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ABSTRACT: We discuss Yukawa-enhanced contributions from Z-mediated new physics to
down-type quark AF = 2 processes in the framework of the standard model gauge-
invariant effective theory (SMEFT). Besides the renormalization group (RG) mixing of
the Z-mediating ©2H?D operators into AF = 2 operators, we include at the electroweak
scale one-loop (NLO) matching corrections consistently, necessary for the removal of the
matching scale dependence. We point out that the right-handed Z-mediated interactions
generate through Yukawa RG mixing AF = 2 left-right operators, which are further en-
hanced through QCD RG effects and chirally enhanced hadronic matrix elements. We
investigate the impact of these new effects on the known correlations between AF = 2
and AF = 1 transitions in the SMEFT framework and point out qualitative differences to
previous parameterizations of Z-mediated new physics that arise for the left-handed case.
We illustrate how specific models fit into our model-independent framework by using four
models with vector-like quarks. We carry out model-independent analyses of scenarios with
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sectors s — d, b — s and b — d. Specifically we discuss the correlations between &’/e, ey,
K; — ptpu~ Kt — nmtvw and K, — 7vo in the Kaon sector, and ¢4, Bs — putpu~ and
B — K™ (utp~,vp) in the b — s sector and By — ptp~ in the b — d sector.
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1 Introduction

In the Standard Model (SM) tree-level flavour-changing (FC) couplings of the Z boson to
quarks are forbidden by the Glashow-Iliopoulos-Maiani (GIM) mechanism [1]. At one-loop
level the GIM mechanism is broken by the disparity of quark masses and such couplings
are generated, for instance through the so-called Z-penguin diagrams. These play an im-
portant role specifically in rare K and B, 4 decays (AF = 1) in which the GIM mechanism
is strongly broken because of the large top-quark mass. However, the related one-loop
function C(z¢) (z; = mi/ME,), one of the Inami-Lim functions [2], is gauge dependent
and additional diagrams have to be included to cancel this gauge dependence. Only the
resulting gauge-independent one-loop functions have physical meaning and consequently
enter formulae for various rare decay observables [3], see [4] for a recent review.



In models beyond the SM (BSM) FC quark couplings of the Z can be present already
at tree-level and hence contribute to rare K and B, decays as well as neutral meson
mixing, that is, AF = 2 processes. The relative size of these contributions can be very
large, given the loop- and GIM-suppression present in the SM. Such scenarios can model-
independently be treated in an effective theory invariant under the SM gauge group Ggm =
SU3) ® SU(2)L, ® U(1)y (SMEFT) [5] if the new physics (NP) responsible for these
couplings is weakly coupled, can be decoupled at some high scale pp > pew, much larger
than the scale piey of electroweak symmetry breaking (EWSB), and no additional degrees
of freedom are present besides the ones of the SM. FC quark couplings of the Z are then
given at leading order (dimension six) by four operators of the non-redundant “Warsaw”
basis [6]. Only three of these are relevant for down-quark AF = 1,2 flavour-changing
neutral current (FCNC) phenomenology: two operators with a left-handed (LH) quark
current, ng), and one with a right-handed (RH) quark current, Op,. They belong to
the class ¥2H?D of operators with two fermion fields, two Higgs-doublet fields and one
covariant derivative. We do not consider the fourth operator Oy, of this class which is
relevant for up-quark processes, only. Operators of the class ©¥2?HX of dipole operators,
where X denotes the field strength tensors of Ggy, are suppressed by an additional factor
of a light fermion mass for the processes considered below and hence also neglected.'

The importance of Z-mediated FCNC processes has increased recently in view of the
absence of direct NP signals at the LHC and given that the neutral Z is particularly suited
to be a messenger of possible NP even at scales far beyond the reach of the LHC, see [8—11]
for recent analyses. Here we analyze Z-mediated NP in the framework of SMEFT. The
analysis yields several surprises concerning down-quark AF = 2 processes, which to our
knowledge have not been noticed so far in the literature:

1. In the presence of right-handed FC Z couplings, i.e. Cy, # 0 for a FC transition,
inspection of the renormalization group (RG) equations due to Yukawa couplings
in [12] yields that at ey the left-right AF = 2 operators Oin,l in (2.19) are generated
and are enhanced by the large leading logarithm In 4 /fiew. Such operators are known
to provide very important contributions to AF = 2 observables because of their
enhanced hadronic matrix elements and an additional enhancement from QCD RG
effects below ey, in particular in the K-meson system. As a result these operators
— and not Oi;RR in (2.18), as used in [8-10] — dominate AF = 2 processes. The
results in [12] allow the calculation of this dominant contribution including only
leading logarithms.

2. Because of the usual scale ambiguity present at leading order (LO) we calculate the
next-to-leading order (NLO) matching corrections of O, to AF = 2 processes at
tew Wwithin SMEFT. One NLO contribution is obtained by replacing the flavour-
diagonal lepton vertex in the SM Z-penguin diagram by [Cp,li; (see figure 1(a)),
which again generates the operator OinJ simply because the flavour-changing part
of the SM penguin diagram is LH. In fact this contribution has been recently pointed

!Furthermore, these operators are generated only at loop level in weakly coupled gauge theories [7].



out in [11] and used for phenomenology. Unfortunately, such contributions are by
themselves gauge dependent, simply because the function C'(z;) present in the SM
vertex is gauge dependent. Hence, while the observation made in [11] is important,
the analysis of these new contributions presented there is incomplete.? In the present
paper we calculate the missing contributions using SMEFT, obtaining a new gauge-
independent function. This contribution itself is by about a factor of two smaller
than the one found in [11] (with the same sign), however, the LO contribution is
not only more important due to the large logarithm In pip /jiew, but has also opposite
sign, allowing to remove the LO scale dependence. The total new contribution that
includes LO and NLO terms in SMEFT is larger and has opposite sign to the one
found in [11]. Moreover being strongly enhanced with respect to the contributions
considered in [8-10], it has a very large impact on the phenomenology; in particular
the correlations between AF = 2 and AF = 1 observables are drastically changed.

3. The situation for LH FC Z couplings is different from the RH case both qualita-
tively and quantitatively: inspecting again the RG equations in [12] we find that the
two operators Og()z and (’)g; in SMEFT generate only the AF = 2-operator Ovyr,
dominant already in the SM, which is the same as generated by the contributions
considered in [8]. The resulting NP effects in AF = 2 transitions are then much
smaller than in the RH case, because no LR operators are present. Importantly, the
correlations between AF = 1 and AF = 2 processes are changed dramatically: while
AF = 1 transition amplitudes are proportional to the sum Cg; + ng, the leading
RG contribution to AF = 2 processes is proportional to the difference of these cou-
plings. Correlations between AF =1 and AF = 2 processes are hence only present
in specific models. This is in stark contrast to the contributions considered in [8]
and also used in [11], where the same couplings enter both classes of processes.® Of
course correlations remain in each sector separately, since both are governed by two
parameters, only. Interestingly this allows to access both coefficients separately from
AF = 2 and AF = 1 observables, which did not seem possible before. In mod-
els where AF = 2 and AF = 1 observables are correlated, the constraints become
weaker, allowing for larger NP effects in rare decays.

