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ABSTRACT: Recently the RBC-UKQCD lattice QCD collaboration presented new results
for the hadronic matrix elements relevant for the ratio ¢’/ in the Standard Model (SM)
albeit with significant uncertainties. With the present knowledge of the Wilson coefficients
and isospin breaking effects there is still a sizable room left for new physics (NP) contribu-
tions to ¢’ /e which could both enhance or suppress this ratio to agree with the data. The
new SM value for the K — K° mass difference AMy from RBC-UKQCD is on the other
hand by 20 above the data hinting for NP required to suppress AMp. Simultaneously
the most recent results for K+ — 7wy from NA62 and for K;, — 7% from KOTO
still allow for significant NP contributions. We point out that the suppression of A My
by NP requires the presence of new CP-violating phases with interesting implications for
K — v, Kg — ptp~ and K;, — 7014~ decays. Considering a Z'-scenario within the
SMEFT we analyze the dependence of all these observables on the size of NP still allowed
by the data on &’/e. The hinted AMy anomaly together with the e constraint implies in
the presence of only left-handed (LH) or right-handed (RH) flavour-violating Z’ couplings
strict correlation between KT — 7ntvo and K — 7w branching ratios so that they are
either simultaneously enhanced or suppressed relative to SM predictions. An anticorrela-
tion can only be obtained in the presence of both LH and RH couplings. Interestingly, the
NP QCD penguin scenario for ¢’/e is excluded by SMEFT renormalization group effects
in e so that NP effects in €’ /e are governed by electroweak penguins. We also investigate
for the first time whether the presence of a heavy Z’ with flavour violating couplings could
generate through top Yukawa renormalization group effects FCNCs mediated by the SM
Z-boson. The outcome turns out to be very interesting.
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1 Introduction

The ratio €’/e that measures the size of direct CP violation in K, — 77 decays relative to

the indirect CP violation described by € and the rare decays Kt — nTvv and K;, — n0vp

have been already for many years together with the AI = 1/2 rule, K, g — ptp~ and

K — 7w%*¢~ decays the stars of Kaon flavour physics [1, 2]. The K;—~Kg mass difference

AMp remained due to large theoretical uncertainties until recently under the shadow of

these decays although it played a very important role in the past in estimating successfully

the charm quark mass prior to its discovery [3]. However, recently progress in evaluating
AMp within the SM has been made by the RBC-UKQCD collaboration [4-6] so that AMg



begins to play again an important role in phenomenology, not only to bound effects of NP
contributions [7-12], but also to help identify what this NP could be. But as stressed
in [1, 2] and in particular in [13] such an identification is only possible by considering all
the stars of Kaon physics simultaneously and also invoking observables from other meson
systems.

The RBC-UKQCD lattice QCD collaboration presented very recently new results for
the hadronic matrix elements relevant for the ratio ’/e. Using the Wilson coefficients at
the NLO level and not including isospin breaking and NNLO QCD effects they find [14]

(¢'/e)sm = (21.7 £ 8.4) x 1074, (1.1)

where statistical, parametric and systematic uncertainties have been added in quadrature.

However, as already demonstrated in [15], the inclusion of the effects in question, that
are absent in (1.1) is important. Including the isospin breaking contributions, recently cal-
culated in [16] and the NNLO QCD corrections to electroweak penguin contributions [17],
the result in (1.1) is changed to [16, 18]

(¢'/e)sm = (13.9£5.2) x 1074, (1.2)

which compared with the experimental world average from NA48 [20] and KTeV [21, 22]
collaborations,

('/€)exp = (16.6 £2.3) x 107, (1.3)

shows a very good agreement of the SM with the data, albeit leaving still much room for
NP contributions. Presently values as low as 5 or as high as 25 in these units cannot be
excluded.

While this result allows for both positive and negative NP contributions to &'/e to
agree with the data, the new SM value for the K° — K° mass difference AMy from RBC-
UKQCD [6]

(AMg)sy = 7.7(2.1) x 10715 GeV, (AMEK )exp = 3.484(6) x 107 GeV,  (1.4)

hints at the 20 level at the presence of NP required to suppress AMp relative to its SM
value.

As noted already in [13] the suppression of AMp is only possible in the presence of
new CP-violating couplings. This could appear surprising at first sight, since AMg is a
CP-conserving quantity but simply follows from the fact that the BSM shift (AMg)psm
is proportional to the square of a complex gsq coupling so that

(AMg)Bsm = ¢ Re[g2y] = ¢ [(Re[ga])® — (Im[ga])?], ¢ > 0. (1.5)

The required negative contribution implies automatically NP contributions to &'/¢ and
also to rare decays K — mvi, Kg — ptp~ and Ki, — 7% ¢~, provided this NP involves

"'Without the presence of 7 — 1’ mixing in the estimate of isospin-breaking corrections, as done in [19],
one would find instead (¢'/e)sm = (17.4 +6.1) x 107* [16, 18].



non-vanishing flavour conserving ¢q couplings in the case of ¢’ /e and non-vanishing v and
T~ couplings in the case of the rare K decays in question.

But as pointed out in an important paper by Monika Blanke eleven years ago [23],
in the presence of a strict correlation between NP contributions to AS = 1 and AS = 2
processes and in the absence of significant NP contributions to €x implies two allowed
narrow branches in the (Kt — 7tvp, K — n%w) plane to be called MB-branches in
what follows, and thus a well defined pattern of the correlations between the branching
ratios for these two decays. We will be more explicit about these findings in section 4. But
as in [23] a possible impact of AMg on these correlations has not been analysed we will
investigate the impact of the hinted AMg anomaly on the findings of [23].

Now, The most recent result for KT — ntvu from NA62 [24, 25] and the 90% confi-
dence level (CL) upper bound on K — 7'vw from KOTO [26] read respectively

B(KT = 7t vi)exp = (11.0732 £0.3) x 1071 | B(Kp — 71%0)exp < 3.0 x 1077, (1.6)
to be compared with the SM predictions [27, 28]
B(K'T = ntvo)sm = (85719 x 1071 | B(Kp — nvi)sm = (3.2753) x 1071, (1.7)

In their most recent status report [29] on K — 7% the KOTO collaboration pre-
sented data on four candidate events in the signal region, finding

B(Ky, — n'vp)koro = 21731 1) x 1079, (1.8)

at the 68 (95) % CL. The central value is by a factor of 65 above the central SM prediction
and in fact violates the GN bound which at the 90% CL together with the present NA62
result for K+ — 7t v amounts to 0.8 x 1072, Theoretical analyses of this interesting data
can be found in [30-33].

Evidently there is still much room for NP left in these decays. In particular, a novel
pattern in which K+ — 7ntvw is suppressed and K; — w°vi is enhanced by NP is allowed
by the new data. As pointed out already in [23] and seen in the plots in [23, 34] this pattern
is only possible in the presence of both left-handed and right-handed flavour-violating 2’
couplings to quarks which with moderate fine-tuning allows to avoid the constraint from
£k, so that regions in the (K™ — 77vw, K, — 7v) plane outside the MB-Branches are
possible. We will return to this issue in section 4.5, but we stress already here, following [23],
that generally in NP scenarios in which NP contributions to AS =1 and AS = 2 are not
related to each other, different oases in the (K+ — ntuvp, K — 7%v0) plane outside
the MB-Branches could be occupied. As evident from the plots in [34, 35] the simplest
example are models with minimal flavour violation (MFV). There the correlation between
Kt — ntvv and K, — 7% results from the same real valued loop function X entering
these two processes. This function is a priori unrelated to NP contributions in AS = 2
processes and therefore AS = 2 constraints are avoided. On the other hand in the absence
of new complex flavour-violating phases in MFV models the suppression of AMg is not
possible. This is reminiscent of lower bounds on AM; 4 present in these models [36, 37].



It has been pointed out already in [13] that various patterns of NP in rare K decays
in correlation with NP in ¢’/e can naturally be realized in models with tree-level FCNCs
mediated by a heavy Z’ with masses still in the reach of ATLAS and CMS but also for higher
masses. But whereas in [13] the scenarios with enhanced K™ — 7tvv and K; — 7n%vw
have been primarily considered, a novel pattern in which K™ — ntvi is suppressed and
K1 — mv is enhanced by NP still allowed by the new data has not been considered there.

With the new information from RBC-UKQCD on &’/e and AMf, the new analyses of
¢’ /e in [16, 18] and the new data from NA62 and KOTO, it is of interest to ask how the
Z' scenarios considered in [13] and the new ones face the new developments listed above.

