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CP asymmetry in 7 — K¢zv, decays within the standard model and beyond
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Motivated by the 2.8¢ discrepancy observed between the BABAR measurement and the standard model
prediction of the CP asymmetry in 7 — Kgzv, decays, as well as the prospects of future measurements at
Belle II, we revisit this observable in this paper. Firstly, we reproduce the known CP asymmetry due to
K" — K mixing by means of the reciprocal basis, which is convenient when a K s(z) is involved in the final
state. As the Kz tensor form factor plays a crucial role in generating a nonzero direct CP asymmetry that
can arise only from the interference of vector and tensor operators, we then present a dispersive
representation of this form factor, with its phase obtained in the context of chiral theory with resonances,
which fulfills the requirements of unitarity and analyticity. Finally, the 7 — Kgzv, decays are analyzed both
within a model-independent low-energy effective theory framework and in a scalar leptoquark scenario. It
is observed that the CP anomaly can be accommodated in the model-independent framework, even at the
1o level, together with the constraint from the branching ratio of 7= — K¢z~ v, decay; it can be, however,
marginally reconciled only at the 2¢ level, due to the specific relation between the scalar and tensor
operators in the scalar leptoquark scenario. Once the combined constraints from the branching ratio and the
decay spectrum of this decay are taken into account, these possibilities are, however, both excluded, even
without exploiting further the stronger bounds from the (semi)leptonic kaon decays under the assumption
of lepton-flavor universality, as well as from the neutron electric dipole moment and D — D mixing under

the assumption of SU(2) invariance of the weak interactions.

DOI: 10.1103/PhysRevD.100.113006

I. INTRODUCTION

As the Kobayashi-Maskawa ansatz [1] for CP violation
in the quark sector of the standard model (SM) is far too
small to explain the observed baryon asymmetry of the
Universe [2-5], we need to look for other sources of CP
violation in different ways. This makes the CP-violating
observables particularly interesting probes of new physics
(NP) beyond the SM. In this respect, the hadronic decays
of the 7 lepton, besides serving as a clean laboratory for
testing various low-energy aspects of the strong interac-
tion [6,7], may also allow us to explore nonstandard
CP-violating interactions [8—10].

In this paper, we shall focus on the CP asymmetry in
7 — Kgnv, decays. After the initial null results from CLEO
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[11] and Belle [12], a nonzero CP asymmetry was reported
for the first time by the BABAR Collaboration, with the
result given by [13]

A D(th = 7777 |ag o 0,) =T (77 = [77 77 |og om0
e e W B Wy P e W)

= (=0.36+£0.23£0.11)%, (1.1)

where the first uncertainty is statistical and the second
systematic. The subscript “K” indicates that the intermedi-
ate K is reconstructed in terms of a #"z~ final state with
invariant mass around M g and at a decay time close to the Kg
lifetime. Within the SM, as there is no direct CP violation in
hadronic 7 decays at the tree level in weak interaction,’ this
asymmetry arises solely from the CP violation in K°-K°
mixing [15,16], and is calculated to be [17,18]

SM _
L [P anr(KO(r) - am) + T

~ (3.32 £ 0.06) x 1073,

2 di[l(K°(t) —» nrm) = T(K(1) > nr)]
K°(t) - nn)]
(1.2)

'"The direct CP asymmetry generated by the second-order
weak interaction is estimated to be of order 107!2, and can be
therefore neglected safely [14].
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where K°(¢) [K°(¢)] denotes the time-evolved state identified
at time ¢ =0 as a pure K° [K°], and the second line is
obtained after neglecting the small correction from direct CP
violation in K — zt 2z~ decays and when 7, < 75 and 74 <
1y L 7, [Tg() being the Ky lifetime]. Such a CP asym-
metry was first predicted by Bigi and Sanda [17] but with a
sign mistake [18]. As emphasized by Grossman and Nir [18]
(see also Ref. [19]), in the calculation of this CP asymmetry,
the interference between the amplitudes of intermediate K g
and K is as important as the pure K¢ amplitude, and hence
the measured CP asymmetry depends sensitively on the
decay time interval over which it is integrated. After taking
into account the K¢ — z 7~ decay-time dependence of the
event selection efficiency, the BABAR Collaboration
obtained a multiplicative correction factor, 1.08 £ 0.01,
for the CP asymmetry, with the resulting experimental data
given by Eq. (1.1) and the corresponding SM prediction
changed to AP = (036 £0.01)% [13]. Thus, a 2.8¢
discrepancy is observed between the BABAR measurement
and the SM prediction and, if confirmed with a higher
precision by Belle and/or Belle II [20], would be a clear NP
signal.

Such a CP anomaly, together with the prospects of future
measurements at Belle IT [20], has motivated several studies
of possible direct CP asymmetries in 7 — Kgqzv, decays
due to nonstandard interactions [21-26]. As argued in
Refs. [21,24], due to the lack of a relative strong phase, an
explanation with scalar operators is already excluded,” and
only the interference of vector and tensor operators can
provide a possible strong phase difference, leaving new
tensor interactions as the only potential NP explanation.
Here, whether the tensor interaction is admissible to
account for the anomaly or not depends crucially on the
K tensor form factor. In Refs. [21,28,29], the tensor form
factor was assumed to be a real constant, which is
motivated by the analysis of K,3 (K — nfv, with
¢ = e, p) data [16], and the relative strong phase, being
now just the phase of the vector form factor, was found to
be large enough to produce a sizable CP asymmetry. This
assumption was, however, pointed out to be incorrect by
Cirigliano, Crivellin, and Hoferichter [24]. They demon-
strated that, as the same spin-1 resonances contributing to
the vector form factor will equivalently contribute to the
tensor one, the crucial interference between vector and
tensor phases is suppressed by at least 2 orders of mag-
nitude due to Watson’s final-state interaction theorem [30],
and the amount of CP asymmetry that a tensor operator
can produce is, therefore, strongly suppressed [24]. Such a

?Although the interference of vector and scalar operators could
still contribute to the CP asymmetry due to long-distance QED
corrections [27], the scalar contribution is strongly suppressed
and will be of little phenomenological relevance when the
constraint from the 7 — Kgzv, branching ratio is taken into
account [24].

conclusion is, however, based on the assumption that the
inelastic contributions to the phases of vector and tensor
form factors are of similar size but potentially opposite in
sign [24].

In order to obtain sensible constraints on nonstandard
interactions from 7 — K ¢zv, decays, the exact distributions
of the Kz form factors, including both their moduli and
phases, as a function of s = g2, the invariant mass squared
of the K final state, are needed. For the vector and scalar
form factors, either the Breit-Wigner parametrizations
[31-34] or the dispersive representations [35—44] can be
used, with the relevant parameters determined via a
successful fit to the measured K invariant mass spectrum
[31]. For the tensor form factor, however, there exists no
experimental data that can guide us to construct it, and we
have to rely on theory. While a ¢>-independent tensor form
factor or its normalization [45] can be derived from the
leading-order chiral perturbation theory (yPT) [46—49] with
tensor sources [50,51], we have to get its g> dependence by
solving numerically the dispersion relation [25,52], with its
phase obtained in the context of chiral theory with
resonances (RyT) [53,54]. It should be mentioned that
the tensor form factor given in Ref. [52] is derived at the
lowest chiral order [being O(p*) in the chiral counting
[50] ] of RyT and fails to satisfy the unitarity requirement,
which could be compensated by including the contributions
from the next-to-leading-order (NLO) yPT Lagrangian with
tensor sources. Although the spin-1 resonances can be
described equivalently by vector or antisymmetric tensor
fields [53,54], it will be shown that the former is more
convenient in describing the interactions of tensor currents
with the resonances. The unitarity property will also be
satisfied automatically when the NLO [being O(p®) in the
chiral counting [50] ] terms with the model II prescription
[54] are properly taken into account. In this paper,
motivated by these two observations and following
Refs. [25,52], we shall present an alternative dispersive
representation of the tensor form factor, with its phase
obtained in the context of RyT, which fulfills the require-
ments of unitarity and analyticity.