4. Also for the operators ng) the NLO contributions to AF = 2 transitions cor-
responding to the replacement of the flavour-diagonal lepton vertex in the SM Z-
penguin diagram figure 1(a) by Cgf) are gauge dependent. We include the remaining
contributions to remove this gauge dependence and find a second gauge-independent
function. Since the NLO contributions are different for CS?] and CS;, it is not just
their difference contributing to Oy, anymore, but also their sum. In fact, SU(2)y,

2 After the appearance of our paper the authors of [11] included the remaining contributions obtaining a
gauge independent NLO correction to Cp, which agrees with ours. Unfortunately they did not include RG
Yukawa effects above pew, discussed in point 1. above, so that their result depends very strongly on prew as
we will demonstrate in section 5.

3In particular in [11] the choice CS’; = 0 has been made, which can only be true at a single renormalization
scale.



gauge invariance in SMEFT imposes relations between down-type and up-type quark
FCNCs that are governed by these operators, for example between By ,-mixing and
t — (u,c) processes.

5. At NLO also new gauge-independent contributions are generated which are unrelated
to tree-level Z exchanges and only proportional to Cg’;, analogous to the usual box
diagrams with W+ and quark exchanges. They turn out to be important for gauge-
independence and depend not only on the coefficients for the quark transition under
consideration, but also on additional ones corresponding to the possible intermediate

quarks in the box diagrams.

It should be stressed in this context that the contributions to AF' = 2 transitions from
FC quark couplings of the Z could be less relevant in NP scenarios with other sources
of AF = 2 contributions. Most importantly, AF = 2 operators could receive a direct
contribution at tree-level at the scale ua, but also in models where this does not happen Z
contributions could be subdominant. Examples are models in which the only new particles
are vector-like quarks (VLQs), where box diagrams with VLQ and Higgs exchanges generate
AF = 2 operators at one-loop level [13, 14], which were found in these papers to be larger
than the Z contributions at tree-level. However, in [13] and in the first version of our
analysis in [14] the effects listed above have not been included. As we will see below,
for right-handed FC Z couplings these box contributions are dwarfed by the LR operator
contributions mentioned at the beginning of our list in Kaon mixing, whereas in B-mixing
they are comparable.

The outline of our paper is as follows: in section 2 we establish notation, recall the parts
of SMEFT and the effective Hamiltonian for AF = 2 transitions most important for our
work, and summarise the tree-level matching between the two at piew. In section 3 we sum-
marise the results of the RG evolution in SMEFT. In section 4 we present the results of the
NLO contributions to the matching at ey with some details relegated to appendix A. The
main outcome of this section are gauge-independent functions Hi(z¢, few) and Ha(xy, few)
that are analogous to the AF = 1 loop functions of [3]. Their dependence on the elec-
troweak scale piey cancels the scale dependence of the Wilson coefficients resulting from the
RG evolution. We illustrate the size of NLO effects model-independently considering LH
and RH couplings individually and in the context of models with vector-like quarks (VLQs)
using the results from [13-15]. In section 5 we compare the framework of SMEFT used
here with simplified models of FC quark couplings of the Z considered previously in [8-11],
stressing significant limitations of these models as far as FCNCs mediated by Z exchanges
are concerned.? In particular we compare our results to those of [11] who included some
of the NLO contributions considered by us in the framework of simplified models, reaching
conclusions rather different from our findings. In section 6 we study model-independently
the impact of the presence of 2 H?D operators on the correlation between AF = 1 and
AF = 2 processes, like the s — d transitions ¢'/¢, e, K — ntvv and K — 7w
and the b — d, s transitions Amgs, Bgs — ptp~ or B — K(*)(;ﬁ,u_, vv). We conclude
in section 7.

4Qur critical analysis does not apply to Z’ models considered in these papers.



2 SMEFT, AF = 2-EFT and tree-level matching

Throughout we assume that NP interactions have been integrated out at some scale up >
Lew, giving rise to the SMEFT framework. The field content of the SMEFT-Lagrangian
are the SM fields and the interactions are invariant under the SM gauge group Gguy; the
corresponding Lagrangian can be written as

LsvprT = Laim—s+ Y C,0, - (2.1)

Here L4im_4 coincides with the SM Lagrangian and a non-redundant set of operators of
dimension six (dim-6), O,, has been classified in [6]. The anomalous dimensions (ADM)
necessary for the RG evolution from pp to pew of the SM couplings and the Wilson coeffi-
cients C, are known at one-loop [12, 16, 17]. Given some initial coefficients C, (), they can
be evolved down to fieyw, thereby resumming leading logarithmic (LLA) effects due to the
quartic Higgs, gauge and Yukawa couplings into C,(tiew). Far above piey it is convenient to
work in the unbroken SU(2);, ® U(1)y phase, however close to uew EWSB is taking place
and it is more convenient to transform gauge bosons and fermions from the weak to their
mass eigenstates.

For the purpose of down-quark AF' = 1, 2 phenomenology a second decoupling of heavy
SM degrees of freedom (W=, Z H,t) takes place at the electroweak scale fioy. It gives rise
to the AF = 1,2 effective Hamiltonians (EFT) with the gauge symmetry SU(3). ® U(1)em
and number of active quark flavours Ny = 5,4,3 when going below the b- and c-quark
thresholds [18].

We use the following notation for Wilson coefficients and operators in the corresponding
effective theories:

SMEFT: Lsverr ~C,0,,

(2.2)
AF =2-EFT: Hap—o ~ C,0,.

Note the use of the Lagrangian £ for SMEFT, but the Hamiltonian # for the AF =2-EFT.>

2.1 SMEFT

In this work we are concerned with operators that induce FC quark couplings of the Z and
their impact on the four-fermion (¢/*) operators that mediate AF = 2 down-type quark

transitions. The relevant operators in the quark sector belong to the class ¥?H?D. The

ones with LH quark currents are’

1 Rog i i 3 = . .
Olyy = (H'T DLH) (g7 ai) Offy = (HY D H)[@yo"y'qy) . (23)
including also modified LH W¥ couplings. The ones with RH quark currents are

Opra = (H'DLH) [ digy" %), Oy = (HYi B H) iyl . (2.4)

5Note the relative sign £ = —H.
5In order to simplify notations we suppress flavour indices on the operators.