The goal of the present paper is to answer this question, but our paper should not be
considered as the numerical update of the analysis in [13] motivated by the new input from
RBC-UKQCD, NA62 and KOTO collaborations. The reason is that in contrast to [13],
that included only QCD renormalization group effects, we will perform a complete SMEFT
analysis, that takes in particular into account important top Yukawa effects, which modify
significantly the properties of a Z’ responsible for the pattern of NP effects in question.
In particular we point out that the so-called QCD penguin scenario for &'/e, considered
in [13], in which at the NP scale only QCD penguin operators have non-vanishing Wilson
coefficients, is excluded due to Yukawa renormalization group effects on ex when NP
contributions to &’/e and AMk are considered simultaneously. We demonstrate this effect
both analytically and numerically.

In models with vector-like quarks the operators ¥?>H?D, listed in table 5, are gener-
ated at the matching scale, implying FCNCs mediated by the SM Z-boson. They can be
enhanced through RG Yukawa top quark effects with an important impact on the phe-
nomenology [28, 38, 39]. Such operators have vanishing Wilson coefficients in Z’ models
at tree-level if the (H TiDuH )Z,, coupling is set to zero. However, they are generated again
through RG Yukawa top quark effects. To our knowledge this mechanism of generating
FCNCs mediated by the Z in Z’ models has not been considered in the literature. Usually
the FCNCs in Z’' models are generated through Z — Z’ mixing in the process of the spon-
taneous breakdown of the electroweak symmetry [40]. It is then of interest to investigate
whether this pure RG effect is important.

Our paper is organized as follows. In section 2 we recall the strategy of [13] where the
correlations between ¢'/e, AMy, Kt — 7tvi and K — 7% have been analyzed in the
framework of Z’ models taking into account the constraints from K; — ptpu~ and ek.
We refrain, with the exception of &'/e, from listing the formulae for observables entering
our analysis as they can be found in [13] and in more general papers on Z’ models in [41]
and in [42] that deals with 331 models. On the other hand we discuss in some detail
the aspects of new dynamics that enrich the analysis of [13] through the inclusion of the
full machinery of the SMEFT, in particular of the renormalization group effects from top
Yukawa coupling.

In section 3 as a preparation for the numerical analysis we discuss various Z’ scenarios
and the related RG evolution patterns in the SMEFT.

In section 4 after recalling the arguments for the two branch structure in the (Kt —
ntvw, K — mvp) plane pointed out in [23], we present a detailed numerical analysis of



all observables listed above, including also K¢ — utu~ and K — 7%*¢~, in various Z’
scenarios.

In section 5 we analyze the generation of FCNCs mediated by the SM Z-boson. In
section 6 we list the main results of our paper and present a brief outlook for the coming
years. Some additional information is contained in an appendix.

2 Basic formalism

2.1 Strategy

In our paper, as in [13], an important role will be played by ¢’/e and ek for which in the
presence of NP contributions, to be called BSM in what follows, we have

5/ 6/ SM 5/ BSM .
@)™ e @A™ e

In view of uncertainties present still in the SM estimates of &’/e, and to a lesser extent
in e, we will fully concentrate on BSM contributions. Therefore in order to identify the
pattern of BSM contributions to flavour observables implied by allowed BSM contributions
to €’/e in a transparent manner, we will proceed in a given Z’ scenario as follows [13]:

Step 1. We assume that BSM provides a shift in &'/e:

5/ BSM
<> = ke - 1073, —1.0 < ke < 1.0, (2.2)
(9

with the range for k. indicating conservatively the room left for BSM contributions. This
range is dictated by the recent analyses in [16, 18] which implies the result quoted in (1.2).
Specifically, we will consider three ranges for ks

(A) 0.5 < ke <1.0, (B) —0.5<ks<0.5, (C) —10<ks<-05 (23)
Only range A has been considered in [13] so that the study of ranges B and C is new with
interesting consequences.

This step will determine for given flavour conserving Z’gq couplings the imaginary parts
of flavour-violating Z’ couplings to quarks as functions of k.. But as we will see below in
order to explain the AMp anomaly, which requires significant imaginary couplings, and
simultaneously obtain &’/e consistent with the ranges above the flavour conserving Z’'qq
couplings must be O(1072).

We stress even stronger the usefulness of k., in the 2020s than it could be anticipated
in [13]. The result in (1.2) governed by the hadronic matrix elements from the RBC-
UKQCD collaboration has a very large error and we expect that it will still take some time
before this error will be decreased down to 10-15%. In addition we need a second lattice
group to confirm the 2020 RBC-UKQCD value and it is not evident that this will happen
in this decade.



Step 2. In order to determine the relevant real parts of the couplings involved, in the
presence of the imaginary part determined from &’/e, we will assume that BSM can also
affect the parameter ex. We will describe this effect by the parameter . so that now in
addition to (2.2) we will allow for a BSM shift in g in the range

(ex)BM = . - 1073, —0.2< K. <0.2. (2.4)

This is consistent with present analyses in [43-45]. But it should be stressed that this
depends on whether inclusive or exclusive determinations of |V,;| and | V| are used and with
the inclusive ones the SM value of e agrees well with the data. We will also investigate how
our results change when a larger NP contribution to £ corresponding to —0.5 < k. < 0.5
is admitted.

Step 3. As far as AM is concerned, we will consider dominantly NP parameters which
provide the suppression of the SM value in accordance with the LQCD result in (1.4). In
particular this will require the imaginary Z’ couplings to be significantly larger than the
real ones.

Step 4. In view of the uncertainty in x., we set several parameters to their central values.
In particular for the SM contributions to rare decays we set the CKM factors and the CKM
phase ¢ to

Re\y = —3.4-107%, Im)\, = 1.48 - 1074, 6 =1.27, (2.5)

which are close to the central values of present estimates obtained by the UTfit [43] and
CKMfitter [44] collaborations. For this choice of CKM parameters the central value of
the resulting |9 is 2.32 - 1072, With the experimental value of ex in table 3 this
implies k. = —0.09 . But we will still vary k. while keeping the values in (2.5), as BSM
contributions in our scenarios do not depend on them but are sensitive functions of k..

Step 5. Having fixed the flavour violating couplings of the Z’ in this manner, we will be
able to calculate BSM contributions to the branching ratios for K+ — ntvo, K — nup,
Krs— ptp~ and K — 7%07¢~ and to AM in terms of k. and k.. This will allow us to
study directly the impact of possible NP contributions to £’ /e and AMk in Z' scenarios on
Kt — ntvp and K — 707 and the remaining rare Kaon decays. In table 1 we indicate
the dependence of a given observable on the real and/or imaginary Z' or later Z flavour
violating coupling to quarks. In our strategy imaginary parts depend only on k. and the
choice of flavour conserving Z’gq couplings, while the real parts depend on both k. and
ke. The pattern of flavour violation depends in a given BSM scenario on the relative size
of the real and imaginary parts of the couplings as we will see explicitly later on.

In the context of our presentation we will see that in most of our Z’ scenarios ex and
not K; — pp~ is the most important observable for the determination of the real parts
of the new couplings after the ¢’/e constraint has been imposed. This can be traced back
to Yukawa RG effects. Additional constraint will come from A M.



ImA | ReA
/e *
EK * *
AMg * *
K — mvp *
Kt — ntvp * *
Kp — ptu~ *
Ks—pfp |+
Ky — 70t~ *

Table 1. The dependence of various observables on the imaginary and/or real parts of Z’ and Z
flavour-violating couplings.

2.2 SMEFT at work

The interaction Lagrangian of a Z' = (1,1) field and the SM fermions reads:

Ly == g2 (@V'd) 2, — g (@) Z), — g (A d) Z, (2:6)
— g (Bt 2], — gi (enied) Z),

Here ¢ and ¢ denote left-handed SU(2);, doublets and u’, d’ and e’ are right-handed
singlets.

