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Figure 1. The NP contributions to �S = 2 process. The black bubble denotes the ver-
tices in Eq. (2.4) originating from the dimension-6 e↵ective operators: OL and OR. The
white bubble with “SM” denotes the SM flavor-changing Z interaction. Subfigures (b)–(e)
correspond to the interference contributions between the NP and SM. A contribution from
G

0-exchange diagram is negligible because it receives a suppression factor by the external
momentum, so that we omit it here.

where the right-hand side is [15]
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In these expressions, renormalization group corrections and long-distance contribu-
tions are included [25]. In addition, one must take account of the interference terms
between the SM and NP contributions (Figs. 1 (b)–(e)),
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NP scale.#4 In this letter, the CKMfitter result [24] is used for the CKM elements,
unless otherwise mentioned. The loop function is#5
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#4 In order to introduce how significant the interference contributions are, we ignore the renormal-
ization group corrections to the dimension-6 operators above the electroweak scale except for a first
leading logarithmic contribution ln(µNP/mW ) which comes from Fig. 1 (e). This approximation is
valid when the NP scale is not so far from the electroweak scale.
#5 The loop function e

C(x, µNP) is consistent with the result in Ref. [26].
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Figure 1. The NP contributions to �S = 2 process. The black bubble denotes the ver-
tices in Eq. (2.4) originating from the dimension-6 e↵ective operators: OL and OR. The
white bubble with “SM” denotes the SM flavor-changing Z interaction. Subfigures (b)–(e)
correspond to the interference contributions between the NP and SM. A contribution from
G

0-exchange diagram is negligible because it receives a suppression factor by the external
momentum, so that we omit it here.
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In these expressions, renormalization group corrections and long-distance contribu-
tions are included [25]. In addition, one must take account of the interference terms
between the SM and NP contributions (Figs. 1 (b)–(e)),
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valid when the NP scale is not so far from the electroweak scale.
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Figure 2. The Z-penguin observables are displayed in LHS (left panel) and RHS (right). In
the green (light green) regions, the ✏
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/✏ discrepancy is explained at 1 (2)�. The blue and
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to the interference contributions, Eq. (2.8). There is no constraint from ! mK in the
parameter regions of the plots.

The red and black dashed contours represent B(KL ! ⇡0⌫⌫̄)/B(KL ! ⇡0⌫⌫̄)
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Eqs. (2.30) and (2.31). It is found that B(KL ! ⇡0⌫⌫̄) cannot be as large as the
SM value as long as ✏0/✏ is explained in LHS or RHS. On the other hand, if the ✏0/✏
discrepancy is explained by LHS, the NP contribution to B(K+ ! ⇡+⌫⌫̄) is limited
by B(KL ! µ+µ�). In contrast, ✏K restricts RHS.
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but suppress ✏NP

K . In the left panel of Fig. 3, the Z-penguin observables are shown as
functions of Im ! L,R. The most severe constraint is from ✏K due to the interference
between the SM and NP. The other bounds are weak and absent in the plot. Since
there are no real components of ! L,R, B(K+ ! ⇡+⌫⌫̄) is correlated with B(KL !
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Finally, LRS is shown in the right panel of Fig. 3. Similarly to the cases of RHS
and ImZS, most of the parameter regions are excluded by ✏K . The NP contributions
to B(KL ! µ+µ�) vanish because the process is the axial-vector current.

In Fig. 4, contours of the tuning parameter ⇠ are shown for the simplified scenarios:
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