Taking as inputs the three-times-subtracted (for the
vector form factor) [37,38] and the coupled-channel (for
the scalar form factor) [39—41] dispersive representations,
together with our result of the tensor form factor, we shall
then analyze the v — Kgzv, decays both within a model-
independent low-energy effective theory framework and in
a scalar leptoquark (LQ) scenario [55]. It will be shown that
the CP anomaly can be accommodated in the model-
independent framework, even at the 1o level, together with
the constraint from the branching ratio of 7= — K¢z 7v,
decay. In the LQ scenario, however, this anomaly can be
marginally reconciled only at the 2¢ level, due to the
specific relation between the scalar and tensor operators.
Once the combined constraints from the branching ratio
and the decay spectrum of this decay are taken into account,
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these possibilities are, however, both excluded, even with-
out exploiting further the stronger bounds from the (semi)
leptonic kaon decays [56] under the assumption of lepton-
flavor universality, as well as from the neutron electric
dipole moment (EDM) and D-D mixing under the
assumption of SU(2) invariance of the weak interactions
[24]. Tt is therefore quite difficult to explain such a CP
anomaly within the frameworks considered here.

Our paper is organized as follows: In Sec. II, we
recalculate the CP asymmetry due to K°-K° mixing by
means of the reciprocal basis, and reproduce the result
given in Ref. [18]. In Sec. III, the 7 — Kgzv, decays are
analyzed both within the model-independent framework
and in the scalar LQ scenario. Section IV is devoted to the
calculation of the Kz tensor form factor in the context of
xPT with tensor sources and RyT with the spin-1 reso-
nances described by the conventional vector fields.
Numerical results and discussions are then presented in
Sec. V. Our conclusions are finally made in Sec. VI. For
convenience, all the input parameters used throughout this
paper are collected in the Appendix.

II. CP ASYMMETRY IN 7 — Kgav,
DECAYS WITHIN THE SM

Before discussing the CP asymmetry in 7 — Kgnv,
decays within the SM, one should first notice that the
7% (77) decay produces initially a K° (K?) state due to the
AS = AQ rule, and the relevant Feynman diagrams at
the tree level in weak interaction are shown in Fig. 1. As the
involved CKM matrix element V is real and the strong
phase must be the same in these two CP-related processes,
the transition amplitudes within the SM should satisfy

A(rt - K'zt0,) = A(z~ - K'77v,).  (2.1)

Due to the K°-K° mixing, on the other hand, the exper-
imentally reconstructed kaons are the mass (|K) and |K} ))
rather than the flavor (|K°) and |K")) eigenstates, which, in
the absence of CP violation in the system, are related to
each other via [57]

1
V2

where { is the spurious phase brought about by the CP
transformation, CP|K°) = ¢’|K®) [57]. Then, one can get

|Ks..) = —=(IK%) £ €|K?)). (2.2)

1
Izt - Kg n'o,) = EF(f’ - Kz"1,),

1 _
[t~ = Kg nv,) = EF(T_ - K77 v,), (2.3)

which, when taken together with Eq. (2.1), would indicate
that there exists no CP asymmetry in 7 — Kgzv, decays
within the SM. Furthermore, the contribution from second-
order weak interaction is estimated to be of order 10~!2, and
can be therefore neglected safely [14].

Once the CP violation in K°-K° mixing [15,16] is
included, however, a nonzero CP asymmetry would appear
in 7 - Kgnv, decays, as elaborated in Refs. [17,18]. In
order to see this clearly, we shall follow the convention
specified in Ref. [57] and recalculate this asymmetry by
means of the reciprocal basis [57-64]. In the presence of
CP violation but with CPT invariance still assumed, the
two mass eigenkets are now given by [57]

Ks.) = plK?) £ |K°). (2.4)
with the normalization |p|? + |¢|> = 1, and the correspond-
ing mass eigenbras read [57]

(Kol =5 (0 (KO £ KO, (29)

which form the so-called reciprocal basis ((K|, (K, |) that
is featured by both the orthornormality and the complete-
ness conditions [57]:

(Ks|Ks) = (KL|KL) =1,
|Ks)(Ks| + |KL)(K,| = 1.

(Ks|Kp) = (K |Ks) =0,
(2.6)

Then, the time-evolution operator for the K°-K° system is
determined by

FIG. 1.
within the SM.

Tree-level Feynman diagrams for the decay t* — K%zt (left) as well as its CP-conjugated mode 7~ — K%z~ v, (right)
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exp(=iH1) = e7"'|Kg)(Kg| + e /|K ) (K,

. 27)

where g = Mg —i/2I'gand u;, = M; — i/2I"; are the two
eigenvalues of the 2 x 2 effective Hamiltonian H used to
describe the K°-K° mixing.

The intermediate K s in 7 — Kgzv, decays is not directly
observed in experiment, but reconstructed via a z z~ final
state with M, ~® My and a time difference ¢ ~ 74 between
the 7 and the K decay [18]. However, as the CP symmetry
|

is violated in K°-K° mixing [15,16], the final state 77z~
can be obtained not only from K but also from K;, for
long decay times of kaons. As a consequence, the complete
amplitude for the process 77 — [z"z~ |z 1D, involves the
amplitude for the initial 7+ decay into the intermediate state
K ntD,, the time-evolution amplitude for this state, and
finally the amplitude for the decay into [z7z7|z"7,.
Suppressing the reference to 770, we can therefore write
the complete amplitude as [64]

Ale" = Ky = ntn) = (at 2 |T|Ks)e ™! (Ks|T|e") + (a2 |T|Kp )e (K | T|z*)

1 A 1 ,
=%, <7f+ff'|T|Ks>€""s’<1<°|T|T+>+*2 (ma”|T|K)e~ ! (K°|T|z"), (2.8)
p p

in which Eq. (2.5) and the AS = AQ rule have been used to obtain the second line. Then, the complete time-dependent
decay width for 7+ — [z7z~]z"D, can be written as’

+ = TIK 2
['zh - [zf727)z"D,) = \<K0|T|T+>|2—|<” ﬂ4| ||2 s
p
X [e5 + [, _2e40 4+ 2, e cos(ch, - — Ami)] (2.9)
=T(zt - KOC(K(t) - ntn), (2.10)

where I = % and Am = M; — M denote respectively
the average width and the mass difference of the K° — K°
system, while the CP-violating amplitude ratio n,_ is
defined as

(w2 |TIKL)
= 2.11
T TR 21

with [n,_| = (2.232 £0.011) x 1073 and ¢, _ = (43.51 &
0.05)° [16]. From Eq. (2.9) and the corresponding decay
width for the CP-conjugated process 7~ — [z 77|z v,
[obtained from Eq. (2.9) by replacing p and +2n._| with ¢
and —2|n,_|, respectively], one can see that, for the sum of
the two decay widths, both the interference (the last) and
|

Lo [2dtF(t)D(K°(t) - ntn7) =T~ [2 dtF(t)[(K°(t) > n'tn7) AL+ AL (1. 1)

|
the pure K; (the second) term are suppressed compared
to the pure K (the first term in the bracket) contribution.
For the difference of the two decay widths, however, the
interference between the amplitudes of Ky and K; is found
to be as important as the pure Ky amplitude [18].

The time dependence of the decay width in Eq. (2.9)
makes the measurement of the CP asymmetry in 7 —
Kgrv, decays sensitive to the experimental cuts [18]: one
has to take into account not only the efficiency as a function
of the kaon decay time, but also the kaon energy in the
laboratory frame to account for the time dilation.
Parametrizing all these experiment-dependent effects by
a function F(r) [18], one can write the total CP asymmetry
as [21]

Acp(t ) =

T [P dtF()D(KO(1) —» 2t a™) + T [P dtF()D(KO(1) » 2¥n7) 1+ AL AL (1. 1)

(2.12)

where I';« = I'(z* — K%(K°)z*0,(v,)) instead of ['(z* — K7, (v,)) as defined in Ref. [21], while AL, and AKX, (21, 1,)

are defined, respectively, as

Our expression of the decay width is slightly different from that given in Ref. [18], because the latter corresponds to the time-
dependent decay width of K decaying into the 2z system with isospin / = 0, which contains both the 7+~ and 7z°2° components,

(27,1 =0| = \/§<n+n—| -

(27 1=0|T|K )

ni_ instead of € = W

\@(ﬂoﬂo |. As the intermediate K g is reconstructed via the z+z~ final state in experiment [13], one has to use
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Izt - K'2%0,) —-T(«~ - K°z7v,)

T —
Aep =

[z dtF (1) [IT(

Izt - K'20,) + (s~ - K°z7v,)’