This Z’ theory will then be matched at the scale Mz onto the SMEFT, generating
the operators listed in table 2. In the Warsaw basis [46] the tree-level matching [47] with
the couplings in (2.6) is given for purely left-handed vector operators by:

ij ki ij Kkl

979 1 Y999,
[Cﬂ] ikl — _QM%, ’ [Ctgq)]ijkz - QM%, ) (2-7)
ij ki
(1) 97 9q
[Céq ]z]kl - M2, (2.8)

For purely right-handed vector operators one finds:

tj _kl tj Kkl

9y 9394

[Cee] ijkl — QM; ’ [Cdd] ijkl — QM%, s (2'9)
ikl ij ki
_ gug _ 9e 94

[Cuulijra = 2M§, ; (Ced] ijra = — M2, (2.10)
ikl ij Kl
_9eg (1) _ Gu gy

[Ceu]ijlcl - M; ) [Cud]ijkl - M%, : (2.11)



(LL)(LL) (RR)(RR)
O (Livuly) (™) | O (eivues)(@nter)
0% (@) @V 0) | Ou (@) (@ )
O Eonl) @ a) | Ou  (dvudy)(deyd)
(LL)(RR) O (Eryues)(dpy™dy)
O Wirvply)@nte) | Oy (Evues) (@ u)
Op (Eovuly) iy w) | Ol () (dir'dy)
Opr (Livuly)(di*dy)
O (Tivuaj)(exy'er)
Ol (@) ()
O (@) (diydy)

Table 2. List of the dimension-six four-fermion (¢/*) operators in SMEFT that are generated in a
Z' model at tree-level. Flavour indices on the quark and lepton fields are ijkl.

Finally for left-right vector operators the matching reads:

ij ki ij Kl
99 _ Y9794
[Ceelijrr == M%e, ) [Cea) iy = = M2, (2.12)
() ij ki
_ 99 949
[C@u] ijkl — - M%l: 3 [qu] ijkl — - M%e/ ; (213)
Lj ij ki
o 9d 9t Wy 94 93 (2.14)
qu 145kl M%/ ’ qd lijkl M%, . .

Different bases? for the SMEFT Wilson coefficients (corresponding to different models)
can be used to perform the numerical analysis. A particular choice of basis is the down-

basis,> in which the down-type Yukawas are diagonal and the ¢’ fields are given above the

EW scale by
| t
¢ = (VZZUL> , (down-basis) (2.15)
L

where V denotes the CKM matrix. Another popular basis choice is the up-basis with
diagonal up-type Yukawas and

¢ = (VZ?&) . (up-basis) (2.16)

Changing between these two bases is achieved by rotating the corresponding parameters by
CKM factors. For instance, to express the up-basis g;/ couplings in terms of the down-basis

%In the following we adopt the basis conventions defined in WCxf [48].
3The down-basis was first discussed in [49].



ones, the following rotation needs to be performed:
g — (ViggVTyi. (2.17)

Since we are interested in FCNCs in the down-sector, it is more convenient to work in
the down-basis, which we will adopt in the following. In a next step the SMEFT Wilson
coefficients are evolved from the matching scale A down to the EW scale pugw. In order to
perform this RG evolution the SM parameters are first run up to the high scale A, such
that all input parameters (Wilson coefficients and SM parameters) are evolved from the
same scale down to pugw. The procedure to obtain the SM parameters at the high scale is
discussed in the next subsection.

2.3 Treatment of SM parameters

In order to solve the RGEs, assuming experimental values of the SM parameters at the
EW scale, we evolve them to the input scale A. For this purpose we employ an iterative
procedure, which was used in [50]. This procedure for solving the RGEs incorporates the
correct values of the CKM parameters and the quark and lepton masses at the electroweak
scale. Since in the present paper we are interested in exploring the role of Yukawa RGE
effects, let us describe the iterative procedure to determine the Yukawa couplings at the
input scale A:

e We start with the Yukawa matrices in the down-basis at the EW scale:

2 2 2
Vo= Vagy s Gy V2 Gty V2 Gt g g
v 2 v 2 v 2
with the mass matrices given by
mg 0 0 my, 0 0 me 0 0
My=]10ms 0|, My=V'| 0m. 0|, Mc=|0m, 0]. (219
0 0 my 0 0 my 0 0 m,

Here the values of the quark masses can be found in table 1 of [50].

e In the first step the Yukawa matrices are evolved up to the input scale A while assum-
ing constant Wilson coefficients (equal to their input values, C;(A)). As the chosen
basis is not stable under RG running, a rotation of the fermion fields is performed to
get back to the down-basis,

Ve =Usrdy, [=qu,d e, (2.20)

taking
Uy=Uq,, Ug=Usp, Uy=Uyup, Uy=Ue,, U= Upgp. (2.21)

Here the unprimed fields are in the down-basis, whereas the primed fields are in some
random basis generated by the running of Yukawas just performed. The rotation



matrices at the input scale transform the primed mass matrices back to the down-basis

My(A) = U}, My(A)Udy, (2.22)
My(A) = U, M},(A) Uy, (2.23)
M(A) = U}, ML (AU, , (2.24)

obtaining the diagonal matrices My(A) and M.(A) and the non-diagonal matrix
M, (A) given in (2.19). The primed matrices at the input scale are given by

v [ V2

M) = s [valt) - CngA)} , (2.25)
v [ 02

M) = 5 [y - S (2.26)
v [ 02

M!(A) = 7 Yo (A) — CeH(QA)] : (2.27)

e In the second step the Wilson coeflicients are evolved down to the EW scale in the
leading log (LL) approximation, using the Yukawa matrices from the previous step.

e Finally, the obtained Yukawas are evolved up to the input scale A using the constant
Wilson coefficients obtained from the LL running.

This iterative procedure known as the shooting-method [51] is a common method to
obtain numerically the initial conditions for ordinary differential equations at the same
integration point, and is used to find the Yukawa matrices (and other SM parameters) at
the high scale. The procedure is iterated until a precision of 0.1% is obtained.

The RGEs can then be solved with all parameters having their initial conditions at the
same scale A. We reemphasize that the form of the Yukawa matrices is not stable under
RGEs and therefore a back-rotation [52] is required to go back to the down basis at the
EW scale. A crucial consequence of this is that one also needs to back-rotate [50, 53-58] the
Wilson coefficients according to table 4 of [59]. We will return to one of these consequences
in section 4.4.

3 Z’' Contributions: setup

3.1 Scenarios

For the numerical analysis we follow closely the reasoning in [13]. As we are interested
in Kaon decays, we will assume different scenarios for the flavour transition d — s, to be
referred to as LHS and RHS in the following. In these scenarios we allow for a flavour-
violating coupling in the left-handed (LHS) or right-handed (RHS) quark sector between
the second and first generation, respectively. Moreover, we choose the flavour-diagonal
first generation quark couplings of both chiralities to be non-vanishing in both scenarios.
Due to simultaneous presence of non-zero leptonic and first generation quark couplings the
LHC direct searches in the dilepton final state put constraint M/, < 5.5TeV [60, 61] for

~10 -



the couplings strength same as the SM Z-boson [62]. However, we will consider the Z’
couplings to the first generation to be an order of magnitude smaller than those of the SM
Z-boson which allows us to consider the lowest Z’ mass equal to 3 TeV. With this choice
of couplings VLL, VRR as well as VLR operators given in (2.7)—(2.14) are generated in
both scenarios. Furthermore, we define the LR scenario first discussed in [63, 64], which
is equivalent to the LHS or RHS, but without taking into account constraints from eg
and AMpg. The justification for this procedure is given as follows. In the LR scenario
containing LH as well as RH Z’ couplings to SM fermions, left-right AF = 2 operators
are generated at tree-level. Their contributions to the mixing amplitudes M{’g , M{’g and
Mfg are RG enhanced. For the d — s transition there is an additional chiral enhancement.
However, by imposing a fine-tuning between the left-left and right-right contributions and
the LR contributions, the constraints from ex and AMp can be alleviated while giving
sizable contributions to K — 77, as has been shown in [63]. The generalization of this idea
to the other meson systems has been done in [64]. We will briefly return to this scenario
in section 4.5. For further details we refer to appendix A of [65].

In the LHS, the flavour change is achieved by the non-zero complex coupling ggl and in
the RHS by a complex-valued gfll. In each scenario we allow for diagonal (real) couplings to
first generation quarks. Furthermore, to also accommodate for the decays K ¢ — uu~ a
real non-zero value of g2 is chosen. For K, — 7%¢*¢~ with ¢ = e, ;1 we also need non-zero
gl}l and g§2. All other couplings are assumed to vanish. Therefore we have at the high
scale A the following three setups:

LHS: gi*?', gt, git. gt g, (3.1)
11,21

RHS: gi'.  g', g%, g, o7, (3.2)

LR: gt git. g%, gt o (3.3)

Such scenarios are in general subject to gauge anomalies, which are assumed to be
canceled by additional heavy fields at a higher scale [40, 66, 67]. Z’ models with explicit
gauge anomaly cancellation were discussed recently in [65, 68, 69].