Finally there is one operator with charged RH quark currents:
Orrua = (HYID,H) [y dy]. (2.5)

Here H = iooH* and more details on conventions are given in appendix A. The complex-
valued coefficients of these operators are denoted by

s, Ci s, [Crralijs [Crruliss [Crrudli » (2.6)

where the indices 75 = 1,2, 3 denote the different generations of up- and down-type quarks.
After EWSB, the transition from a weak to the mass eigenbasis takes place for gauge
and quark fields. The quark fields are rotated by 3 x 3 unitary rotations in flavour space

v = Vi, VR = Vitr, (2.7)
for ¢ = u, d, such that
VI my Vi = mie, V= (vi)lve, (2.8)
with diagonal up- and down-quark mass matrices miiag . The non-diagonal mass matrices
m,, include the contributions of dim-6 operators. The quark-mixing matrix V' is unitary,
similar to the CKM matrix of the SM; however, in the presence of dim-6 contributions the
numerical values are different from those obtained in usual SM CKM-fits. Throughout we
will take the freedom to choose the weak basis such that down quarks are already mass
eigenstates, which fixes VL‘{ r = 1, and assume without loss of generality V§ = 1, yielding
qr = (Viug,dp)T.
The ?>H?D operators lead to modifications of the couplings of quarks to the weak
gauge bosons (V = W*, Z and g7 = /g7 + ¢3):

im— 9z 1 3
riimet— — 922z, ([vifel, + civi]

WPV 2 q [din" Prd;] + [VI(%iTCHdVIg} [din* Prd]

iJ i

+ [Vl - civi] [ P + Vidtcy, Vil i} (7" Prus) )

9 u n + u CH“
+2 v2<[V[ TC(F?)V[dLj[ﬂﬂ P[dj] W, + [LRT 9 4 ilg] ‘
v

\/§ q [ui'y“PRdj]Wj+h.c.>7

(2.9)
where we display all rotation matrices for completeness. Note that in our notation fermion
fields with an index for their handedness correspond to weak eigenstates, whereas mass
eigenstates — like in this equation — do not carry this index. The values for v and the
gauge couplings g1 o differ from the SM ones by dim-6 contributions. However, since the
couplings in (2.9) are already at the level of dim-6, such corrections would count as dim-
8 contributions, which is of higher order than considered here. From this equation it is
apparent that our definition of the Wilson coefficients [C,]i; (at few) for our special choice
of the weak quark basis — VL‘{ r = 1 and Vg = 1 — is particularly convenient for the
study of down-type quark AF = 1,2 transitions, see also [19], because additional CKM

factors appear only in couplings of operators involving left-handed up-type quarks. Thus



the associated Wilson coefficients Cgt’lg) enter down- and up-type-quark processes, leading
to correlations between the affected processes that depend on the appearing CKM factors.

As an example let us consider the top-quark FCNC coupling t — ¢Z (i = ¢, j = t),

L7 o Y VarlChy = CiilaVii ~ [Chpy — iyl + O(c), (2.10)
k,l

where we have neglected in the second step contributions suppressed by the Cabibbo angle
Ac and assumed that Vo ~ Vi ~ O(1) in SMEFT. Moreover, we have assumed that the
Wilson coefficients themselves are all of the same size and hence do not upset the hierarchy
of the CKM factors. In this case in fact Bs-mixing depends on above linear combination
— see the result (3.9) — and hence is directly correlated to t — ¢Z FCNC decays. Under
the same assumptions, also B; and Kaon mixing are related to t - uZ and ¢ — uZ FCNC
decays, respectively.

We will omit Oy, and O, ; in the phenomenological part of our work,” where we deal
with down-type quark AF = 1,2 processes. The Wilson coefficients Cgf), Cpy (and Cpp,,)
are complex-valued matrices in flavour space with a symmetric real part and antisymmetric
imaginary part, such that each contains 6 + 3 = 9 real degrees of freedom.

It is customary to parameterize FC quark couplings of the Z as [§]

Loz =2n D2 b ([A%]ij Pr + [AR); PR) Wb (2.11)
PY=u,d

This parameterization introduces also complex-valued couplings, whose relation to the
dim-6 SMEFT tree-level contributions can be read off as

u 9z 1 3 u 9z
ALy = =0 [Cgﬂ)z - ng] . [ARlij = =5 v Crralis»
‘ (2.12)
9z 1 3 9z
(ATl = -5 [Céi + ng] i’ (ARl = =5 v Cralis

in the special weak basis advocated before for the Wilson coefficients. We will comment in
detail in section 5 on the validity of this approach that does not incorporate the SM-gauge
invariance and can only be justified when neglecting the Yukawa RG effects and hence
adapted only at tree-level.

The ¢* operators that mediate AF = 2 transitions are in SMEFT the (LL)(LL)
operators

[0 i1 = @ vua) @5 L], [O5iju = @ vuo 1) (@ oL, (2.13)
the (LL)(RR) operators
1 ~i 11,77 8 i i1 3]
(05 Vg = @ )ldiadR), Ok = @ T )l TAdR],  (2.14)

and the (RR)(RR) operator
[Oualisit = (i) [y i), (2.15)

with kl = ij for AF = 2 processes. The T* denote SU(3). colour generators.

"This is mainly justified because their RG flow does not induce leading logarithmic contributions to
down-type quark AF = 1,2 processes.



2.2 Effective Hamiltonian for AF = 2

The decoupling of heavy SM degrees of freedom at pey gives rise to the AF = 2 effective
Hamiltonian [20, 21]

Hipy =Ny > CHOY +he., (2.16)
a
where the normalisation factor and the CKM combinations are
Gk

L\ 2 ..
'/\[ij = Ar2 MI%V (A?) ) AIZSJ = V:‘;V;fja (217)

with 45 = sd for kaon mixing and 5 = bd, bs for B; and By mixing, respectively. The
important operators for our discussion are in the operator basis of [21]

OY1r, = [diuPrd;)[din¥ Prdy] OYrp = [diPrd;)[div" Prd;] (2.18)
Orr.1 = [divuPrd;)|din Prd;] , Opg o = [diPrd;][di Prd;] (2.19)

and the complete set can be found in [20, 21], where also the ADM matrices have been
calculated up to NLO in QCD. We use these results in the QCD RG evolution from the
electroweak scale piew to low-energy scales.

In the SM only

r(4 — 11z + 2?2) n 323 Inx
4(x—1)2 2(x—1)3

C\i;LL(MCW)‘SM = SO(xt)v So(l') = (220)

is non-zero at the scale poy.

2.3 AF = 2 tree-level matching
The SMEFT is matched to the AF = 2-EFT at ey and at tree-level one finds the following
modifications of the Wilson coefficients [19]:

AC@LL = _Nfl ([Céé)]iﬂj + [Cég)]iﬂj) ) AC('/]'RR = _Nfl[cdd]ijz’j )

i
8
(€& Tisis

9N,

(2.21)

17 _ 1
ACY, = NG [ 16515 —

ij —17(8
ij ) ACLJR,Z =N, I[Céd)]iﬁﬁ

ij

where Nj; is given in (2.17). As will be seen in the next section, the AF = 2 Wilson
coefficients at ey receive leading logarithmic contributions via up-type Yukawa-induced
mixing from ¢¥2H?2D operators. The minus signs in the case of VLL and VRR operators
reflect the fact that [Cétlzjg)]ijij and [C,,lijij are the coefficients in the Lagrangian and the
coefficients C{;LL and CgRR in the Hamiltonian. In the case of LR operators additional
Fierz transformations have to be made.