(2.13)

KO(t) » zta”) —T(K(1) > n'x7))]

ACP(tlv h) =

Here A{, denotes the direct CP asymmetry induced by
potential NP dynamics, while AX,(7,1,) represents the
indirect CP asymmetry originating from the K°-K° mixing.
Within the SM, I',+ =I'-, implying that A7, = 0, and
only AX,(1,,1,) makes a nonzero contribution [17,18].
Plugging into Eq. (2.14) the expressions of the time-
dependent decay widths T'(K°(¢) — n*2~) and T(K°(¢) —
*r7) [see Egs. (2.9) and (2.10)] and neglecting all the
terms suppressed by O( ) one can finally reproduce
the result given in Ref. [18]

AM ~ +2%Re(e) =332 x 1073
and T§' <1, <TI7,

for 1) < I'5!
(2.15)

in which the approximations with |7, _|~ NZHe < .~ 450

I'~ =, and Am =
functlon F(1) [18]

F(t) = { L

. 9
0, otherwise

5 [63], as well as a partlcular efficiency

H<t<mpn (216)

have been used. The SM CP asymmetry in Eq. (2.15), after
being multiplied by the correction factor 1.08 £ 0.01 [13],
|

L = Gf/—m {(1+e)tr, (1 =7s5)

+ 7'-(1 - }/5>y‘r
_GFVus

v iyt (1 —ys)s + egTy, (1 —vs)

ﬁ[eS - GP}/S]S + GT%Gﬂv(l - 7/5)

_ . (2.14)

2 dtF(1)[T(K%(t) = nta™) + T(K%(1) —» ntn7)]

is then changed to be (0.36 £ 0.01)%, as obtained by the
BABAR Collaboration [13].

III. 7 - Kgnv, DECAYS IN THE PRESENCE
OF NP DYNAMICS

When NP dynamics beyond the SM are present, a nonzero
direct CP asymmetry A7, can exist and hence contributes to
the total CP asymmetry Acp(t, 1;). As neither the pseudo-
scalar nor the axial-vector interaction can produce the Kz
final state due to the parity conservation in strong interaction,
and the scalar interaction cannot create a nonzero direct CP
asymmetry due to the lack of a relative strong phase, we are
left only with the tensor interaction as a possible mechanism
[21,24]. In this section, we shall firstly start with a model-
independent low-energy effective Lagrangian that contains
all the potential NP operators contributing to the 7 — Kgzv,
decays, and analyze the tensor operator contribution to Az,
Then, we shall discuss A7 in a scalar LQ scenario, which
also contains the relevant operators.

A. Model-independent analysis

For the strangeness-changing hadronic z decays, the most
general model-independent effective Lagrangian at the
characteristic scale y, = m, can be written as [24,25 651

v -y (1 +ys)s

v, - o (1 —ys)s}t + H.c.

NG (1+ep +ep) {7y (1 —ys)v, - aly* — (1 —2&g)y"ys]s

+7(1 = ys)v,

where Gy is the Fermi constant, and ¢** = £ [y*,y*]. The
effective couplings ¢; parametrize the nonstandard contri-
butions and can be generally complex, with the SM case
recovered when all ¢; = 0. We have also introduced the
notations &, = €;/(1 + ¢, + €g) fori = R, S, P, T, with the
corresponding quark currents possessing definite parities

*If the K, contributions to the decay width in Eq. (2.9) were
neglected, on the other hand, one would obtain a result which is
of the same magnitude but opposite in sign with the prediction
made in Ref. [17].

-ii[ég — épys)s + 2ér70,,(1 —ys)v,

. fio*s} + He., (3.1)

and being therefore convenient to describe the vacuum to
Kz matrix elements due to the parity conservation [25].
Here we have assumed Lorentz and SU(3). x U(1),,
invariance, as well as the absence of light nonstandard

>This is adopted from the most general flavor-dependent low-
energy effective Lagrangian governing the semileptonic d/ —
u'tv, transitions, which can be found, e.g., in Refs. [66-68].
It should be noted that, once the lepton-flavor universality is
assumed, the effective couplings ¢; in Eq. (3.1) would also
receive the constraints from (semi)leptonic kaon [56] and
hyperon [69] decays.
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particles when constructing Leff.6 Right-handed and
wrong-flavor neutrino contributions have also been ne-
glected in Eq. (3.1), because they do not interfere with the
SM amplitudes.

Starting with Eq. (3.1) and working in the rest frame of
the 7z lepton, one can then obtain the differential decay
width of the decay 7~ — Kz~ v, [24,25],

dF(T_ - [_(071'_1/1) _ G%’|F+(O)Vus|2mESEW
ds B 3847°s
X [Xya + NeesXs + ReerXoor + ImerXaur + €5 X + 677X p2],

s \2
11+ e + eg|? (1 _W> M2(s,M%, M%)

T

(3.2)

where s=(px+p,)?, and A(s, M%, M%) = [s — (Mg + M,)*][s — (Mg — M,,)?]. The product |F,(0)V,| = 0.21654(41)
is determined most precisely from the analysis of semileptonic kaon decays [73,74]. Sgw = 1.0201(3) encodes the short-
distance electroweak correction [75] and is simply written as an overall constant [25]. We have also introduced the

following quantities:

Xoa = 355 [SIFo(0)PaFe 1P (0P (14 23 )i 3. 08| 33)
Xg = si, IFo(s)? mA_im (3.4)
Xoer = =~ T I 5] cos 5r(5) =8, (54l M. M) 5:3)
Xanr = = o] TEE)IF ()]s 37 (5) =3, ()1, M3 M), (3:6)
Xg = 2313 [Fo(s)? (mSA_%(;M)Q , (3.7)
=2 T 1 (14 5 ) M3 M 38)

Here we have split F;(s) = F;(0)F;(s) (with i = +,0, T corresponding to the vector, scalar, and tensor form factors,
respectively) into F;(0) (form factors at zero momentum transfer) and F;(s) (the corresponding normalized form factors),

with F;(s) defined, respectively, as [25]

RO (polsral0) = | (px = po =52 Fo6) 4 252 7o),

(K°(pk)n(pr)I5ul0) = p—

(K°(pk)a(pr)|so*ul0) = iFr(s)(plpy — Piph).

®0One should keep in mind that, unless some NP between y, =
m, and the electroweak scale v = 246 GeV is assumed, the low-
energy effective Lagrangian given by Eq. (3.1) comes generally
from an SU(2)-invariant form [70-72]. This implies that the
effective tensor operator contributing to 7 — Kgzv, decays is also
constrained by other processes—for example, by the neutron
EDM and D-D mixing [24].

N

(3.11)

|
where ¢* = (px + p.)¥, Mgz = M% — M2, and the equa-
tion of motion has been used in Eq. (3.10).

The differential decay rate of the CP-conjugated process
vt — K%z, is obtained from Eq. (3.2) by changing the
sign of the term Imér, which implies that only this term
contributes to the direct CP asymmetry. From the definition
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of Eq. (2.13), the direct CP asymmetry due to nonstandard
tensor interaction can finally be written as [24,25]

AT — ZSW@TG%|F+(O)VM.Y|25EW Fr(0)
P 256m3m2(t - Kgav,) | F,(0)

8 /m3 g PP s My, M) (m2 — 5)?
S

52

Kz

< | (s)[|[Fr(s)|sin [67(s) =6, (s).  (3.12)

where sy, = (Mg + M,)?, and ;(s) and &, (s) are
the strong phases of the tensor and vector form
factors, respectively. The decay width I'(z~ — K¢z 7v,),
as well as the branching ratio B(z~ — K¢z7v,) =
I'(z~ - Kgzn~v,)/T,, with T, being the total decay width
of the = lepton, are obtained by integrating Eq. (3.2) over s
from sg, to m2.

B. Analysis in the scalar LQ scenario

In this section, we study the direct CP asymmetry in the
scalar LQ scenario [55], which was proposed by Bauer and
Neubert to address the R ), Rk, and (g — 2) , anomalies,
and can also generate the required tensor operator. In this
scenario, only a single TeV-scale scalar LQ ¢, transforming
as (3.1, — 1) under the SM gauge group, is added to the SM
particle content, and its couplings to fermions are described
by the Lagrangian [55]

LY = QsaFin, L' + u§AREpd* + He,  (3.13)

where AFR are the Yukawa coupling matrices in flavor
space, Q; and L denote the left-handed quark and lepton
doublet, while up and £y are the right-handed up-type
quark and lepton singlet, with w¢ = Cy” and ¢ =y’ C
(C = iy*y") being the charge-conjugated spinors.