Using the matching relations in section 2.2 leads to the following non-zero four-fermion
Wilson coefficients in the three different scenarios at the BSM scale:

LHS : [Céﬂ}nn’ [C€€}11227 [CM} 22227 [Ctg;)]nn’ [Cl%)]nm’ [Clg;)]mn’ [Clg;)]mzl’ (3-4)
(€88 11 (€80 N 121» (€5 121 - [Caal vy » [Cond w1+ (o 1 [Ceal -

[Céd} 22117 [Cﬁu]nll ’ [Céu] 2211° [Ctgllt)]llll ) [Ctgllt)]mll ’ [Ctg?]nll ’ [Cfgcll)]2111 ’
RHS: LHS(g.' — g3'), (3.5)

LR: [c\)],,,, LHS, RHS. (3.6)

3.2 RG running

The Wilson coefficients obtained in (3.4)—(3.6) are then run down to the EW scale by
solving the full set of SMEFT RGEs [70-72]. To visualize this effect different flow charts
are shown in figures 1-3. We show the charts of the running of four-fermi operators into
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LHS: Non-Leptonic decays

1 1 1 1
n=2 | (0F o | | 0y Ol

4q(21w \ SL(2221)
¢ \ <

VAN <

AN

+ \‘\\\\\‘

b S
1 1 1 8 8
e o o) lo®) o ™ o

4q(2111)
RHS: Non-Leptonic decays

Figure 1. Running of four-fermion operators into operators contributing to AF = 1 non-leptonic
observables. Here the red, green and black lines indicate the operator mixing due to strong, weak
and Yukawa couplings respectively. The self-mixing for all couplings is shown by a dashed black
line.

operators contributing to non-leptonic AS =1 and AS = 2 observables and semi-leptonic
AS = 1 decays. We present the charts for LHS and RHS, where LH and RH refer to
flavour-violating currents. The structure of these charts is as follows:

e At the BSM scale those operators are listed which on the one hand receive a non-
vanishing matching contribution and on the other hand imply through RG evolution
contributions at the electroweak scale. The latter can come from the same operators
with modified Wilson coefficients and from new operators generated through RG
evolution. These new operators are placed on a lighter background than the original
operators.

e As an example consider the first chart in figure 1. The goal is to generate at the
electroweak scale four-quark operators contributing to non-leptonic AS = 1 processes
which is indicated by the indices (2111) . The operators

o, oh ol (3.7)

qq qu >
present already at the BSM scale contribute also at the electroweak scale but whereas
the indices of the Wilson coefficients Cé}) and Cé}l) at the BSM and EW scale are the
same, the ones of C(gtlz) change from (2121) to (2111).
In addition the operators O,(]i) and (’)C(IZ) are generated through QCD interactions at

the EW scale. Finally the semi-leptonic operator (’)2), present already at the BSM
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LHS: AF=2 Observables

_ O((I;) 0(1) O(l) O(l)

1 3 1 8
P qu) 0P ol o®

4q(2121)

RHS: AF=2 Observables

_ O(l) 0(1)
I
I
] q(1121) SL(2221)
I
I
|
1
= frew O 0(1) O(x)
4q(2121)

Figure 2. Running of four-fermion operators into operators contributing to AF = 2 observables.
Here the red, green and black lines indicate the operator mixing due to strong, weak and Yukawa
couplings respectively. The self-mixing for all couplings is shown by a dashed black line.

LHS: Semi-Leptonic decays

pw=A 0(1) 0(1) 0(1) (9(1)
I
4q(2121) 4q(2111) \ i \
I
I
I
I
1= e %) O

SL(2221)

RHS: Semi-Leptonic decays

1

p=A oW
I
I
q(2121) 4q(112\\ \
I
I
I
I
4
1
= Hew Ora Of(q)
SL(2221)

Figure 3. Running of four-fermion operators into operators contributing to AF = 1 semi-leptonic
observables. Here the red, green and black lines indicate the operator mixing due to strong, weak
and Yukawa couplings respectively. The self-mixing for all couplings is shown by a dashed black
line.
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scale, while not contributing directly to AS = 1 non-leptonic observables, can do
it indirectly via Wilson coefficients of non-leptonic operators through electroweak
interactions.

e The same logic is used in the remaining charts. But one should note that in the RHS
the flavour-violating indices are on the right-handed currents so that e.g. on the top
of the lower charts in figures 1-3 the indices are now (1121) instead of (2111).

e The distinction between strong, weak and Yukawa interactions is made with the help
of colours as described in the figure caption.

3.3 ¢&'/e

Since €’/¢ is one of the key observables in our analysis we discuss here explicitly the impact
of the LHS and RHS on this observable. The relevant SMEFT matching contributions for
¢’ /e can be found in [73]. Adopting the same short distance basis as therein, namely

O% 4 = (3T x Pad")(¢’Tx Pp¢’), O% up = (GTx Pad’)(¢'Tx Ppq’), (3.8)

with colour indices i, j, chiralities A, B = L, R, and Dirac structures X = S, V,T with
I's =1, Ty =~*, I'r = o", one finds at the high scale A:

. u _ d _ (1)
(LHS): CYrp = [C o1 s CYrr = [Cod o1 » (3.9)

(RHS) : Ot = [Vadl?[C) ) 111> Clar = (€] 1101 (3.10)

where we have neglected small contributions. However, as indicated by the red arrows in
figure 1, the Wilson coeflicients [Cfgi)]mu and [Céz)]mu ([Céfl)]um) are induced through

QCD running down to the EW scale in the LHS (RHS). At LL one finds [72, 74]:
8 Qs r5(1 HEW
(€] 111 (W) = —3— [C 15101 (M) In ( A ) ’ (3.11)

and similar expressions for [Céi) ]2111 and [Céz)] 1191+ Therefore, taking QCD RGE effects
into account the matching at the BSM scale in (3.9)-(3.10) is modified at the EW scale as
follows

u 1 1
(LHS) : OV p= [Cfg})]ﬂll_é [Céi)]mn ’ C'chLR: [Cé;)}zul_g [Céfl)]mu , (3:12)
~ 1
C‘%LRzi[Ccsi)}zlnv CgRL:_[szl)]mn’ (3.13)
o 2( 1o Lro® d (1) Lro®
(RHS) : OV pp=|Vadl [qu }1121 6 [qu }1121 , Cvrp= [qu ]1121_6 [qu ] 11210 (3.14)
~ 1
CﬁRLZQVud‘Q[C;Z)}le’ CgLR:_[Céfl)]qu' (3.15)
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Employing now the master formula for the BSM contribution to &'/e one
finds [73, 75, 76]:

/
BSM
—430- Im[éXl}LR - 5\1}RL] + 204 - Im[Cg'LR - CgRL]
= Im[-124 [C(l)]mn — 194, B[C( )]2111 + 117[C( )]2111 + 184. 5[C( )}2111
+(124[C)] oy +194.3[CH)] o) Vaal® — 117[C1)] 1, — 184.5[C)]

(3.17)

1121 1121 1121] ’

where we have used (3.12)—(3.15) and the Wilson coefficients on the right-hand side of (3.16)
and (3.17) are given in units? of (1/TeV?). The first and second line in (3.17) correspond
to contributions from the LHS and RHS respectively.

3.4 Rare decays

For completeness we recall general AF = 1 Hamiltonian for the semi-leptonic FCNC
transition of down-type quarks into leptons and neutrinos below ugw

4G o i i
Hasd(eew) = F PV ZCZ"” baji | h.c. (3.18)

with a, b being lepton indices, %, j down-quark indices and

Ni=VEy u={u,c,t}. (3.19)

ut "’ ujo

There are eight semi-leptonic operators relevant for d;¢, — d;{;, when considering UV
completions that give rise to SMEFT above the electroweak scale [77]

baji 7 baji _
Q9(é’) = [y Prom dillly*al, Ql()](l()’ = [djvuPr(r)dil 067" 5La) (3.20)
baji baji ’
QS Js/ [d]PR(L) dz] [gbea]a QP(]P’ [dJPR(L)dz] [€b75€a]7
and two for d;v, — d;vp
) = [Py il 77 (1= 5)val. (3.21)
The SM contribution to these Wilson coefficients is lepton-flavour diagonal
2
aji ™ v aii
C'Z 7 = Ck s Opa + —— cg’gp, (3.22)

Y

where v = 246 GeV and a normalisation factor has been introduced for the NP contribution
that proves convenient for matching with SMEFT in a given model. The non-vanishing
SM contributions

Yo(z Yo(z Xo(x
Cosm = y — 4Zy(xt), Crosm = — 0(2 t), Crsm = — Og t>, (3.23)
Sw Sw Sw

“See footnote 7 in [73].
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are given by the gauge-independent functions Xo(x;), Yy(x) and Zy(x;) [78] that can be
found in [2].