3 Leading RG effects in SMEFT

The scale dependence of Wilson coeflicients is governed by the RG equation

; dcC

Co = (47r)2ud7“ = a5 Cy (3.1)
and determined by the ADM ~,,. The ADM is known for SMEFT at one-loop and depends
on 1) the quartic Higgs coupling A [16], 2) the fermion Yukawa couplings to the Higgs
doublet [12] and 3) the three gauge couplings g1 25 [17]. For small v,,/(47)? < 1 the
approximate solution retains only the first leading logarithm (1stLLA)

Coltiew) = |0t — (Z;;;Q 1n/% Cylhin) (3.2)
which is sufficient as long as the logarithm is not too large, so that also 74/ (47)? In ;%:v <1
holds. Numerically one expects the largest enhancements when the ADM ~, is propor-
tional to the strong coupling 47 ~ 1.4 or the top-Yukawa coupling squared y? ~ 1.
The QCD mixing is flavour-diagonal and hence cannot give rise to new genuine phe-
nomenological effects in AF = 1,2 observables. On the other hand, Yukawa couplings
are the main source of flavour-off-diagonal interactions responsible for the phenomenology
discussed here. The SU(2);, gauge interactions induce via ADMs v, o g3 and are para-
metrically suppressed compared to y:-induced effects, such that we do not consider them
here. The suppression is even stronger for U(1)y.

Note that the RG equations of SMEFT are in principle a set of coupled differential
equations of the RG equations of SM couplings (quartic Higgs, gauge and Yukawa) and
the ones of dim-6 Wilson coefficients. The solution of this system in full generality requires
the application of numerical methods and the imposition of boundary conditions might be
highly nontrivial. The 1stLLA neglects all these “secondary mixing” effects that would be
present in the general leading logarithmic approximation (LLA), which would also resum
large logarithms to all orders in couplings. With “secondary mixing” we refer to the
situation where an operator O4 might not have an ADM entry with operator Op (no
“direct mixing” ), but still contributes to the Wilson coefficient Cp(ftew), via a direct mixing
with some operator O¢ that in turn mixes directly into Op.

The most relevant mixing of the ¥?H?D operators ng) and Oy, into AF = 2-
mediating 1* operators (2.13)—(2.15) proceeds via up-type Yukawa couplings [12], yielding
for (LL)(LL) operators

[CSgi5 =+ Yl 0C i + - (3.3

[Cigis = — VY ulCilis + - (3.4)
and for (LL)(RR) operators

€407 = VY Caalis + - (3.5)



The dots indicate other terms o< C W2H2D that are not proportional to Y;,,% as well as terms

x C e which become relevant in scenarios where these Wilson coefficients are generated

at pup. As can be seen, the two AF = 2 operators O,; and (’);Z) do not receive direct

(8)

leading logarithmic contributions. It is well known though that qu would be generated

. .. 1
via secondary QCD mixing from Céd) [21].
Under the transformation from weak to mass eigenstates for up-type quarks

dim—4 V2 V2

2 . .

u

the ADMs transform as

2 . 2 g
Y, Y0y = 2 > miViEViy ~ ﬁmf)\?, (3.7)

k=u,c,t

with up-type quark masses myg. Since the ADMs are needed here for the evolution of dim-
6 Wilson coefficients themselves, we have used tree-level relations derived from the dim-4
part of the Lagrangian only, thereby neglecting dim-6 contributions, which would constitute
dim-8 corrections in this context. In the sum over k only the top-quark contribution is
relevant (my. < my), if one assumes that the unitary matrix V is equal to the CKM
matrix up to dim-6 corrections.’

From (2.21) and (3.5) we find that the presence of the RH operator Op4 at a short
distance scale pa, i.e. [Cyylij(1a) # 0, generates through Yukawa RG effects a leading-
logarithmic contribution to the LR operator Oin1 at the electroweak scale pey, given by

y Cor i

AL aC | (ftew) = 02 Ma% n HA (3.8)
’ >‘t Hew

with v ~ (ﬂG F)_l/ 2. Similarly, the presence of two operators OSEI and (’)g; generates

via (2.21), (3.3) and (3.4)

ew

ii v2 A
MraraCii (o) = 15 (IChlis () = Cilig(a)) e 2 (3.9)
t

In summary

e Oy, corresponding to RH FC quark couplings of the Z, generates the AF = 2 left-
right operator Orr,1, which has numerically enhanced QCD running below ey and
chirally enhanced hadronic matrix elements;

. (’)g’qg), corresponding to LH FC quark couplings of the Z, generate the AF = 2
left-left operator Ovyry;

®Note that here Y, is defined (A.2) as the hermitean conjugate w.r.t. [12].
9We expect only tiny contributions from k = ¢ in case that ij = sd, for ij = bd, bs such contributions
are entirely negligible.

~10 -



e in the LH case the contribution is ~ (ng - Cgl)]) o AY, contrary to the linear

combination AdL x (Cg; —i—CS’g) appearing in the coupling of down-type quarks to the
Z in (2.9).

The latter point implies that the result in (3.9) and consequently the contributions to
AF = 2 processes cannot be presented solely in terms of AdL but must involve due to
SU(2)1, gauge invariance also A}. We will return to the phenomenological implications

in section 6.

4 NLO contributions in SMEFT

In this section we present the results of the calculation of one-loop (NLO) corrections of
matrix elements of 1/2H2D operators to AF = 2 transitions in SMEFT, arising in the
matching to the AF = 2-EFT. The divergent parts of these matrix elements determine
the ADM given in [12], which have been used in section 3 for the leading RG evolution.
Here we calculate the finite parts that also scale with the top-quark Yukawa coupling.
While they are not enhanced by a large logarithm, they cancel the pey dependence of the
leading RG results in (3.8) and (3.9). As mentioned in section 1, these finite parts involve
novel gauge-independent functions. Similar NLO matching corrections in the context of
matching SMEFT onto low-energy EFTs have been also calculated for operators entering
p — ey [22], p — evuPe [23], which is used to determine G, anomalous triple gauge
couplings in rare decays d; — d; + (v, ¢, vv) [24] and extensively for many AB = 1,2
processes in [19]. Regarding AF = 2 transitions, the latter work has considered only
NLO matrix elements of 1)* operators (C’)t(ﬁ[S) and (’)q(jd’S)) to the matching of SMEFT and
AF = 2-EFT. Very recently, the NLO matching corrections of Oy, ; have been calculated
for AF = 1,2 processes in [25].