With the SM as well as the tree-level ¢-mediated con-
tributions included, the resulting effective Hamiltonian
governing the 7 — Kg¢nv, decays can be written as

GF Vus

Hyy = 7 {1+ Cy(uy)ler (1 =ys)v, -y, (1 = ys)s

+ Cs(uy)7(1 —ys)v, - u(l —ys)s
+ CT(/”(/))%GWI(I - ]/5)117 : ﬁa;w(l - J/5)S}
+H.c., (3.14)

where Cy(u,), Cs(uy), and Cr(u,) denote the Wilson
coefficients of the corresponding operators at the matching
scale Ky = Md, and are given, respectively, as [55,76]

/1L*/1L
C — ut 'sv, ,
ving) WGV M3
AR QL
Cs(py) = —4Cr(py) = ———— 2 | 3.15
S(H/) T(M) 4\/§GFVMSM(2/, ( )

in which all the couplings /1[Lj‘R are generally complex, with
i and j denoting the flavors of quarks and leptons,
respectively. In order to resum the potentially large loga-
rithmic effects, these Wilson coefficients should be evolved
down to the characteristic scale y, = m,. The vector current
is conserved, and hence the corresponding Wilson coef-
ficient is scale independent, while the evolution of the
scalar (Cy) and tensor (Cr) ones at the leading logarithmic
approximation can be written schematically as [77]
Csr(t:) = Rsr(pe ty) Csr(pgp), (3.16)
with the corresponding evolution functions Rg 7 (4. 1)
given by
A (mb):| ;;?T) |:as (mt>:| ;/;‘ST(;; |:as (H¢):| #
as(ﬂr) Ay (mb) Ay (mt>

RS,T(MT,/%) = {
(3.17)

where ﬂénf b= 11— 2n,/3 is the leading-order coefficient
of the QCD beta function, with ng being the number of
active quark flavors, and yg = —8 [78] and y; = 8/3 [79]
are the leading-order anomalous dimensions of the scalar
and tensor currents, respectively.

Matching the relevant terms of the effective Hamiltonian
[Eq. (3.14)] onto that of the model-independent effective
Lagrangian [Eq. (3.1)] at the same scale y, = m,, we get

€L = CV(#T)’ €rR = 0,

€g = €p = CS(,MT), €r = CT(ﬂr)v

R N A Cr(p,

g =0, eT:CTEH%V(L),

by —op— o= Csle) __yRsley) o gy
1+ CV(:“‘L') RT(/"‘H/’%)

Due to the specific relation Cg(u;) = —4Cr(uy) at the
matching scale y; = M ;, we are actually left with only one
effective coupling Cr in the scalar LQ scenario. This
feature makes a sensitive difference compared to the
model-independent case, as will be discussed later.

IV. FORM FACTORS IN 7 — Kgav, DECAYS

To set bounds on the nonstandard interactions, one
needs to have a precise knowledge of the Kz form factors
introduced in Egs. (3.9)—(3.11). To this end, one of the most
appropriate approaches is the dispersive representation of
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these form factors, which warrants the properties of
unitarity and analyticity. In this section, we shall first
recapitulate the Kz vector and scalar form factors, and then
present a calculation of the tensor form factor in the context
of yPT with tensor sources and Ry T with both K*(892) and
K*(1410) included.

A. Brief review of the vector and scalar form factors

For the normalized vector form factor F_(s), we
shall adopt the optimal three-times-subtracted dispersion
relation [37,38]

52

- s 1
F (s)= exp{/ﬂm + 2 (A =22) e

_|_£/SC“l ds’ . 5.(s") : ’
7). C )

where one subtraction constant is fixed by F,(0) =1,
while the other two, A/, and A’, describe the slope and
curvature of F(s), respectively, when performing its
Taylor expansion around s =0, and hence encode the
dominant low-energy behavior of F__(s). As the calculation
of A, and 2’| requires the perfect knowledge of the form-
factor phase 6, (s) up to infinity, which is unrealistic, it
becomes more suitable to treat them as free parameters that
capture our ignorance of the higher-energy part of the
dispersion integral [37,38]. The constants A, and 2| can
then be determined by fitting to the experimental data
[37,38,42].7 With such a procedure, the subtraction terms
cannot cancel perfectly the polynomial terms coming from
the dispersion integral, and the use of the three-times-
subtracted dispersion representation would thus spoil the
asymptotic behavior of the vector form factor in the limit
s — oo [81-83]. This deficiency is, however, considered to
be acceptable, because the vector form factor is employed
only up to about /s ~ 1.7 GeV, which is still in the
resonance region [37,38]. The three-times-subtracted
dispersion representation of £, (s) has also been checked
explicitly to be a decreasing function of s within the entire
range applied, which renders this approach credible [38].

The procedure proposed in Refs. [37,38] is featured by
the fact that the subtraction terms reduce the sensitivity of
the dispersion integral to the higher-energy contribution,
with the associated constants being less model dependent,
and the impact of our ignorance of the form-factor
phase &, (s) at relatively higher energies turns out to be
very small. This makes it reasonable to determine the
form-factor phase &, (s) in the context of RyT with the

(4.1)

"If the phase 5, (s) were exactly known, these two constants
could also be determined by the spectral sum rules dictated by the
asymptotic behavior of F_(s) [80], but in this case the three-
times-subtracted dispersion representation given by Eq. (4.1)
would reduce to the standard once-subtracted version.

two vector resonances K*(892) and K*(1410) included
[35-38]. Notice that, in the elastic region below roughly

1.2 GeV, the phase 6_ () equals the scattering phase 6}/ 2(s)
of the Kz system with spin 1 and isospin 1/2, as required
by Watson’s theorem [30]. The cutoff s, introduced in
Eq. (4.1) is used to quantify the suppression of the higher-
energy part of the integral, and the stability of the numerical
results has been checked by varying s, in the range
m; < \/Seu < 00 [37,38].

Detailed information on the Kz vector form factor can
also be obtained from the measured v — Kgzv, spectrum
[31]. This is, however, possible only for its modulus but not
for its phase, as the extraction of the latter requires a fit
function that preserves the analytic structure of the form
factor. Indeed, the phase fitted via a superposition of Breit-
Wigner functions with complex coefficients cannot be
physical, as it does not vanish at threshold and violates
Watson’s theorem long before the resonance K*(1410)
starts to play an effect [24]. Thus, one cannot rely on the
formalism developed in Ref. [31] to study the CP asym-
metry in 7 — Kgzv, decays.

For the scalar form factor, a thorough description that
takes into account analyticity, unitarity, and the large-N ¢
limit of QCD, as well as the couplings to Kz and Kr/
channels has been presented in Ref. [40] and Ilater
updated in Refs. [41,84,85]. Here we shall employ such
a coupled-channel dispersive representation, with the
relevant numerical tables obtained via a combined analysis
of the 7= — Kgzn~v, and 7~ — K™ nu, decays [42).8

B. Calculation of the Kx tensor form factor

Unlike for the vector and scalar form factors, there exist
no experimental data to guide us to construct the tensor
form factor, and we have to rely on theory to perform this
task. In this section, following Refs. [25,52], we present a
new calculation of the Kz tensor form factor.