The NP contribution to the Wilson coefficients of the AF = 1 semi-leptonic operators
in (3.20) and (3.21) at ugw in terms of the semi-leptonic SMEFT Wilson coefficients at
pew is given as follows [49, 77, 79]

0371% = [qu + CL%) + Clgj)]bajz" Cg'a,{\ip = [Ced + Céd] baji’

Ci)(c)b,jlflP = [qu - Ctg;) - Clgj)]baji’ Ci)g'jﬁ\lP = [Ced B Cﬁd] baji’ (3 24)
CZC,LI{IiP = [Cz%) B Cg)]baﬁ’ C?%Cf{;liP - [Cﬁd] baji’ |
Ogal{IlP = _C?D?l{rip = [Cfedq];n‘j? Cgcfbﬂflp = C;C%P = [Cfedq}baji'

We caution the reader that C,,
that the lepton indices come first as in the remaining WCs in these equations. But as

used in the literature, should here be written as C,, so

we already stated after (3.18) a, b are lepton indices and ¢, j down-quark ones, so that no
confusion should result from this notation. Here contributions from Z-mediating v?H?D-
SMEFT operators Og’q?’) to Cy 10,1 and O, to Cor 1o/ R, respectively, have been omitted.
In rare FCNC Kaon decays scalar and pseudo-scalar Wilson coefficients are negligible but

are relevant in By — putpu™.

4 Z’' contributions: numerics

4.1 Observables

In our numerical analysis we investigate the following quantities:

AMPSM

B(K*T — ntvw)
R N
K

B(K+ — ntvi)gm

B(K[ — mvp)
B(KL — 7TOI/I7)SM ’

B(KL — 7T06+€_)
B(KL — 770€+€_)SM .

R;rz? = Rgx? = (4-1)

RS _ B(Ks — /~L+M_) RO _
W = B(Ks - i Jsn e

For the numerical analysis the input parameters in tables 3 and 4 are used. The constraint

from B(Kp — up~) at the 20 level is taken into account. The SM predictions for K+ —

+

ntvv and Kj, — 7v are given in (1.7) and for the remaining decays one finds [28, 80-82]:

B(Ks — pp )sm = (5.2 +£1.5) x 10712
B(Kp — m%te ) = 3.547038(1.5675:62) x 10711
B(Kp — mup )sm = 1.417038(0.957032) x 107, (4.2)

where for the K; — 7% ¢~ decays the numbers in parenthesis denote the destructive
interference case. The experimental status of these decays is given by [83-85]:

B(Ks — ptu )uaes < 0.8(1.0) x 107, B(Kp — 7leTe )exp < 28 x 10711
B(Kp — wo;ﬁu_)exp <38 x 1071, (4.3)
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Gr =1.16637(1) x 1072 GeV ™2 | My = 91.188(2) GeV My = 80.385(15) GeV

sin? By = 0.23116(13) a(Mz) =1/127.94 as(Mz) = 0.1184(7)

me = 0.511 MeV m, = 105.66 MeV m, = 1776.9(1) MeV
my,(2GeV) = 2.16(11) MeV me(me) = 1.279(13) GeV me(my) = 163(1) GeV
ma(2GeV) = 4.68(15) MeV ms(2GeV) = 93.8(24) MeV | my(my) = 4.1975:08 GeV

my+ = 493.68(2) MeV myo = 497.61(1) MeV AMp = 0.5292(9) x 10~ 2 ps—!
mp, = 5279.62(15) MeV mp, = 5366.82(22) MeV lex| = 2.228(11) x 1073

Table 3. Values of theoretical quantities used for the numerical analysis.

Fp, = 190.5(1.3) MeV Fp, = 230.7(1.2) MeV Fy = 156.1(11) MeV
Bp, = 1.27(10) Bp, = 1.33(6) By = 0.766(10)
ng@ = 216(15) MeV FBS\/BT;S = 266(18) MeV | ¢ = 1.21(2)

Nee = 1.87(76) Net = 0.496(47) Nt = 0.5765(65)

np = 0.55(1) ¢ = 43.51(5)° ke = 0.94(2)

|Vus| = 0.2248(8) |Vip| = 3.73(14) x 1073 |Vip| = 4.221(78) x 1072

Table 4. Constants used for the numerical analysis.

Finally, for the LHS and RHS we impose the constraint from ex in the following way:
ke € [—0.2,0.2], (4.4)

where k. is defined in (2.4). But we will investigate what happens for a larger range
ke € [—0.5,0.5].

Concerning uncertainties, the main error in ¢’ /e from QCD penguins in the SM contri-
bution is incorporated in the parameter k.., which we vary in a large range. Uncertainties
for the BSM contribution to ¢’/e are dominated by the Ay amplitude with a much smaller
error estimated in [76] to be in the ballpark of 10%. Similar comments apply to the CKM
parameters. Consequently, we stress that except for . and Raar,, which are both varied
in a large range in our analysis, the general pattern only weakly depends on theoretical
uncertainties and we refrain from showing them explicitly in what follows.

4.2 Impact of ex and AMg on KT — ntvi and K; — n%viv

As pointed out in [23], in the presence of a strict correlation between NP contributions to
AS =1 and AS = 2 processes and assuming no significant NP contributions to ex implies
two narrow branches in the (K — 7tvo, K — 7% p) plane, namely

e a branch parallel to the Grossman-Nir (GN) bound [86] on which both branching
ratios can either simultaneously increase or decrease relative to SM values,

0

e a horizontal narrow branch on which there is no NP contribution to K; — w°vv

because of the absence of flavour-violating complex couplings.
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An example of this pattern is seen in the left plot in figure 4 to which we will return
soon. This is in particular the case of NP entering already at tree-level with only left-
handed or right-handed flavour-violating NP couplings with the prominent example of Z’
models in which the Z’5d coupling enters both K+ — 7tvi and K, — 7%vv as well as €.

Here we would like to point out that the hinted anomaly in AMFg, requiring the
imaginary couplings to be present, excludes in such a scenario the horizontal branch so
that the full action of NP in this case happens only on the second MB-branch that is
parallel to the GN bound.

It should be stressed that this is a new insight in this pattern beyond the one found
in [23] where a possible impact of AMg has not been discussed. There, under the assump-
tion of significant NP contributions to €x but still considering only scenarios with left-
handed or right-handed flavour-violating Z’ couplings significantly broader branches have
been found than when ex from the SM agreed with the data. However, as we will demon-
strate below, the removal of the AMp anomaly combined with renormalization group
Yukawa top effects implies still a rather narrow MB-branch parallel to the GN bound.

Furthermore it should be noted, that we perform the following analysis with the in-
tention to investigate possible correlations of &’/e and AMj with rare Kaon decays, while
considering significant NP contributions to the former ones. In this article we refrain from
performing parameter fits to the observables in question, but rather fix the couplings of
a given scenario to exhibit such correlations. A more rigorous analysis involving a fit-
ting procedure might be appropriate once the experimental and theoretical precision are
comparable, which should be the case in the upcoming years.

4.3 Electroweak penguin scenario: left-handed

We start with a LHS (i.e. g2' # 0), where the effect in &’/e is achieved through electroweak
penguin (EWP) operators such as (s. To generate such operators we choose the quark
couplings in the following way:

g2t £0,  git=-2¢, ¢"?#0  (LH-EWP scenario). (4.5)

In figure 4 (left), we plot the correlation between the ratios for the decays K+ — ntvw
and Kj; — mvv. Here the horizontal and vertical branches correspond to purely real and
imaginary values respectively of the flavour violating coupling ggl. Simultaneous presence
of both real and imaginary parts, which correspond to the small area at the meeting point
of the two branches, are strongly constrained by the allowed range of k. (4.4). Furthermore,
requiring the suppression of A My excludes the horizontal branch, indicating the dominance
of the imaginary part over the real part of ggl.

This implies a strong correlation between K+ — ntvi and K — wvv on the MB-
branch, so that they can be enhanced or suppressed only simultaneously as shown by the
orange colour in this figure. Out of the three k. scenarios A, B and C, which are defined
in (2.3), in scenario A, large departures from SM expectations for K; — mv are possible.
Similarly, in figure 4 (right), the correlations between the ratio for the decay Kj — mvv and
the ones for K — 7¢*¢~ and Kg — p*pu~ are shown. The upper range for RY_ corresponds
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Figure 4. LH-EWP scenario for a Z’ of 3 TeV. The correlation between the ratios for the process
Kt — ntvp, K, — wvi defined in (4.1) is plotted (left). The blue (orange) lines are allowed by
ke (AME) constraints and the black line represents the GN bound. The correlations between the
ratio for Ky — m%vi and the ones for K — m¢™¢~ and Kg — u™pu~ are shown (right).