4.1 AF = 2 NLO matching

The classes of diagrams we consider are shown in figure 1. Details on the Feynman rules of
the operators O, and (’)g’qg) are provided in appendix A in the mass eigenbasis for gauge
bosons and quarks after EWSB. Among the 1-particle-irreducible (1PI) diagrams only
the diagram (1(c)) gives rise to divergences, which are absorbed into counterterms and are
known from the ADM calculation [12]. The heavy-particle-reducible (HPR) diagram (1(a))
is well-known from the SM calculation and gives rise to the gauge-dependent Inami-Lim
function C(x;). As usual, it requires the inclusion of the counterterm of the flavour-off-
diagonal wave-function renormalization constant v¢; — 1);. The external momenta and the
up- and charm-quark masses are set to zero throughout. We do not use the background-field
method, such that top-, charm- and up-quark contributions are not separately finite [26],
but their sum is finite after GIM-summation, i.e. exploiting the unitarity of the CKM
matrix V. The box diagrams (1(d)) are finite, but not gauge-independent. We perform
our calculation in general R gauge for electroweak gauge bosons in order to verify explicitly
the gauge independence of the final results after GIM-summation.
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Figure 1. Classes of diagrams (up to permutations and insertions flipped to lower fermion-line)

contributing to AF = 2 one-loop matrix elements of the operators O, and C’)gf). Operator

insertions are depicted by triangles and SM couplings by small dots. Diagrams (1(a)) and (1(d))
appear also with replacement of each W* — G* and further (1(a)) with the Z-boson emitted from
the virtual 9. The operators O, and (9231 generate diagrams (1(a)-1(c)), whereas operator OS();
generates diagrams (1(a), 1(c), 1(d)).

The result of the one-loop matching modifies the tree-level matching relations (2.21) as

ACc(piew) = Y CLOC (pew) + > G (at, pew) (4.1)
acyt bey2H2D

with ¢ = VLL, LR,1 and generation-indices omitted for brevity. In this equation

° G,(lo’c) is the tree-level matrix element of the ¢* operator O, to the AF = 2-EFT
operator O, which can be read off from (2.21);

° GI()l’C) (¢, few) is the one-loop matrix element of the Y2 H?D operator O, to Og;

e the pew dependence of Gél’c) (¢, pew) cancels the one present in Cff ! (tew) due to (3.8)
and (3.9).

We find for O,

C 17 \Mew
Gg’dljif;l)(act, tew) = 02“{(1&)\#)%H1 (¢, pew) , (4.2)

t

and similarly for ng;

(1)
,VLL [Chrglis (tew)
Ggq(ﬂ,i} (2, pew) = vzq)\iijxtﬂl (Tt few)- (4.3)
¢
In the case of Og’;
2
1LVLL v 3
Gl (@, prow) = — e [[ngwem Hy (1, frow)

(4.4)

€T
t m

— 20 S (N i o)+ [CE 1) ) ] ,
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where the second term is due to the box diagrams in figure 1(d), proportional to the
gauge-independent SM Inami-Lim function Sp(z¢) (2.20) and moreover involving not only
the coefficients [ng]ij, but also those with m # i and m # j.

The expressions of the AF = 2 Wilson coefficients at NLO are then obtained by
inserting the 1stLLA results (3.8) and (3.9) together with the NLO matrix elements
Gél’c) (¢, pew) into (4.1). Furthermore, in Gbl’c) (¢, pew) we neglect “self-mixing” and ap-
proximate C, 22 p(tew) & Cpapap(pa) — see (3.2) and (A.11) — which is numerically
small, such that finally

ij Cralij
ACLJR,l(:UeW) = 027[ 1;\13] Ly {111 /ljeA + Hi(zy, Mew)} ) (4.5)
t W

ij v? 1 3 HA 1 3
ACY 1 (Hew) = Aijxt{[ch(), — Cij)]ijIn P (o H (e, frew) — [Coodlis Ha (21, prew)
t W

+ 20 5 (1l + ) | (4.

m

where we have omitted the argument py for all C W2H2D for brevity.

There are two gauge-independent functions'® that depend on pew:

Hew x—17 22 —2x+4
H w) =1 - — Inz, 4.7
17 prow) = In My  4(x—1) 2z —1)2 nx (4.7)

fow ~ Tx—25 a?—14x+4
- Inz. 4.8
"My T 4z—-1)  2@-12 °° (48)

HQ(SU’ Mew) =1

The cancellation of the pew-dependence between the 1stLLA contribution oc In(gua /pew)
and the NLO functions Hj (24, ftew) can be easily seen in (4.5) and (4.6). However, we
keep piew on the Lh.s. in (4.5) and (4.6) to indicate the scale for the RG QCD evolution in
the AF = 2-EFTs down to low energies. In this case the cancellation of jiy dependence
involves QCD effects and has been known [18].

For convenience we give the composition of Hj o in terms of the gauge-dependent
Inami-Lim function C(z, &) [2] and some remainder functions H 1,2 due to diagrams fig-
ures 1(b)-1(d):

a;

Hi<m7MeW> = EC<$7§W) +ﬁi(x7MeW7§W)7 (49)

with a1 = —8 and as = 8. The H 1,2 can be easily calculated from H; 2 and the knowledge
of C(x,&w) for every choice of {y, in particular

z (x—06 3z + 2
C(x’l)_8<:c—l+(x—1)2 1na:>, (4.10)

with C'(z¢,1) =~ 0.78 for x; ~ 4.

9The function H; is also present in different context in [19], eq. (4.3).
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Figure 2. The pew-dependence of the coefficients (¢;) of Cppy in ACLR, 1 (thew), as well Cg; and

—CS; in ACyLL (ftew) for LO and NLO, with uy = 10 TeV. The black dashed curve in the left figure
is the LO contribution, which is equal for all three coefficients. In the left (right) figure, the blue
line is the LO4+NLO (NLO) contribution of Cp, in ACLr,1 as well as Cg; in ACvyyrL, both flavour

universal. The dark red line corresponds to LO+NLO (NLO) contribution of [ng]ij in ACvyy,, for
1 =10, j = d, s, while the light red line is for ij = sd. Note that the top-quark mass is kept fixed in
this plot.

4.2 Numerical impact of NLO contributions

Figure 2 illustrates the cancellation of the scale dependence present at LO: shown are the
coefficients (¢;) of Cara in CLR,1 (tew), as well Cjj) and —Cf;) in ACyry, for LO and NLO.
The absolute size of the NLO contribution Hj(xy, few) is close to zero for piey, = my, but
cancels the logarithm which induces otherwise an uncertainty of about ~ 10% related to
the choice of this scale. The NLO correction involving Ha(z¢, few) is sizable everywhere. At
the order we are working, the renormalization scheme of the top quark mass is not specified
as far as the SMEFT contributions are concerned and hence in principle every scheme can
be used. Here we use the value in the MS scheme that enters also the SM contribution.
The leading u dependence of this top-quark mass is governed by QCD corrections that
will be cancelled by the inclusion of NLO-QCD corrections to the SMEFT-contribution at
the 2-loop level, being of higher order in this context. Therefore we keep the scale of the
top-quark mass fixed in figure 2. However, we include NLO QCD corrections to the SM
contribution in the numerical evaluations.