1. Result at the lowest chiral order
of xPT with tensor sources
When the external tensor field 7#* = >%_ 47, with
Ao =+/2/313,3, and 4, g being the eight Gell-Mann

matrices, is switched on, the lowest-order [O(p?) in the
chiral counting] yPT Lagrangian can be written as [50,51]

ﬁﬁpT = A1 <tl-li-yf+/w> - iA2<tﬁ—yu/4uv>

+ A () + A ()2, (4.2)

where (- - ) denotes the trace in flavor space and, among the
four operators, only the one with the coefficient A, contrib-
utes to the 7 — Kg¢nv, decays. The building blocks #=
w' tu’ +urt u and w,=ilu’ (0,—ir, ) u—u(d,—il,)u’] are

*We thank Pablo Roig for providing us with these necessary
numerical tables obtained in Ref. [42].
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built out of the unitary nonlinear representation of the
pseudo-Goldstone fields, u(¢“) = exp (ﬁ(ﬁ“l“) (86,871,
where ¢* = (7, K,n), F, =92.3(1) MeV is the physical
pion decay constant [16], and /, and r,, are the left- and right-
handed sources, respectively. The chiral tensor sources #*
and " are related to 7 via [50]

= PPty + PRPE v =P, (43)

in which Py =1 (g#*g" — ¢P g + ie"P), with the con-
vention €123 = +1 for the Levi-Civita tensor ¢#**?, and the
algebraic identity 6**ys = £e"%,5 has been used to get the
relation P = (PiP)T,

Taking the functional derivative of Eq. (4.2) with respect
to the tensor source #¥, with all the other external sources
set to zero, expanding u(¢“) in powers of ¢“, and then

taking the suitable hadronic matrix element, one can finally
get [25,45,52]

PT
SL%
&,

(K (p

A
0) =i hpi=pirt). (44

This, together with Eq. (3.11), fixes the normalization
F+(0) = % at the lowest chiral order in yPT. Although the

low-energy constant A, cannot be determined from the yPT
itself, its value can be inferred either from other low-energy
constants using the short-distance constraint in Eq. (4.13)
(see the next section for more details) or from the lattice
result for the normalization F;(0) [88]. Here we shall resort
to the lattice result, F7(0) = 0.417(15) [88], to determine
Ay = 11.1 £0.4 MeV, which is consistent within errors
with that quoted in Refs. [16,52,89,90] for the zx channel.’
This value of A, will be used in our numerical analysis.

2. Including the spin-1 resonances
in the context of RyT

As the invariant mass squared s in 7 — Kgzv, decays
varies from the Kz threshold s, up to m2, contributions to
the form factors from light resonances, giving therefore the
s dependence of these form factors, should also be included
for a refined analysis. As the spin-1 resonances can be
described equivalently by vector or antisymmetric tensor
fields [53,54], the same resonances that contribute to F_, ()
will also appear in F7(s). To discuss the chiral couplings of
these resonances to the pseudo-Goldstone fields in the
presence of tensor currents, we shall use the more conven-
tional vector representation of these spin-1 degrees of
freedom, named the model II prescription in Ref. [54].

"When comparing the values of A, quoted in Refs. [16,52,
89,90], one should keep in mind the different conventions
used for A,. Our convention is consistent with that used in
Refs. [50,52].

Explicitly, the RyT Lagrangian that is linear in the octet
vector field IA/” and contains the couplings to the tensor
source at the lowest chiral order can be constructed as [54]

‘CII = ‘Ckin(v/z) - —<fv<‘7uvfﬁ-y> + igV<A/w[uﬂ’ uy]>)

1
2v/2

_f€<‘7;wl{t:>7 (45)
with the kinetic spin-1 part given by [54]
A 1~ & A A
‘Ckin(vy) = _Z< WVW - 2M%/VMV”>5 (46)

where Vm/ =V, v, — Vyf/ﬂ, with the covariant deriva-
tive defined by V,V,=0,V,+[,.V,] and T, =
T (8, —ir,)u+u(d, —il,)u']. Here, f=uF"u’+
u' F%u is expressed in terms of the field strength tensors
FiP =0l =0l —i[l*I'] and Fl =0"r" =" —i[r*,r"],
which are associated with the non-Abelian external fields
l, and r,, respectively. The last term in Eq. (4.5) is added to
describe the interactions between spin-1 vector resonances
and external tensor fields. The three couplings fy, gy, and
f¥ are all real and given, respectively, as [54]

Fy V2F, Gy F,
fV =37 T a5 gy = — = ’
My My My  2My
(0@(0)0,,5(0)|V(p)) = if}(€eup,

- €z/p;t)7 (47)
where the first two result from the equivalence of the
model I and II prescriptions for the spin-1 resonances
[54], while f‘T, is determined from the one-particle to
vacuum matrix element [91].

With Eq. (4.5) in hand, the effective action Sty for a
single vector meson exchange can then be written as [54]

1 v o
Su=y [ dedy AL - (49

where the antisymmetric current J4; and the resonance

propagator A}l . are defined, respectively, by [54]

v 1 v . v
J}Itlzﬁ(foi +igy[ut w))+ U1, (4.9)

N _/ d*k
poe )= ) K = MY + e
X [gupkvko - g;mkykp - (ﬂ g UH

e—ik-(x—y)

(4.10)

From the effective action Sy; given by Eq. (4.8), one can
easily derive the resonance contribution to the Kz tensor
form factor due to the exchange of the lightest vector
resonance K*(892) [25,52]. After including also the
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FIG. 2. Feynman diagrams contributing to F(s) at the lowest
chiral order of yPT (left) and from the lightest vector resonance
[K*(892)] exchange in the context of RyT (right). The crossed
circles denote the insertion of a tensor current, and the blob
represents the interaction vertex of a vector resonance (double
line) with two pseudoscalar mesons (dashed line).

lowest-order yPT contribution given by Eq. (4.4), one then
obtains the Kz tensor form factor

\ffvgv S
F'2 A2 M%(* - S

Fr(s) = , o (4.11)

with the corresponding Feynman diagrams in the context of
xPT and RyT depicted in Fig. 2.

In the large-N limit within Ry T, although an infinite
tower of resonances with the same quantum numbers as
that of K*(892) should in principle be included in the
computation of resonance-exchange amplitudes, it turns
out that only the second state K*(1410) will actually play a
crucial role in the inelastic region [92]. Accordingly,
Eq. (4.11) should be changed to

V2fhgy s n V2figy s
Az M%<< - A2 M%(*/ - ’

(4.12)

Fr(s) 1+

_F2

where ¢}, and f7/ are the counterparts of the corresponding
unprimed couplings introduced in Eq. (4.5). We require
further that F7(s) decrease at least as 1/s when s — oo
[81-83], resulting therefore in the short-distance constraint

A
vov IV = 5 (4.13)

As the resonance exchange amplitudes are dominated by
the first pole, one can then determine A, from Eq. (4.13) in
terms of the known values of f1, and gy. Taking as inputs
F,=923MeV and My, =770 MeV, we get A, ~/2f ] gy~
V2F2/My~15.6MeV, which is compatible with the
lattice result A, = 11.1 £0.4 MeV [88].

Analogous to the case for the vector form factor with the
same two resonances included [37], the tensor form factor
given by Eq. (4.12) can also be rewritten as

Ay [M2%. + Bs Ps

F2 My —s M:,—s|

Fr(s) = (4.14)

where the mixing parameter, B = —v2fld, /A, =
V2 flagy/A, — 1, is introduced to characterize the relative

weight of the two resonances, and plays the same role as the
parameter y does for the vector form factor [37]. Although
the parameter  cannot be determined directly from data for
the moment, we can estimate it from the fitted value of y
with a three-times-subtracted dispersion representation of
the vector form factor [37,38,42]. To this end, one needs to
first find out the relation between the RyT couplings f1/

and f}, ~+/2F),. The large-N. asymptotic analysis of
(VV), (TT), and (VT) correlators suggests that a pattern
with possible alternation in sign,
7 1
énz L= (-1)"—, 4.15
an ( ) \/E ( )

exists for the whole J°€ = 17~ excited states [91]. While
&g~ 1s now confirmed to be positive [93-97], the sign of &g
cannot be determined yet. Keeping both of these two
possibilities, one can then derive the relation'”

/ 2

éi \/_/f gV/AZ _ (—l)n \/EF,[ , (416)
4 -F, G, /F2 My A,
where My ~ M, = 1440 MeV in the limit of SU(3)
flavor symmetry. Thus, together with A, = 11.1 MeV
and F, = 92.3 MeV, one can express the parameter £ in
terms of y via

P ~=+0.75y, (4.17)
where both positive and negative signs of &g+ will be
considered in this paper. Intriguingly, our estimate,
p~—0.75y, gives also a support for the assumption made
in Ref. [24] that the inelastic contributions to the phases
of vector and tensor form factors are of similar size but
potentially opposite in sign.