,0i'=—203'=6x107 g}?=05, Mz =3TeV Gut=—205"=2x1072, gf?=0.5 Mzy=10Tev
: Ramy — Ram
Solid: SMEFT R — R} Solid: SMEFT
4 4 Dashed: QCD — RY, |l R% Dashed: QCD

Rx

- N - N

-1 - - - . . . . -1 . : . , , - -
—1.00 -0.75 —-0.50 —0.25 0.00 0.25 0.50 0.75 1.00 -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
Ke' Ke'

Figure 5. LH-EWP scenario for a Z’' of 3 TeV (left panel) and 10 TeV (right panel). The ratios
for AMk and for the process Kt — 7tvw, K, — 7w defined in (4.1) are plotted against rr.
The dashed (solid) lines result from QCD (full SMEFT) running above the EW scale. The yellow,
green and red shades correspond to the k. scenarios A, B and C as defined in (2.3).

roughly to the GN bound. If the values from KOTO given in (1.8) will be confirmed in
the future, large departures from the SM predictions for the three rare decays are to be
expected. Also the KT — 7wtvi branching ratio could be enhanced. Figure 4 (right)
admits two solutions for each decay, corresponding to different values of k.. The upper
branch results from positive values for Im( ggl) and the lower one from negative ones, since
positive (negative) values of Im(g2") enhance (reduce) the corresponding ratios.

In figure 5 we show the results for the first three different ratios defined in (4.1) as
functions of k. for a Z’ of 3TeV and 10TeV respectively. For the running below the
EW scale we use the complete 1-loop QCD and QED running [87, 88] and above the EW
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Figure 6. LH-EWP scenario for a Z’ of 3 TeV (left panel) and 10 TeV (right panel). The predictions
for the ratios of the decays Ks — utu~, Kr — n°utp~ and K; — 7ete™ defined in eq. (4.1)
are plotted against k., . The yellow, green and red shades correspond to the k. scenarios A, B and
C as defined in (2.3).

scale the full SMEFT RGEs for the solid and only QCD for the dashed lines are used.
Clearly, the running is dominated by QCD effects. For 3 TeV both K — wvv branching
ratios are enhanced over their SM values, except for a small region around k. =~ 0. For
10 TeV, significant BSM effects are only observed for k. > 0.5. AM is visibly suppressed
for sufficiently large k.. The choice of very small values of gi}d of O(1072) is implied, as
noticed already in [13], by the desire to suppress AM in the presence of NP contributions
to €' /e in the EWP sector. For gi’ld of O(1) considered in the latter paper, AMp is
enhanced by BSM rather than suppressed which is disfavored by the present LQCD data.
In figure 6 we show predictions for the remaining ratios given in (4.1), where we allow for
additional couplings to left-handed electrons (g}'). We observe that for a lighter Z’ an
enhancement for RQOW and R?roee processes is predicted for negative values of k., while
for its positive values both suppression as well as enhancement are possible. On the other
hand for heavier Z’ these decay modes are suppressed (enhanced) for positive (negative)
values of k.. The ratio Rﬁu is always enhanced. The difference between solid and dashed
lines is mainly due to QED RG effects on k., generated by semi-leptonic operators.

In figure 7 the correlations between k. and Rap,, and between the ratios for K R

+

7tvi and K, — 7'vv and Rapy, are shown. As expected, ko and K — v are much

more sensitive to variations of Raar, than it is the case of K T = b,

In figure 8 the ratios of figure 6 are shown this time as a functions of Ray, for a Z’ of
3TeV and 10TeV. A large enhancement for all processes is possible for both light as well
as heavy Z’, while suppressing AMp. The sign of the quark coupling ggl can be fixed by
ke if the signs of the diagonal quark couplings are known. Similarly the leptonic couplings
can be either positive or negative and are not determined by the conditions imposed. The
two branches in this figure correspond to different signs of the coupling ggl. In any case
the hinted AMp anomaly has significant impact on all branching ratios.
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Figure 7. LH-EWP scenario for a Z’ of 3TeV. The k., and ratios for the process K™ — 7T v,
Ky, — v (right) defined in (4.1) are plotted against Ran -
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Figure 8. LH-EWP scenario for a Z’ of 3 TeV (left panel) and 10 TeV (right panel). The predictions
for the ratios of the decays Kg — utu=, K — 7°u*p~ and K — n%Te™ defined in (4.1) are
plotted against Rans, -

4.4 QCD penguin scenario: left- and right-handed

Next we describe the effects related to the required basis rerotation at the electroweak
scale, as described in the last point of section 2.3. This has important phenomenological
consequences in any scenario, as for example in the QCD penguin (QCDP) scenario, in
which a sizable imaginary coupling is present in scenarios A and C for k... The LH-QCDP
scenario is defined as follows:

ggl #0, glt = gl (LH-QCDP scenario) . (4.6)

Starting with a set of non-zero Wilson coefficients in the down-basis at the high scale A we
evolve them to the EW scale. Along with the Wilson coefficients we also need to evolve the
SM parameters including the mass (or Yukawa) matrices as discussed in section 2.3. But the
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running of the mass matrices is flavour dependent [71], and consequently after the evolution
the mass matrices are not guaranteed to remain in the original basis that we started with.
As a result, we need to rotate the mass matrices and hence the Wilson coefficients to
adhere to our choice of the down-basis [50]. This issue is discussed in generality in a recent
paper [52] but here we confine our discussion focusing on QCDP.

We illustrate this effect and its phenomenological consequences with a concrete example
by considering the LH-QCDP scenario studied in the case of significant BSM contributions
to €’/e in [13], but now in contrast to that paper including RG SMEFT effects. Considering
the LHS, at the high scale A the operators [(9((15)]2111 and [(’)((Iil)}zul are generated. They are
then evolved down to the EW scale. But the simultaneous evolution of the mass matrices
generates off-diagonal entries in the down-quark Yukawa matrix Y; at the EW scale. This
is due to the fact that the running of Y, is proportional to the up-quark Yukawa matrix
Y., which is non-diagonal in the down-basis [89]. Indeed, we have

167

2 d t

To revert to the down-type basis, a rotation of the operators is necessary, as already
explained in section 2.3. Applying this back-rotation to the Wilson coefficients generates
[C;il)]ml at the EW scale in the down-basis as:

1 1
[Céd)]2121 - (UdTL)22(UdL)11(UdTR)Ql(UdR)ll [Cédﬂznl +..., (4.8)

where [C;}l?] 0111 denotes the Wilson coefficient in the RGE basis and the rotation matrices

Uq, , Ugy, satisfy the following equation:
My(pew) = U Mj(pew)Usy, - (4.9)

Here the (non-diagonal) down-quark mass matrix M/ at the EW scale is obtained by
evolving Yy from the high scale A down to pugw. In the LL approximation we have:

v By, (A) | (pEW
V2 1672 1“( A )

is strongly constrained by ex due to the large

My(ppw) = Ma(A) + (4.10)

. . @)
However, the Wilson coeflicient [qu ]2121

hadronic matrix element multiplying it. This scenario is illustrated in figure 9, where at
the high scale we vary the input values of the Wilson coefficients [Céii)]mu and [C‘gllt)]mu
as shown on the x-axis. On the y-axis we show the output value of the Wilson coefficient
[C;il)] 5191 &b the EW scale which is generated through the back-rotation of (4.8). However,

this LR operator gives a large contribution to ex [13]
e 22 8.1 1010 x T ( [C3)] 115, (o) GeV 2. (4.11)

The allowed values for the Wilson coefficients of the three mentioned operators are
shown in the red region, given the constraints from cg. This shows that in the LHS with
QCDP dominance, significant BSM contributions to &’ /e imply a large contribution to g
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Figure 9. LH-QCDP scenario, where the operator [Oé?]zlgl is generated after RGE running of
Y; and back-rotation to the down-basis at the EW scale. The allowed regions for the Wilson
coefficients are in red for e, and vertical bands represent the three &’ /e scenarios.

inevitably generated by the running of Yukawas and subsequent back-rotation of the Wilson
coefficients at the EW scale. Consequently, the QCDP scenario for ¢’ /e, considered in [13]
is ruled out, since in this case significant BSM contributions to &’/e would be required to
fit the data. Similar comments apply to the RHS scenario defined by

gél #0, gt #0. (RH-QCDP scenario) (4.12)

In this case only the QCDP scenario can be constructed. Due to SU(2); gauge invari-
ance the coefficient of the so-called Qf operator, which otherwise would give a leading
contribution to ¢’/e, vanishes.
. . . (1) 17
On the other hand, in the case of the EWP dominance i.e. [qu ]2111 =—3 [Cqu ]2111,
also considered in [13], this effect is negligible. This is simply because in this case a much

(1)

smaller value of [C gd is needed to enhance sufficiently £'/e.