The relative size of the NLO corrections w.r.t. the 1stLLA depends not only on the
scale pew at which the contributions are evaluated, but also on the high scale up. For
example from (4.5) follows with z; ~ 4

J . 2.5 for jip = 1TeV
ACH. (j1on) = v? Crnadlisli) o o e — 07|, (4.11)
’ A 4.8 for pp = 10 TeV

where the values in braces correspond to the In(ua /Myy) for the two choices of pp and the
NLO contribution due to Hj(x;, My) = —0.7 constitutes a destructive relative correction
of 28% to 15% for p in the range of 1TeV to 10 TeV. The same holds for ACY, | (tew)

when generated by Cg;.
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On the other hand, for CS()] one part of the NLO matching contributions is

2.5 for =1TeV
- } + 30, (4.12)

My

HA
In —— + Ho(xs, Myy) =
2(we; Miw) {4.8 for up = 10 TeV

that is, of order 100% and constructive to the 1stLLA term. The second part due to the
box contribution proportional to
250 (.let)
Tt

1.1 (4.13)

depends on ¢ and j and an additional CKM suppression might occur. It is instructive to
list the Cabibbo suppression, Ac & 0.2, of each term in the sum of (4.6) for the three cases
1j = bs, bd, sd

1 =bs: O()\%’) : [ngg]bb,ssa 0(1) : [ng]bsa O(A%) ’ [Cj('—i)]]Sda O()\%) ) [CS‘)]]bd’
ij=bd: OOY) - [Cillwas,  O) - [Cilba, ONL)-[Cilsa ONE) - [Cilos;  (4.14)
ij=sd: ONE) - [Cilss.aa, OB - [Clba, ONE) - [Ciless OOE) - [Chsa-

It can be seen that for B-meson mixing, ij = bd, bs, there will be one term )\ff’b [CSC)[]I)]- ~

O(1) x [ng]bj without Cabibbo suppression for the [Cg’;]bj itself that mediates the pro-
cess in 1stLLA, whereas all other contributions are suppressed by at least O()\%). For
Kaon-mixing, ij = sd, the largest CKM combination will be /\fb [Cg’;]bd ~ /\% [Cg’()l]bd with
quadratic Cabibbo suppression. Although at NLO for a given transition ij the [Cg}}]mn
with mn # ij are at least suppressed by O(A\%) in (4.6), it cannot be excluded that the
Cabibbo suppression can be lifted in the case that some of the [Cg’;]mn are very hierarchical
too, as already mentioned below (2.10), and thus might become even numerically leading
contributions. In the remainder of this work we will always assume that this is not the
case, and hence neglect all Cabibbo-suppressed contributions, but for the most general sit-
uation a global analysis would be required that puts simultaneous constraints on all CS()].
The neglected contributions could be relevant for example if flavour-diagonal processes

put significantly less severe bounds on [ng]kk (kk = bb, ss, dd) than flavour-changing

processes on the flavour-off-diagonal couplings [Cg;]ij (i # 7). The numerical effect on
AF = 2 observables is hard to predict without the full analysis; however, for example
flavour-diagonal contributions [Cg’;] ss,dd in Kaon mixing are suppressed by O(A) and
hence much less likely to invalidate our assumption, compared to Bs and By mixing where
the corresponding contributions are only suppressed by O(A\%) and O(A\Y,), respectively.
Note that these considerations do not affect most of our conclusions; specifically, none of
the plots presented for the right-handed scenario in section 6.3.1 is changed. Concerning
the left-handed scenario in section 6.3.2, the constraints in figure 9 derived from AF = 2
could be changed, but not the ones from AF = 1 processes and similarly for figure 10.

4.3 NLO contributions in VLQ models

In this section we would like to illustrate the model dependence of NLO contributions in
LH and RH scenarios in the context of vector-like quark (VLQ) models. To this end we

~15 —



use the results for the coeflicients Cgf) and Cjy,; evaluated in VLQ models [14, 15] of one
singlet, one doublet and two triplets:

D(1,-1/3), Qa(2,—5/6), Ty(3,—1/3), Tu(3,+2/3), (4.15)

where the transformation properties are indicated as (SU(2)y,, U(1)y) and all VLQs are
triplets under SU(3).. They interact with SM quarks (qz, ur, dr) and the Higgs doublet
via Yukawa interactions

—L:Yuk(H) = (/\f) HTER + )\le HTTdR + /\ZT“ ]?ITTUR) qiL + CZ%)\ZQd ﬁTQdL + h.c..
(4.16)

The complex-valued Yukawa couplings )\VLQ give rise to mixing with the SM quarks and

)

consequently to FC quark couplings of Z. The Wilson coefficients C( 3) and C 174 are given

in terms of Yukawa couplings )\Z LQ and the VLQ mass Myrg. T he Wilson coefficients
are [14, 15]

1 3 LATA; 1AM

D: [Cl(qt)l]u = [C]('{()]]ij = _ZV;’ Qa : [Cralij = —5 ng ;
3NN SAA

Tu: gy = =30y = 555 Tu: (Chly =3[ = +5 573

(4.17)

at the high scale uy ~ Mvy1q.

In the following we use these Wilson coefficients in (4.6) in order to demonstrate the
size of NLO corrections in specific models. In the VLQ = D one finds that the 1stLLA is
vanishing such that the whole effect is first generated at NLO and lacks the enhancement
by the large logarithm:

s o AP v? 250(x)
ACY L = T A7 e Hy(zy, My ) — Hz(ﬂft,MW)+7$t +
T NN 02 T AN v? (4.18)
o t g N\ t NN

where we have assumed that one of the indices i, = b, see comments below (4.13). For
example in scenario VLQ = Ty one finds (using pew = M)

th)\)\ v2

i Hz(l’t,MW) 280(1),5)
ACY In H M, — .
V=g NI M2 [3 A4w1_+ (e, Miw) + 3 30,
4.19
37 AFN; v 3.3 for up = 1TeV 01+ (4.19)
T8 \J M2 64 for py = 10TeV S
and analogously for VLQ = T},
” 3z NN v? Hy(zy, Myy)  2S0(x¢)
ACY == 1Dy H M, .
VLL ) )\i] M?2 |:3 MW + 1(1'157 W) 3 + ?)Ilit +
(4.20)

3 AFA; v 1.7 for pp = 1 TeV L3
T8 AU M2 || 32 for py = 10TeV A
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These results show that depending on the relative size of Cg; w.r.t. C](L?;, NLO corrections

can cancel or be comparable to the 1stLLA contributions. Moreover, the comparison of D
with T, 4 shows that the NLO corrections by themselves indeed can be relevant even if the
1stLLA contribution cancels in models with CSL)] — Cg’; =0.1

For the RH scenario @)y there is only one coefficient Cy;; such that the effect has been

already discussed in (4.11).

5 Comparison with the literature

This section is devoted to the comparison of the SMEFT approach to FC quark couplings
of the Z with previous studies of this NP scenario in the context of rare Kaon and B-meson
AF = 1,2 processes [8-11]. We will focus in particular on the parameterization of these
effects given in (2.11), to which we will refer in the following as “simplified models”.