As in the case for the vector form factor [35,37], the
denominator in Eq. (4.14) should be modified by including
the energy-dependent width y,(s) (proportional to the
imaginary part of the one-loop contribution in the context
of yPT [35,48,49]) and also by shifting the pole mass (due
to the real part of the loop contribution) of the resonances,
as required by analyticity [52]. After factoring out the
normalization F7(0) at s = 0, one arrives at the reduced
tensor form factor F(s) = Fr(s)/F7(0), which is now
given explicitly as

~ o m%(*

Fols) — ki Hga(0) +fs ps

D(mk*» 71(*) D(’”K*/’ 7/1(*’)

. (4.18)

""Here we have used the relation gy = GY,/My,, which
also results from the equivalence of models I and II for the
spin-1 degrees of freedom [54].
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with the normalization F7(0) and the denominator
D(m,,y,) defined, respectively, by

A2 m%(*
F;(0) =— = , 4.19
r(0) Flzrm%( — kg-H,(0) ( )
D(mna yn) = m%t - 5= KnmeI:IKﬂ(s) - imnyn(s)' (420)

Here the parameters m,, and y,, denote the unphysical mass
and width, respectively, to be distinguished from the
physical mass M, and width I', that are obtained from
the pole position in the complex s plane [35,37]. Explicit
expressions for the one-loop function H,(s), the energy-
dependent width y,,(s), and the dimensional constant «,, can
be found in Refs. [35,37].

Our result of F(s) given by Eq. (4.18) is quite similar to
that of the reduced vector form factor F (s) obtained in
Ref. [37], except for the different normalization factors, as
well as the different relative weight parameters introduced
to characterize the inelastic contributions. In the elastic
region below roughly 1.2 GeV [37], one needs to set f =
y =0 and hence obtains Fy(s) = F,(s), which then
implies that 57(s) = 5,(s), as required by the unitarity
relation and the fact that the K*(892) resonance is
described equivalently by a vector or an antisymmetric
tensor field [53,54]. Furthermore, according to Watson’s
theorem [30], the phases of both F,(s) and F7(s) in the
elastic region should coincide with the P-wave Kz phase

shift 5}/ 2(s). In such a case, no direct CP asymmetry in
7 = Kgnv, decays will be predicted due to the lack of
strong phase differences between vector and tensor form
factors [24]. Beyond the elastic region, however, a nonzero
strong phase difference can be generated due to the
different relative weight parameters in these two form
factors, as will be shown in the next section.

3. Dispersive representation of the tensor form factor

In order to connect all the information on the form
factors inferred from yPT at low energies, from the
resonance dynamics in the intermediate energy region
[O(1 GeV)], as well as from the short-distance QCD
properties in the asymptotic regime [§1-83], one can resort
to the dispersive representation of the form factors, which
fulfills the analyticity and unitarity requirements [98—100]
and, at the same time, suppresses the less-known higher-
energy contributions [37,38].

In the elastic region below roughly 1.2 GeV, the
dispersion relation for the vector and tensor form factors
admits the well-known Omnes solution [24]

Foieia(s) =F(0)Q(s).  Frea(s)=Fr(0)Q(s). (4.21)

with the Omnes factor [101] given by

s [ §%(s)
Q(s) = exp [7;/ ds' 7&“’(3’1— s id))’

where the relation 57(s) = &, (s) = &/*(s) in the elastic
region has been used. As Watson’s final-state interaction
theorem is no longer valid starting from the threshold of
inelastic states (most notably Kzz [24]), one must find a
sensible way to determine the strong phase difference in
the inelastic region, so as to predict a nonzero direct CP
asymmetry in 7 — Kgzv, decays. In this regard, our
expression of Fy(s) given by Eq. (4.18) and that of
F . (s) given by Eq. (4.1) in Ref. [37] are advantageous,
because they remain valid even beyond the elastic approxi-
mation, and the two form-factor phases can be calculated
from the relations [35,37,42]

(4.22)

tan sy (s) —H

in which the inelastic effects are indicated by the mixing
parameters  and y, respectively.

It should be noted that the form-factor phases given
by Eq. (4.23) are valid only in the r-decay region
Skr < § < m2. For the higher-energy region, these phases
become generally unknown, but should be guided
smoothly to z# (modulo 27) according to the asymptotic
behavior of the form factors at large s [81-83]. Our
ignorance of the form-factor phases at relatively higher
energies also makes the numerical implementation of the
dispersive integrals sensitive to the choice of the cutoff
Scut- For the vector form factor, once the three-times-
subtracted dispersion representation [see Eqs. (4.1)] is
adopted, the impact of this deficiency would be marginal,
implying that the higher-energy contribution is well sup-
pressed [37,38,42]. For example, an input with a larger
error band, 5, (s)=n+tx, at s > 5., has been assumed
in Ref. [80], but the use of a three-times-subtracted
dispersion relation makes the integrand converge rapidly,
and hence the result becomes almost insensitive to this
large error assignment. Furthermore, the stability of the fit
results has been checked explicitly by varying the cutoff
Scut 1N @ wide range m, < /sy < oo [37,38]. It has also
been demonstrated that the choice s., =4 GeV? is
preferred, because such a cutoff, on the one hand, is large
enough not to spoil the priori infinite interval of the
dispersive integral and to avoid the spurious singularity
effect generated at s = s, and, on the other hand, is low
enough to give a good description of the form-factor phase
within the interval considered [102]. Due to the lack of
precise low-energy information on the tensor interaction,
however, one cannot apply these strategies to the tensor
form factor [25,52]. Consequently, we shall simply use
the once-subtracted dispersive representation [24,25,52]
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8 =407y, np =1

—— Sew = 4GeV?

=
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FIG. 3.

Seut = 4 GeV? (right), in the # = +0.75y case.

Fr(s) = exp {% /°° dy%j/)_ie)}, (4.24)

together with the following simple model for the phase
6r(s) [103]:

NeFp(s)) Skn <5 < Scut

or(s) =

nrrw, 52 Scut

where the phase is now made explicit even in the inelastic
region, instead of the assumed relation §7(s) = =&, (s) in
the same region [24]. We have also introduced the
quantity ny, with its deviation from unity, to account
for our estimate of the uncertainty resulting from the
higher-energy contributions. In addition, the default
choice with 5., = 4 GeV? and 6;(s) = 7 for s > s¢, Will
be assumed in our numerical analysis.

To estimate the systematic uncertainty associated with
our model for the tensor form factor, we proceed as
follows'': by fixing ny = 1 to see the sensitivity of the
modulus of the normalized tensor form factor with respect
t0 Sy, With the three choices s, = m2, 4, and 9 GeV?, and
by fixing 5., = 4 GeV? to see the sensitivity with respect
to ny, with the three choices ny = 1, 1.3, and 0.7. Our
numerical results with g = +0.75y (the case with g =
—0.75y is quite similar) are shown in Fig. 3, from which it
can be seen that, in our model, the modulus of the
normalized tensor form factor is almost insensitive to the
choice of the cutoff s., when fixing ny = 1, while it
becomes rather sensitive to the choice of ny when fixing
seut = 4 GeV?, especially in the higher-energy region. This
implies that the once-subtracted dispersive representation is

""These results are shown only for the purpose of making a
comparison with that given in Ref. [25], and will not be
considered in the subsequent numerical analysis.

B =40.757, Seup = 4GeV?

0.8 1.0 1.2 1.4 1.6 1.8

Vs (GeV)

Dependence of the modulus of the normalized tensor form factor on s, with fixed ny =1 (left) and on ny with fixed

not optimal, as is generally expected. But the lack of data
sensitive to the tensor form factor makes it impossible to
increase the number of subtractions for the moment.

To see the behaviors of the vector and tensor form
factors both in the elastic and in the inelastic region,
we show their moduli and phases as well as the ones
predicted by the Omnes factor Q(s) in Figs. 4 and 5,
corresponding, respectively, to the two different choices
given by Eq. (4.17). As the cutoff s, has been fixed at
seut = 4 GeV?, we consider the uncertainties of the form-
factor phases only from the input parameters. From Figs. 4
and 5, one can see that both the moduli and the phases of
the normalized form factors are consistent with the ones
obtained from Q(s) in the energy region up to about
1.2 GeV, which is roughly the threshold of the inelastic
region. The deviations from the ones predicted by Q(s) in
the higher-energy region, on the other hand, serve as an
indication of the size of the inelastic contribution from the
second resonance [24]. It is also observed that, unlike in the
case of the vector form factor, the modulus of the tensor
form factor is almost unaffected by the inelastic effect, and
is therefore similar to that obtained with Q(s). The inelastic
effects on the form-factor phases are, however, rather
significant, and a strong phase difference in the inelastic
region is indeed obtained, especially in the p = —0.75y
case. This is welcome for resolving the CP anomaly
observed in 7 — Kgnv, decays, as will be discussed in
the next section.

V. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we discuss the numerical effects of
the two NP scenarios introduced in Sec. III on the
branching ratio B(z~ —» K¢z~ v,) and the CP asymmetry
Acp(t = Kgnv,). For each observable, the theoretical
uncertainties are obtained by varying each input parameter
within the corresponding range and then adding the
individual errors in quadrature [104-107].
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FIG. 4. Energy dependence of the moduli (left) and phases (right) of the normalized form factors, compared with the ones predicted by
the Omnes factor Q(s), with the bands resulting from the uncertainties of the input parameters, in the g = +0.75y case.
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FIG. 5. Same as in Fig. 4, but in the f = —0.75y case.
A. Results in the model-independent framework a €10.27,0.34], d €10.84,1.12], (5.2)
As the 7= — K%z~ v, decay width, which is obtained by
integrating Eq. (3.2) over the invariant mass squared s b € [-4.46, —4.02], ¢ € [-0.005,0.015],
within the kinematic regime Skn <s S m%,.depends on the e €[6.0,74], for f=+075, (5.3)
nonstandard scalar and tensor interactions, it could also set
bounds on these effective couplings [21-26]. In order to
b € [-4.68,-4.24], ¢ € [0.026,0.046],
(5.4)

enhance the sensitivity to these nonstandard interactions,
we introduce the observable [25]

r-r,
Iy

= af)ieés + b?ﬁeér + C%m@T + d|és|2 + €|€‘T|2,

(5.1)

A

which is defined as the relative shift induced by these
interactions, with I' and T’y standing for the 7 — Kgnv,
decay widths with and without these nonstandard contri-
butions, respectively. The coefficients a, b, ¢, d, and e are

calculated to be

e €[6.8,8.3], for f=-0.75y.
It can be seen that our values of the coefficients a and d,
characterizing, respectively, the linear and the quadratic
terms of the nonstandard scalar contributions, are consis-
tent with those of a and y obtained in Ref. [25], while the
values of the tensor coefficients are quite different due to
the different forms of the Kz tensor form factor used. The
numerical difference between scalar (a and d) and tensor
(b and e) coefficients by about 1 order of magnitude
implies a slightly larger sensitivity to the tensor than to the
scalar contribution, as noted already in Ref. [25]. It is also
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observed that, although the real part of the interference
between vector and tensor contributions is of similar
magnitude to the pure tensor term, the imaginary part of
the interference is almost negligible for both the f =
+0.75y and B = —0.75y cases. This can be understood
from the fact that the real and the imaginary part of this
interference term are proportional to Re[F;(s)F . (s)*] and
Sm[Fr(s)F . (s)*] [see Egs. (3.5) and (3.6)], which in the
elastic region are reduced to ~|Fp(s)||F,(s)| and ~O0,
respectively, with |F7(s)||F(s)| being of similar size as
|F7(s)|> [25]. However, since only the imaginary part
contributes to the direct CP asymmetry, its nonzero value is
crucial in determining the observable A-p(r — Kgnv,).

For the CP asymmetry Acp(7 — Kgnv,), the following
subtle points should be clarified [13,26]. As the signal
channel = — 7~ K(>02°)v, (C1) is contaminated by the
two background channels 7~ - K~K(>02")v, (C2) and
7= — 7~ K°K%, (C3), the decay-rate asymmetry, A =
(—=0.27 £0.18 = 0.08)%, measured by the BABAR
Collaboration [13], is actually related to the signal asym-
metry A; as well as the two background asymmetries A,
and As via [13]

A:f1A1+f2A2 + f343 _ fi1—/2

Ap,
fitfot+f3 fitfatfi @

where f, f5, and f3 denote the fractions of the channels
Cl1, C2, and C3, respectively, in the total selected sample,
with the corresponding numbers given in Table I of
Ref. [13]. Within the SM, A; = —A, because the K state
is produced via a K° in channel C1 but via a K° in channel
C2, and A; = 0 because of the cancellation between the CP
asymmetries due to the K and K states in channel C3. To
extract the CP asymmetry A, given by Eq. (1.1) from the
measured decay-rate asymmetry .4, these relations between
A;, A,, and A; have been assumed by the BABAR
Collaboration [13], as given by the second line in
Eq. (5.5). In the presence of NP contributions, however,
A| # —A, in general, and any theoretical prediction should
be, therefore, compared with the measured quantity .A4,
instead of A, [26]. Assuming the NP contribution affects
only the channel C1, and we can then write the three CP
asymmetries as [26]

(5.5)

Ap =AM 4 ATP = AP+ AYP,
Ay = A3 = AP = B,

Ay =AM =0, 5.6
3

where the SM prediction ASY = (0.36 +£0.01)% is
obtained after taking into account the Kg— ntz~
decay-time dependence of the event selection efficiency
[13]. Combining APM with the measured decay-rate asym-
metry A = (—0.27 4+ 0.18 £ 0.08)% [13], we can therefore
obtain the constraint on AY?, and then on the nonstandard
tensor coupling.

We now apply the observable A to put constraints on the
nonstandard scalar and tensor interactions. Since the
effective couplings ég and é; are both considered to be
complex, there are four degrees of freedom, Neég, Iméy,
Neér, and Imér, at our disposal. Combining our predic-
tion for the branching ratio,

B(r~ = Ksnv,)gy = (0421 £0.022)%,  (5.7)

with the experimental result measured by the Belle
Collaboration [108],

B(T_ - KSﬂ_l/r)Exp

= (0.416 = 0.001 (stat.) 4 0.008(syst.)) %,  (5.8)

we obtain the allowed regions, A € [—0.07,0.05] and
A € [-0.12,0.10], by varying both the theoretical and
experimental uncertainties at 1o and 2o, respectively. To
set bounds on one of the couplings ég and €7, we shall assume
the other to be zero, and our final results are shown in Fig. 6
for both the f = +0.75y and = —0.75y cases. It can be
clearly seen that, under the constraint from the observable A,
the allowed region of &g is larger than that of €7, which is
consistent with our previous observation that a slightly larger
sensitivity to the tensor than to the scalar contribution is
preferred by the branching ratio. It is also observed that,
while the imaginary parts of the allowed regions of both ég
and é7 are nearly symmetric about the axes, the real parts are
not, but with the preference feég < 0 and Reer > 0.

As only the interference between vector and tensor
operators can provide a potential NP explanation of the
CP anomaly observed in 7 - Kgzv, decays [21,24], we
now focus on the tensor coupling é7. To check if the region
of &7 allowed by the branching ratio is compatible with that
required by the CP asymmetry, we now add the constraint
from the measured decay-rate asymmetry .4 by the BABAR
Collaboration [13], and our final results are shown in Fig. 7
for both the f# = 40.75y and § = —0.75y cases. One can see
that, in both of these two cases, there exist common regions
of the tensor coupling é7 that can accommodate both the
branching ratio B(z~ - Kgn~v,) and the CP asymmetry
Acp(t = Kgnv,) simultaneously, even at the 1o level. It is
also observed that the # = —0.75y case is even preferred, in
which a larger allowed region of ¢ is obtained due to the
slightly larger phase difference between the vector and
tensor form factors, as mentioned already in the last section.

B. Results in the scalar LQ scenario

In the scalar LQ scenario, due to the specific relation
Cs(uy) = —4Cr(u,) at the matching scale p, = My, we
are actually left with only one effective coupling Cy, and a
more severe constraint on it is therefore expected than in the
model-independent case.

Referring to Eq. (3.18), and by fixing My =1 TeV
and u, = m,, one obtains C’S ~ —9.84C‘T at the yu, scale.
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(right) cases.

This implies that the scalar contribution is enhanced
relative to that from the tensor operator in such a scenario.
Under the constraints from the branching ratio B(z~ —
Ksnv,) and the CP asymmetry Acp(r — Kgnv,), our
final allowed regions of C; are shown in Fig. 8. One can
see that there is no common region allowed simultane-
ously by these two observables at the 1o level, and only a
small region is allowed in the f = —0.75y case at the 20
level. This implies that the scalar LQ scenario can hardly
account for the observed CP anomaly under the constraint
from the measured branching ratio, except for the mar-
ginal region obtained in the f = —0.75y case at the
20 level.