]2111
4.5 Left-right scenario

We have just seen that in the LHS there was a very strong correlation between K+ — 7t

and K, — 7v branching ratios on the MB-branch. As explained in [23] this strict correla-

tion originates in the same complex phase present in NP contributions to ex and rare Kaon

decays in question provided NP contributions to ek are small. This is in fact evident in our

case because the same Z'5d coupling enters both KT — ntvv and K, — 7% and ek
Now,

(er)Bsm o [(Re(gsa) (Im(gsa)] , (4.13)

and to make sure that this contribution is small either Re(gsq) or Im(gsq) must be small.
If Tm(gsq) is small the horizontal line in figure 4 results with NP basically only in K+ —
ntvw. If Re(ggq) is small then there are NP contributions to both Kj — mOvo and
K™ — n%wi correlated on the MB-branch. In our case this second solution is chosen
by the desire to explain the AMpy anomaly. However, such a correlation precludes the
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Figure 10. The ratios for K™ — n7vi and K;, — wvv defined in (4.1) are plotted. The LR scenario
shown in green (where the whole region inside the curves is allowed) and LH-EWP scenario in blue
and red with e € [—0.2,0.2] and [—0.5,0.5] respectively for a Z’ of 3 TeV. The orange line also
satisfies Rapr, € [—1.0,0].

pattern of simultaneously enhancing K; — 7°vo and suppressing KT — 7+ possibly
still allowed by the NA62 and KOTO results.

It is known from various studies that such a pattern can be obtained through the in-
troduction of new operators and the most effective in this respect are scenarios in which
both left-handed and right-handed flavour-violating NP couplings are present, breaking the
correlation between K — K? mixing and rare Kaon decays and thereby eliminating the im-
pact of the e constraint on rare Kaon decays. The presence of left-right operators requires
some fine-tuning of the parameters in order to satisfy the ex constraint but such operators
do not contribute to rare decays and the presence of new parameters does not affect di-
rectly these decays. Examples of such scenarios are Z’ models with LH and RH couplings
considered in [64] and the earlier studies in the context of the general MSSM [90-94] and
Randall-Sundrum models [95, 96]. See in particular figure 6 in [95] and figure 7 in [64].
Needless to say also the correlations between NP contributions to AMg and rare decays
are diluted, although the necessity of non-vanishing complex couplings required by the
hinted AMp anomaly will certainly have some impact on rare Kaon decays.

The Left-Right (LR) scenario at 3 TeV is defined by

ggl, gt 40, gt = —2¢31 (LR-EWP scenario) (4.14)

which is equivalent to the LH-EWP scenario without imposing AF = 2 constraints [64].

In figure 10 correlations between ratios for K — 7%vv and K+ — ntvp asin (4.1) are
considered. Clearly no strong correlation is observed when both LH and RH couplings are
allowed as shown in the green region. Where the different curves correspond to the different
absolute values of the coupling ggl and the area inside the curves is allowed. Similarly,
the strong correlation between K+ — 77vi and k. observed in the LH-EWP scenario is
absent in the LR scenario because R}, also depends on the real part, which is not fixed
through &’/e.
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Imposing however the constraint from ex and therefore studying a LH-EWP scenario
limits the allowed parameter space drastically. Furthermore, as shown in section 4.3 out
of the two branches in the R;,-R). plane allowed by ek, the horizontal branch shown in
blue is disfavored by the requirement of suppression of AMp . In the red area we show the
allowed region for the LH-EWP scenario with ex € [—0.5,0.5].

Importantly, as evident from figure 10, the simultaneous enhancement of K; — 7'vi
and suppression of K+ — 77 branching ratios is only possible in the presence of both
LH and RH flavour-violating couplings. Also, the observables R)_ and k., only depend on
the imaginary part of the flavour violating coupling. Therefore they are strongly correlated
in the LR as well as in the LHS scenario.

This agrees with the findings in [34], in which only QCD has been considered. The
correlation between R}, and R, in this setup is therefore invariant under Yukawa running
effects.

5 Z contributions: numerics

5.1 Preliminaries

In this section we consider flavour violating (FV) Z couplings induced by FV Z’ couplings
through SMEFT RG running effects. Let us consider the LL running from the BSM scale
A to the EW scale pugw. For the Wilson coefficients of the ¢»? H?D operators defined in
table 5 keeping only the top Yukawa coupling 7; and neglecting the terms of O(V;2) and
O(VipVis) one finds [71, 74]

[Cg;] iy (HEW) = %GC%)]:’U‘B(A) + 2N, [Cc(ﬂlz)]s:sz‘j(A)_Nc [Cé}t)]ijSZ’)(A)) IH(METW) , (5.1)

€y (rmw) = =25 (€8] s, (M) n (B2, (5.2)
Conal y0mw0) = 2 (1€ () — 2]y () (P (5.3)
[Coral iy (ew) = ;’ (N[O 5355 (M) = 2N [Cu] 55 () =2[Co] sy (1)) In (FEE ) (5.4)
€], o) = U (6] () — 0] () 1 (M2, (5.5)
Cae) ) = =2 ([0 ) = [Coc) () n (B (5.6)

whereas OS’; and Oy, ,; are not generated in this approximation. Yukawa running effects
therefore generate modified Z-couplings to the SM fermions.
We can now express the usual FC quark couplings of the Z in terms of Cgl’f’), Cy,, and

Cpg- We have first

Livg =2n D i ONLZ)(Z)]M Py + [AR(Z)]y PR) v, (5.7)
P=u,d
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W2H?D

o) (H'iD,H)(E"e)
0% (HY'DIH)(fr 1)
Op.  (H'D,H)@Ey"e)
o (HM@HW“”)
0P (HYDIH) (@G v ¢)
(Y D, H) (i)
Opa (i D,H)(dn"d)
Opg  (HYiD,H)(uin"d)

Table 5. Dimension-six 2 H2D operators in SMEFT.

with ¥ = u, d distinguishing between up- and down-quark couplings. These complex-valued
couplings are related to the SMEFT Wilson coefficients through [38]

u g u g
ap@y = G [y —eim] . 18Rl = -],
: (5.8)
g g
[AT(2)]i; = —721’2 [ng +C§H i’ [AR(Z):; = _72“2 [Craly; -

where gz = \/¢? + g5 and v = 246 GeV is the electroweak vacuum expectation value.

In the Z’ scenario considered here the 12 H?D operators are generated through RG
effects and are smaller than in the case where these operators are already present at the
high scale [38, 39, 47]. For the time being we assume that this is not the case here but we
will comment briefly on their possible impact on our analysis below.

5.2 Impact of RG-induced Z on LH-EWP scenario

In this subsection we study an explicit example of FV Z couplings induced by FV Z’
couplings through SMEFT RG running effects and its effect on the ratios in (4.1). For this
purpose we assume two scenarios: in the first one only direct contributions from a Z’ are
generated at the matching scale. This corresponds to the LH-EWP setup in subsection 4.3.
In the second one we allow for additional non-zero couplings to the third generation quarks.
The up-type quark coupling will then generate through (5.1) modified Z-couplings, which
induce an additional effect compared to the Z’-only case. We choose the various couplings
at the matching scale as follows:

Z' g2t #£0 git =—2g5" #£0, g7* #0, (5.9)
Z'+7Z: 7' + g¥=-2¢3+0. (5.10)

In the Z’ + Z case non-zero values of the couplings ggl and ¢33 lead to the flavour violating
coupling of the Z-boson (5.8)

2
Y Ne HEW
(AL (Z)]a1 = 922502 [C0) ]y 1 (PR ) (5.11)

~ 96 —



— Ram, W Solid: Z+2' — Riueu-

7 % Dashed: Z' — Riere-

Solid: Z+Z'
Dashed: Z'

Rx

- 8
-1 T T T T T T T 0 T T T T T T T

—1.00 -0.75 —-0.50 -0.25 0.00 0.25 0.50 0.75 1.00 -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
Ke' Ke'

Figure 11. This figure shows how the Z-contributions to &’/e and other Kaon observables are
generated from a Z’ through RG running.

Since the usual SM Z couplings obey the relation
[A%(Z)]n = —2[A%(2) (5.12)

the operators Q7 and Qg are generated through matching and QCD running, respectively.
The Z contributions to &’/e generated from a Z’' via RGE running are therefore of the
EWP type.