The SMEFT is well defined by the requirement that the low-energy field content corre-
sponds to the one of the SM, the imposition of the SM gauge group Ggy and the presence
of a mass gap between the electroweak scale and the new dynamics plew << pa. Further, the
RG equations yield the relations between Wilson coefficients at both scales. In compari-
son, the simplified models lack quantum-field-theoretical principles and constitute simply
a postulation of new FC quark couplings of the Z. They leave questions open regarding for
instance the appropriate scale for the couplings and the implementation of gauge invariance
under the SM gauge group. As a consequence their application beyond tree-level seems
problematic and one should assume the couplings Ai (¢ =u,d and x = L, R) in (2.11) to
be at piow-

Consider the example of AF = 1 decays 1; — ¥;ff (with ¢ = u,d and f = v,{,q),
mediated by the tree-level Z-exchange depicted in figure 3(a). The FC coupling is due to
either dim-6 SMEFT operators or A% couplings in simplified models, whereas the other
coupling is the SM gauge coupling Z f f « gz that derives from gauge invariance of the dim-
4 SM Lagrangian under Ggy. In the SMEFT case, we have neglected double insertions
of dim-6 operators. We have also approximated the flavour-diagonal Z coupling in the
simplified model by its SM value. At this level, the results obtained in previous studies of
AF = 1 transitions based on simplified models can be translated into constraints on the
SMEFT Wilson coefficients using (2.12).

AF = 2 processes provide important complementary constraints w.r.t. AF = 1, and
depending on the presence of new LH and/or RH interactions the correlations might change.
In simplified models they are mediated via a double-insertion, see figure 3(b), and the
amplitude scales as (A%)Q. In SMEFT one has in general local (AF = 2)-1)* operators (4.1)
with potential NLO corrections from other classes of operators. In the special case of
FC quark couplings of the Z these ¥* operators are generated via Yukawa-enhanced RG
evolution from ¥?H?2D operators — see (3.8) and (3.9) — and the AF = 2 amplitude
scales as C W2H2D and hence linearly in A;ﬁ, see (2.12). This linear dependence remains at
NLO in SMEFT.

1 Note that in full generality such a relation holds only at a specific scale, here ua, but self-mixing is a

loop-suppressed correction in this context.

17 -



Y; i ¥j Y

(a) (b)

Figure 3. Tree-level mediated AF = 1 diagram (3(a)) and AF = 2 diagram (3(b)) processes as
used in simplified models. Insertions of FC quark couplings of Z of simplified models are depicted
by the triangle and SM couplings by small dots.

The quadratic dependence of AF = 2 amplitudes on A% present in the results of
simplified models in the literature is absent in SMEFT at the level of single dim-6 opera-
tor insertions and arises in SMEFT when going to the dim-8 level by inserting two dim-6
operators. The dim-8 contributions to AF = 2 processes will become more important in
SMEFT for smaller scales pew S pa. In fact, since the dim-6 Yukawa-generated contribu-
tions are one-loop suppressed one might ask at which scale the dim-8 contributions start
to have similar impact. Equating the naive dimensional scalings of dim-6 one-loop sup-
pressed contributions, v?/up%(47)~2, with the ones of dim-8 contributions, v*/ux?, yields
a transition regime pp ~ 47mv ~ 3 TeV.

Lets consider first the SMEFT with pus 2 4mv and continue our comparison with the
simplified model. In this case, both approaches generate in general different operators in
the AF = 2-EFT (2.16) below picyw, as listed in table 1. A major difference occurs here for
RH interactions, where simplified models generate Oyrr and SMEFT Orr 1. The latter has
a large enhancement under RG evolution in QCD below ey and chirally enhanced matrix
elements compared to Oygrg, such that phenomenology completely changes, especially in
the Kaon sector — see section 6.1. But also for LH interactions closer inspection shows
that the involved couplings are the ones of up-type quarks, AY, if one uses (2.12) to relate
SMEFT Wilson coefficients to A;f couplings in the 1stLLA result (3.9). Indeed, while in
the simplified approach the LH-Z couplings involved are just o< (CS;JrCS;), the leading RG
contribution in question is (Cg; — Cl(g()]) and therefore proportional to up-quark couplings
rather than down-quark couplings as seen in (2.12).

If one considers the SMEFT with pp < 47w, double insertions of dim-6 operators are
expected to be of similar size or even dominate over loop contributions with one dim-6
insertion. The quadratic dependence on A% via the dim-8 contributions is then present in
the amplitude, resembling the simplified model approach.

After having established the conditions for a correspondence of simplified models and
SMEFT, we will next compare our results with the ones in [11] on the issue of gauge
dependence and renormalization scale dependence stressed in points 1. and 2. of section 1.
These authors calculated first the contributions in figure 1(a) in simplified models for RH
and LH scenarios. Adding pure NP contributions from tree-level exchange considered in [8]
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Simplified models SMEFT (dim-6)
AF = 2-amplitude ~ (A%)2 ~ A%
LH Ovrr ~ (Af)? OvLL ~ AY
RH OvRR ~ (AdR)2 O1Rr,1 ~ AdR
LHARH Ovir ~ (A%4)2, Oyrr ~ (A%)?, OviyL ~ A}
OLr,1 ~ (A A%) OLr,1 ~ A%

Table 1. Comparison of simplified models and SMEFT (assuming py = 47v) for down-type quark
AF = 2 processes. Scaling of the AF = 2 amplitude in terms of couplings A;ﬁ’ (¢ = u,d and
X = L, R) from (2.11). Operators generated in AF = 2-EFT below ey by LH, RH or LH+RH
scenarios and their scaling with A% (in 1stLLA for SMEFT, i.e. neglecting NLO corrections).

one finds then

[AR)i; AR _ [AL(SM)]45[A%]

NijCgg = oMz NijCrr1 = M2 ; (5.1)
.. Ad]..[Ad].. [Ad(SM)]“[Ad]"
N;CH - — [AL]i[ALlij T/ glALls (5.2)
7~ VLL 2M% M%

for RH and LH scenarios, respectively. Here the FC d; — d;Z vertex of the SM arises from
the lower part of figure 1(a),

3
d i 92
(AL = N g Clannw) (5.3)

where Oy denotes the weak mixing angle and C(z¢,&w = 1), given in (4.10), is gauge-

t.12 In the second version of their paper they included the diagrams (1(b))

dependen
and (1(c)) obtaining a gauge independent result for the NLO contributions to the coef-
ficients Cp;; and C }} - which agrees with ours, but Cl(*i)z has not been considered there. Even
prior to the second version of this paper we have suggested how their original results could
be corrected. Indeed using the relations in (2.12) we can cast our results into the ones
of [11]. We find in the RH scenario the following replacement in (5.1):

N g3 Tt

[AL(SM)];;  — 872 cos Oy [C(%Ew) -3 (ln MeA +ﬁ1($t,ﬂew,§w)>] , o (5.4)

with the latter coupling including LLO and NLO corrections obtained in SMEFT. As dis-
cussed before, this combination of C' with H; is gauge-independent and peyw-independent.
The numerical values for iy = 1 and x; ~ 4 are

T+ ~
Clar,&w) = g Hi(w, My &w) ~ 078 — 041, (5.5)

suggesting that a gauge-independent result would have been at least about a factor of two
smaller than the one used in the original version of [11]. Further, the logarithm in (5.4) will

2Note that [A%(SM)];; ~ +g3C(x:) in (5.3) corresponds to the definition of the covariant derivative
in (A.1).
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typically dominate for reasonable values of j, flipping the sign of [A4 (SM)];; compared
o [11]. Although our comparison suggests that one can correct the gauge dependence in
the simplified model by the replacement (5.4), conceptually this does not seem meaningful.