C. Constraints from other observables and processes

It should be noted that in both of the two scenarios
discussed above, we have assumed that the nonstandard
scalar and tensor operators contribute only to the 7 — Kgzv,
decays, and only the branching ratio B(z~ — K¢z~ v,) and
the CP asymmetry Acp(7 — Kgzv,) have been considered
to constrain the corresponding effective couplings. We now
discuss the constraints on these nonstandard interactions
from other observables and processes.

As pointed out already in Refs. [25,109], the 7~ —
Ksn~v, decay spectrum measured by the Belle Colla-
boration [31] can also provide very complementary con-
straints on these nonstandard interactions. Under the
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combined constraints from the branching ratio and the decay
spectrum of this decay, the best fit values &g = (1.3 £ 0.9) x
1072 and &; = (0.7 4 1.0) x 1072 have been obtained in
Ref. [25]. Assuming that Reég) ~ Imégr) ~ éS(T),lz one
can see that these values are smaller by at least 1 order of
magnitude than our results obtained under the constraint
from only the branching ratio (see Fig. 6). This implies that,
once the combined constraints from the branching ratio and
the decay spectrum are taken into account, the allowed value
of the tensor coupling ¢ will be insufficient to explain the
CP anomaly, which demands that Imé; shoxauld be of the
order O(107!) at least (see Figs. 7 and 8) [24].

If the lepton-flavor university (LFU) is further assumed,
the effective operators given by Eq. (3.1), but with the =z
lepton replaced by the electron and muon flavors, would also
contribute to other strangeness-changing processes. In this
case, our bounds on the nonstandard scalar and tensor
couplings would be not competitive with that obtained from
the (semi)leptonic kaon [56] and hyperon [69] decays, due to
the larger systematic theory uncertainty inherent to the

13

“The couplings ég and € are assumed to be real in Ref. [25].
As the modulus of the tensor form factor is almost unaffected by
the inelastic effect and is quite consistent with that obtained with
the Omnes factor Q(s) (see Figs. 4 and 5), similar numerical
results as that obtained in Ref. [25] are expected, even though a
different phase, 57(s) = &, (s) in Ref. [25] versus Eq. (4.25) in
this work, has been adopted for the tensor form factor.

" Although the LFU is hinted to be violated by the current data
on B-meson decays (see Refs. [110—113] and references therein
for recent reviews), there exists up to now no compelling
evidence for its violation in the strangeness sector [16]. Actually,
the charged-current anomalies observed in semileptonic B decays
become already the least compelling hints for the LFU violation
by the latest Belle data [114].

current framework for hadronic 7z decays, especially in
the inelastic region. For example, the global fit results, ég =
(=3.9+4.9) x 10*andé; = (0.5 +5.2) x 1073, from the
(semi)leptonic kaon decays [56], are already much stronger
than our bounds shown in Figs. 7 and 8.

It is also noted that, unless some NP between the
electroweak and the low-energy scale is assumed, the
effective Lagrangian specified by Eq. (3.1) comes generally
from an SU(2)-invariant form [70-72]. Thus, the demand of
SU(2) invariance of the weak interactions naturally relates
the tensor operator relevant for 7 — Kg¢nv, to the neutral-
current tensor operator relevant for the neutron EDM and
the D-D mixing, as pointed out already in Ref. [24]. This
also brings the tensor coupling required by the CP asym-
metry Acp(t — Kgnv,) to be already in conflict with the
bounds from these two observables, leading to the claim
that it is extremely difficult to explain the CP anomaly in
terms of ultraviolet complete NP scenarios [24].

Based on the above observations, we conclude therefore
that it is quite difficult to explain the CP anomaly within
the two frameworks considered here, as claimed already in
Refs. [24,25].

VI. CONCLUSION

In this paper, motivated by the 2.8¢ discrepancy
observed between the BABAR measurement and the SM
prediction of the CP asymmetry in 7 — K¢z, decays, as
well as the prospects of future measurements at Belle II, we
have studied this observable within the model-independent
low-energy effective theory framework and in the scalar
LQ scenario, both of which contain a nonstandard tensor
operator that is necessary to produce a nonvanishing direct
CP asymmetry in the decays considered. Our main con-
clusions are summarized as follows:
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(1) By employing the reciprocal basis, which is found to
be most convenient when a K¢ or K is involved in
the final state, we have reproduced the known CP
asymmetry due to K°-K° mixing, as predicted first
by Bigi and Sanda [17] but with a sign mistake, and
then corrected by Grossman and Nir [18].

(2) As the Kr tensor form factor plays a crucial role in
generating a nonzero direct CP asymmetry that can
arise only from the interference of vector and tensor
operators, we have presented a new calculation of
this form factor in the context of yPT with tensor
sources and RyT with both K*(892) and K*(1410)
included. For these spin-1 vector resonances, we
have used the more conventional vector representa-
tion instead of the description based on antisym-
metric tensor fields. A once-subtracted dispersive
representation of this form factor has also been
presented, which naturally fulfills the requirements
of unitarity and analyticity. Furthermore, our esti-
mate of the relation between the two weight param-
eters, f# ~ —0.75y, gives a support for the assumption
made in Ref. [24] that the inelastic contributions to
the phases of vector and tensor form factors are of
similar size but potentially opposite in sign.

(3) Adopting the three-times-subtracted (for the vector
form factor) and the coupled-channel (for the scalar
form factor) dispersive representations, together with
our result of the tensor form factor, we have performed
adetailed analysis of the t — K gzv, decays within the
two scenarios mentioned above. It is observed that the
CP anomaly can be accommodated in the model-
independent framework, even at the 1o level, together
with the constraint from the branching ratio of 7= —
K¢n~ v, decay. In the LQ scenario, however, this
anomaly can be marginally reconciled only at the

TABLE 1.

20 level, due to the specific relation between the scalar
and tensor operators. Once the combined constraints
from the branching ratio and the decay spectrum of this
decay are taken into account, these two possibilities
are, however, both excluded, even without exploiting
further the stronger bounds from the (semi)leptonic
kaon decays [56] under the assumption of lepton-
flavor universality, as well as from the neutron EDM
and D-D mixing under the assumption of SU(2)
invariance of the weak interactions [24]. It is therefore
difficult to explain such a CP anomaly within the
frameworks considered here.

As both the theoretical predictions and the experimental
measurements are still plagued by large uncertainties, more
refined studies, especially the information on the Kz tensor
form factor in the inelastic region as well as the dedicated
measurements of 7 — Kgzr, decays from the Belle II
Collaboration [20], are expected.
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APPENDIX: INPUT PARAMETERS

In this Appendix, for convenience, we collect in Table I
all the input parameters used throughout this paper. For
further details, the readers are referred to the original
references.

Summary of the input parameters used throughout this paper.

QCD and electroweak parameters [16]

G#[1075 GeV~2] a,(Mz) m;[GeV]
1.1663787(6) 0.1181(11) 173.1
Particle masses and 7 lifetime [16]

m.[MeV] M o[MeV] M ,-MeV]
1776.86 497.61 139.57
Parameters in the Kz vector form factor with 5., = 4 GeV? [37]
my-[MeV] 7k [MeV] my-[MeV]
943.41 £0.59 66.72 + 0.87 1374 £ 45
My [MeV]

892.01 £0.92

(24.66 +0.77) x 1073

my,[GeV] F,[MeV] Fx[MeV]
4.18 92.3(1) 1.198F,
7,[10715 §]
290.3
YK+ [MGV] Y
240 £ 131 —0.039 £+ 0.020
¥l 2
+ +

(11.99 £ 0.20) x 10~#

CP-violating parameters as well as the measured decay-rate asymmetry

[n._| x 103 [16] ¢, [16] Ne(e) x 10° [16]
2232 £0.011 (43.51 +£0.05)° 1.66 +0.02
Other input parameters

My [MeV] [39] Ay [MeV] [88] Sew [75]
1440 11.1(4) 1.0201(3)

A[13]
(=0.27 £+ 0.18 £ 0.08)%

A [13]
(0.36 £ 0.01)%

0.21654(41)

B(r~ - Kgn~v,) [108]
(0.416 +0.001 £+ 0.008)%
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