The results for the above two scenarios are shown in figure 11, where for a Z’ of 3 TeV
the same values for the couplings as in figure 5 are assumed. In addition we have

g3 =293 =01, (5.13)

for the Z' + Z case. The dashed and solid lines correspond to the Z’ and Z' + Z case
respectively. The additional contributions due to the modified Z-couplings are destructive
to ke in this setup, so that a larger value of ggl is needed in order to obtain the same
value of k. in the presence of Z contributions. Therefore, for a given value of k., the effect
in semi-leptonic decays and AM is enhanced as compared to the Z’-solo scenario. By
changing the sign of the third-generation couplings, a constructive effect can be achieved
for k..

In the left chart of figure 11 RY_ and R, are enhanced whereas AMp is suppressed.
The modified Z contributions can have large influence on K — w%v# which is less pro-
nounced for K — wtvw for moderate values of '/e. The effect in AM is also less
pronounced since the modified Z coupling enters quadratically. For the predictions of the
(semi)-leptonic decays in the right chart in figure 11 the effect of the generated FV Z
coupling is significant for larger absolute values of k. and predicts enhancements of all
considered ratios.

5.3 ¢€’/e and rare decays from RG-induced Z

In our previous discussion we found that in order to have significant BSM contributions to
¢’ /e within the EWP scenario right-handed flavour diagonal couplings to the first generation
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Figure 12. This figure shows how the Z-contributions to &’/¢ and other Kaon observables are
generated from a Z’ with purely left-handed quark couplings through RG running.

quarks are required. However, in this subsection we show that one can also get BSM
contributions to ¢’/e even from purely left-handed Z’ couplings. This can happen through
top-Yukawa RG running effects. For this purpose we assume a scenario in which at the high
scale the diagonal couplings to the first generation quarks vanish and allow for a rather
large third generation coupling, namely

92 #£0, gil=g3'=0, g*=05. (5.14)

This choice ensures vanishing of the direct Z’ contribution to &'/e through EWPs. In
this setup the Wilson coefficient [Céé)bm is generated at the BSM scale, which in turn

generates [Cg;]m at the EW scale through top-Yukawa RGEs, as shown in (5.1). This
leads to the flavour violating coupling of the Z-boson (5.8)

d _ g UiNe 200 LEW
[AL(D)]21 = —9z gz ¥ [Coa' o133 1n< A ) v (5.15)
which along with the usual SM Z couplings (5.12), generate the operators Q7 and Qg. This
effect is displayed in figure 12. The different ratios of (4.1) are shown as a function of k..
A strong suppression of AMg and correlation with &'/e is possible. The large effect in
AMpg is simply due to the sizable value of the flavour violating coupling present at the
BSM scale. Except for RO, all other ratios are almost at their SM values and do not depend
on ke. In LHS or RHS RY, goes down (up) with increased (decreased) k. in Z-scenarios.
This is because of special values of flavour diagonal Zqq couplings that equal the SM ones
in this scenario. See the plots in [13, 34].
In a similar fashion with different combinations of Z’ couplings at the NP scale the Z
couplings can be modified through other ¢ H2D? operators given in (5.1)-(5.6).
Finally, it should be emphasized following [38, 39] that Z contributions to e and AMg
considered by us correspond really to dimension-eight operators, but the fact that the FV
Z couplings in rare decays and Wilson coefficients of these operators are the same implies
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correlations between AS = 1 and AS = 2 observables [41]. These correlations are strongly
modified, even broken, in the presence of non-vanishing Wilson coefficients of ?H?D
operators already at the NP scale. Indeed, through top-Yukawa RG effects dimension-six
operators contributing to ex and AMg are generated, implying in particular in the case
of the Oy, operator strong constraints on rare Kaon decays [28, 38, 39].

6 Summary and outlook

The main goal of our paper was to confront Z’ scenarios with the pattern of BSM con-
tributions hinted by recent results on ¢'/e, AMy, KT — ntvi and K — 7lvi that
appear to

e allow significant positive or negative BSM contributions to &'/e relative to its SM

value,

e suppress the mass difference AMg relative to the recent SM value obtained by the
RBC-UKQCD collaboration,

e suppress the branching ratio for K+ — 7w relative to the precise SM predictions
as still allowed by the recent result from the NA62 collaboration, although significant
enhancements are still possible,

e enhance the branching ratio for Kj — 7% relative to the precise SM prediction as

hinted by the recent result from the KOTO collaboration.

Taking into account the constraints from ey and K, — p*pu~ we have calculated AMy
and the branching ratios for K+ — ntvv and K, — 7'vi as functions of the parameter x.s
introduced in [13] for the choices of Z’ couplings to quarks and leptons that can reproduce
the pattern of deviations from SM expectations summarized above. For these choices of
couplings we have calculated the implications for Kg — pTp~ and K; — 7%¢1¢~ again as
functions of x.,. Moreover, we have investigated correlations between all these observables
in various Z’ scenarios.

While an analysis of this sort has been already presented in [13], prior to the last three
hints for the pattern of BSM contributions, and earlier analyses can be found in [41, 42],
this is the first analysis of this set of observables to date that took into account RG effects
in the framework of the SMEFT, in particular the effects of top Yukawa couplings.

In this context we have also investigated for the first time whether the presence of a
heavy Z’ with flavour violating couplings could generate through top Yukawa renormal-
ization group effects FCNCs mediated by the SM Z-boson. Our results can be found in
numerous plots. Here we want to list the most important lessons from our analysis.

Lesson 1. While the correlation between the enhancement of ¢’/e with the suppression
of AMp has been already pointed out in the context of the QCD penguin scenario for &' /e
for flavour diagonal Z’ couplings to quarks of O(1) in [13], we find that the inclusion of
RG top quark Yukawa effects rules out this scenario through the ex constraint.
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Lesson 2. While, as noticed already in [13], the suppression of AMp in the presence of
the enhancement of &’/e could in the EW penguin scenario be only obtained for flavour
diagonal Z’ couplings to quarks of @(1072), a numerical analysis of such a scenario has
not been presented there. Our analysis demonstrates that the expectations from [13] are
confirmed in the presence of the full RG SMEFT analysis. In particular the ex constraints
are satisfied.

Lesson 3. We point out that the suppression of K — 77 v and simultaneous enhance-
ment of K; — x°
of right-handed flavour violating currents at work. The confirmation of these findings re-

v would give in the context of Z’ models some indication for the presence

quires in particular a much more accurate measurement of the KT — 7Tv branching
ratio by NA62. Otherwise a strong correlation between K+ — ntvi and K; — 7'vp
branching ratios on the MB-branch is implied by the hinted A My anomaly. In this case if
the large enhancement of K; — 7’v branching ratios signaled by the KOTO experiment
is confirmed one day, also significant enhancement of the K+ — 7w branching ratio
over its SM value is to be expected. As seen in figure 4, even larger departures from SM
predictions should then be observed in K — 7¢*¢~ and Kg — putpu~.

Lesson 4. We have demonstrated that RG effects can in the presence of Z’ contributions
generate flavour-violating Z contributions to &'/e and rare decays that have significant
impact on the phenomenology as shown in figure 11. What we also find is that in the
presence of O(1) diagonal Z’ top-quark couplings, the (V — A) x (V + A) EWP operators
can be generated solely through the RG induced flavour-violating Z couplings. As shown
in figure 12 this effect is sufficiently strong to provide significant BSM contributions to
¢’ /e, if required, while simultaneously suppressing A M.

Lesson 5. The impact of BSM effects on rare Kaon decays depends both on the scenarios
discussed and on the values of the couplings involved. With improved measurements it
will be possibly to select the favorite scenarios. In this context the determination of the
parameter k. through improved LQCD calculations will be important because, as seen in
several plots, some of the rare branching ratios depend sensitively on this parameter.

We are looking forward to experimental and theoretical developments in the coming
years. Our plots will allow to monitor them and help to identify the successful Z’ scenarios.
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Qi (Qi)o (Qi)2
Qs —0.075(57)(12)
Qi 0.093(51)(15)
Qs —0.120(53)(19)
Qs —0.641(46)(101)
)(34)

)

)

Qr  0.217(16)(34
Qs 1.583(30)(249
Qo —0.059(17)(9

0.0989(68)(30)
0.683(19)(41)
0.0128(3)(8)

Table 6. Numerical values of K — 7w SM hadronic matrix elements used in our analysis.

A

Hadronic matrix elements

In this appendix we report the hadronic matrix elements we use for the numerics of ¢ /e,
which have been updated recently by the RBC-UKQCD collaboration [14]. They are given
in table 6.
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