentially plenty of room for
NP to boost the rates of these decays via ¢V*5* and ¢**?

V. NP EXPECTATIONS AND CONCLUSIONS

Based on the considerations made in the previous
section, we hereafter entertain the possibility that, among
the couplings listed in the table, NP manifests itself
exclusively via those belonging to operators with parity-
odd ds bilinears, namely ¢V-*5* in Eq. (1) or ¢** in Eq. (2),
and demand that they fulfill the conditions

B(K; = E)xp < 1.8 x 1073,
B(Kg = E)xp < 7.1 x 1074, (32)

B(K~ = 2’27 F)xp < 4.0 x 1075,
B(K; = 72°2°F)p < 8.0 x 1077, (33)

These dsff’, or ds¢p¢/, interactions additionally contribute
to the mixing of neutral kaons via one-loop diagrams with
f and f’, or ¢ and ¢’, being in the loops and must therefore
be compatible with its data. One can see that the resulting
pertinent operators are of the form d(y*)yssd(y,)yss and
have coefficients proportional to linear combinations of
CreChg with x = V, A, S, P, orcM),c/{/) with x = A,P. As a
consequence, these products can evade the kaon-mixing
restrictions, which are stringent, if one of Crpr and Chrg for
£ # £, or one of ¢y and ¢, for ¢’ # ¢, either vanishes or

is sufficiently smaller than the other. To illustrate the
ramifications that may arise for the various K — zzf
modes if NP occurs in these couplings, we can look at
several simple examples.

If it solely affects ¢} with £'# £, then &}, are
absent, and so the kaon-mixing constraints are avoided.
In this case, comparing Eqs. (23)-(24) to (32)-(33), we
learn that the K; — F requirement is the most significant
and translates into |&3, >+ |¢%, > < 1.2 x 10717 GeV~™.

Combining it with the branching fractions, we arrive at the
maximal values

B(K~ — 2%z £f') < 2.5 x 10712,
B(K;, -zt £ff') < 1.5 x 10719,
B(K; — n°2°ff") < 1.0 x 10710,
B(Kg — ntan££') <2.7x 10713,
B(Kg — 2°2°f£") < 1.7 x 10713, (34)

Interchanging the roles of &% S5 and chPf would not alter
these numbers. They are considerably higher than the
corresponding SM expectations quoted earlier but might
not be high enough to be empirically testable any
time soon.

If only CVA, with £’ # £ are influenced by NP, hence
¢ys = 0, it is clear from Eq. (23) that Eq. (32) is no longer
relevant but Eq. (33) still matters, with the K; — 7°z°F

24
restraint being the stronger and yielding |¢},[*+

&4, < 1.9 x 107" GeV~*. With this, we obtain
B(K~ — 2%z~ £ff') < 1.2 x 1077,
B(K; - ntn~ ff) <1.5x107°,
B(K, — n°2°ff') < 8.0 x 1077,
B(Kg - ntn™ ff) <2.7x107°,
B(Kg — n°2°ff') < 1.4 x 1077, (35)

which greatly exceed their counterparts in Eq. (34) and some
of which may be within the reach of ongoing or upcoming
kaon factories. We would achieve the same results with ¢}
alone instead. It is worth pointing out that this kind of
possibility can be realized in a scenario involving scalar
leptoquarks plus light sterile neutrinos acting as the invisibles
[7]. Furthermore, the model can also generate substantial
enhancement in the rates of the aforementioned FCNC
hyperon decays with missing energy [7], which are poten-
tially detectable in the BESIII experiment [33,34].

If now NP enters exclusively through c; » With ¢ # P,

implying cF = =0, then a comparison of Egs. (26)—(27)
and (32)—(33) reveals that the K; — F requisite in
Eq. (32) is the most important, from which we get

|chy|? < 6.1 x 107'* GeV~2. This translates into
B(K~ — 2’7~ ¢¢p) < 8.5 x 10711,
B(K, = ntn~¢p) <33 x 107,
B(K, = 2°2°¢) < 2.0 x 107°
B(Kg = ntn~¢pp) <58 x 10712,
B(Kg — n°2°¢p¢) < 3.5 x 10712 (36)
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TABLE II. The maximal branching fractions of K — zzF due to NP being present in one or more of the coefficients ¢
cgg,_ o 8 specified in the examples given in the main text.

Decay modes

Contributing coefficients K- = 2%z F K, -tk K, - °2°F K¢ —>ntnE K¢ — n°2°F
¢y or z” 2.5x 10712 1.5 x 10710 1.0 x 10710 2.7x1071 1.7 x 10718
&rh or &y 1.2 x 1077 1.5x 107 8.0 x 1077 2.7 %107 1.4 %107
Cpy OF c‘;,d, 8.5x 107" 33x107 20x 107 58 x 107" 35x10712
Chy OF Cly 1.2x 1077 1.5 %1076 8.0x 1077 2.7x 107 1.4 x 1070

which are larger than the corresponding values in Eq. (34)
by roughly an order of magnitude. In contrast, if NP solely
impacts ¢% o with ¢’ # ¢, hence ¢’} o= =0, the situation

turns out to be analogous to that reflected by Eq. (395).
More explicitly, in view of Eqgs. (27) and (33), from the
K, condition in the latter we extract [cy ¢,|2 < 7.5%

10713 GeV~4, which leads to

B(K~ = 2%7~¢g) < 1.2 x 1077,
B(K, = nta~¢p) < 1.5 x 1070,
B(K, = 2°72°¢) < 8.0 x 1077
B(Kg = ntn~¢pd) < 2.7 x 107,

)
B(Kg — n°2°¢p¢p) < 1.4 x 107°. (37)
These numbers are identical to those in Eq. (35).

In Table II we collect our findings in Eqgs. (34)—(37) and
the associated coefficients. We note that, as alluded to in
Sec. I and discussed in Refs. [6-8], in the cases seen in this
table with high branching fractions the corresponding
predictions for their hyperon counterparts are magnified
in like manner and might therefore be within the sensitivity
ranges of searches in the near future.

To conclude, motivated by the latest NA62 measurement
on K™ — ztwp, which is in good agreement with the SM
and consequently implies stringent constraints on NP
which might be hiding in K — 7, we have explored

how other types of FCNC kaon decays with missing energy
might shed additional light on potential NP in the under-
lying s — dF transition. Focusing on scenarios in which
the missing energy is carried away by a pair of invisible
new particles of spin 1/2 or 0, we have argued that there are
four-particle operators contributing to s — df which are
not restricted by K — zf and accordingly could still
significantly affect K - F and K — zzF, on which the
empirical details are currently meager. We have demon-
strated especially that the branching fractions of K — zzF
could yet be amplified far beyond their SM expectations, to
levels which might be within the reach of ongoing experi-
ments, specifically KOTO and NA62, or upcoming ones
such as KLEVER [35]. Our results, which are illustrated
with the instances summarized in Table II, will hopefully
help stimulate new quests for these decays as NP probes.
Last but not least, we have pointed out that similar kinds of
enhancement would occur in the hyperon sector, which
may be detectable by BESIII or future charm-tau factories
[36,37], and thus it could offer complementary NP
tests.
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