Thus the issue of gauge dependence of the NLO correction has been resolved. Un-
fortunately, the present result in [11], although gauge independent, exhibits a very large
renormalization scale dependence, simply because the authors decided not to include the
dominant LO (1stLLA) top-Yukawa RG effects above the electroweak scale, given in (5.4)
by the term o< In pip /plew. Furthermore, the renormalization scale p in their paper, equiv-
alent to the matching scale ey in our paper, has been set to 1 TeV. In this case the NLO
correction by itself will be of similar size and have the same sign as the (LO + NLO) result
in (5.4). However, the choice ey = 1 TeV is clearly not allowed, because at this matching
scale one cannot integrate out Z, W and the top-quark, which have masses one order of
magnitude smaller. Moreover, neglecting the oc In pip/plew is not allowed from the point
of view of SMEFT, because it would imply that dimension six operators are generated at
HA = Hew-

Indeed, returning to the right plot in figure 2 (blue line for C,,), one can see that
even varying pey in an admissible range, the neglect of RG Yukawa effects above the
electroweak scale yields a very strong pew dependence. In particular, for scales close to my,
the NLO corrections considered in [11] vanish. The fact that with a particular choice of
matching scale NLO corrections can often be absorbed into the leading term is well known
in the literature; however, if the leading term is absent there is a serious problem. Thus
a meaningful phenomenology requires the inclusion of the LO RG effects. Doing so, the
renormalization scale p in [11] becomes the scale of new physics, and the results in that
paper would correspond to pp = 1TeV.13

Next we would like to mention the analysis in [27]. RG Yukawa effects have been
studied in a NP scenario in which the only operators with non-vanishing coefficients at
pp are the third-generation (in the interaction basis) semi-leptonic four-fermion operators
(’)2,) = (Lryulr)(qry"qr) and Oéz) = (0y,0%L)(Gry"0%r) of the Warsaw basis [6]. This
structure has been motivated by the B-physics anomalies and can be met in models with
vector leptoquark mediators. It has been demonstrated that RG Yukawa effects modify
significantly the Z couplings to leptons, ruling out a possible explanation of the anomalies
within this scenario because of the strong constraints from Z-pole observables and lepton-
flavour violating 7 decays. In our models these couplings are absent and are not generated
by the RG Yukawa effects from the operators in (2.3) and (2.4) considered by us.

Finally, in [28] the impact of RH charged currents on &'/¢ in correlation with electric
dipole moments (EDMs) has been analysed, considering the operator O, ,; in (2.5). The
phenomenology of this model is very different from the one of our models as the main
mediators are W+ with RH couplings and not the Z boson. In this model contributions to
e are much smaller than in our models and it appears that it is harder to explain the &’ /e

!3Meanwhile the authors of [11] replaced the scale u by ua so that their final formula agrees with ours.
However, we disagree with their statement that pa comes from the diagram (c) in figure 1 as it is absent
in this diagram and can only come from LO RG effects as explained above.
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Figure 4. Visualization of matching and RG running for the operators under consideration in
SMEFT and the AF = 1,2-EFTs. The darker nodes are those that are dominant within our
approach. Solid lines indicate O(1) running/matching contributions, dashed lines RG mixing en-

hanced by a large logarithm and dotted lines NLO running/matching contributions. Contributions

via 1stLLA top-Yukawa RG mixing are denoted by yf ) 1-loop corrections to the matching at fiew

by y(l) 1/A* refers to contributions that appear at dimension eight, like double insertions of dim-6
operators.

anomaly when other constraints, in particular from EDMs, are taken into account. But
the correlation of €’/e with EDMs pointed out in this paper is clearly interesting.

6 Implications for flavour observables

The matching and RG evolution in our setup is schematically shown in figure 4. The darker
nodes are included in the following phenomenological analysis, while the lighter ones are
contributions we do not consider here, but that would appear in a general SMEFT analysis.
Solid lines represent direct matching and running contributions, while dashed lines are the
main contributions created via RG effects, either via Yukawa couplings (~ y?) or via QCD
(~ as). Note that in some cases these contributions can result in larger observable effects
than the direct ones, due to RG and chiral enhancement factors, e.g. in the case of O1R 1.
The dotted lines represent NLO matching effects.

The inclusion of new contributions from Yukawa RG evolution and the NLO corrections
calculated here have only direct impact on AF = 2 observables. However, in a combined
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phenomenological analysis of AF = 1,2 processes AF = 2 observables will restrict the
available parameter space and hence affect also predictions for AF = 1 processes, specif-
ically for RH couplings of the Z. In the present paper we want to illustrate this impact
mainly in the latter case, as in this scenario the impact is very large.

Concentrating on RH couplings of the Z, we will first consider the correlation between
the ratio €'/e, ex, K — ptpu~ and K — wvv decays analyzed in [10], where the contri-
butions in question have not been taken into account. Subsequently we will consider the
impact on the correlation between Bg 4= Bg’ 4 Observables and rare b — d,s + ((T¢~, vi)
decays.

The experimental data and hadronic inputs are identical to [14] with the exception
that we include very recent preliminary data for By s — p*p™ [29], combined with previous
measurements in [30].

6.1 Numerical impact on Mo
The off-diagonal element of the mass matrix of neutral meson mixing including the full set

of AF = 2 operators (2.16) is given by

(M [HE oy M) GEME,
QMMO 87T2MM0

M = )2 Cl (o) (M|OF M) (tnow) — (6.1)

a

in terms of Wilson coefficients and hadronic matrix elements of the operators, (OF) =
<M0|Oéj |MO), evaluated at the scale piy relevant for the corresponding meson system
tj = sd, bd, bs. The hadronic matrix elements are provided by lattice collaborations, who
for historical reasons relate them usually to bag-factors, thereby introducing additional
dependences on the meson decay constant Fj; and the chirality-factor

My 2

ril =
mi(/«‘low) +m; (/ilow)

X

(6.2)

that involves the MS quark masses.

The NP contributions of FC quark couplings of the Z in SMEFT require to consider the
operators a = VLL, LR1, LR2, where CpR 2 enters via QCD RG evolution.'* For the Kaon
system, we adapt the results of bag factors from RBC-UKQCD [31]. For the By s systems,
we use the products of decay constants and bag factors, F %j BY from FNAL /MILC [32].
Both sets of coefficients are tabulated in table 2. The relations between bag factors and

matrix elements at pyoy for the choice of operator basis by RBC-UKQCD [31] are

2
(Oi1) = SMEFE B, O3ty = Nt MEFEBS,(6.3)

with N3¢ = (-1/3, 1/2) for a = (LR1, LR2), and for FNAL/MILC [32]
b 9 b , o . )
<OV]LL> = gM.%jFéjBl‘]7 <OZJ> = N(II)J (Tij + dgj) M%]F%]BSJ ’ (64)
with N2/ = (—1/3, 1/2) and d¥ = (3/2, 1/6).

MNote that Cyvrr can be included by Cvrr, — Cvir + CvRR-
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ij || tow [GeV] Ny | 7y BY BY BY
sd 3.0 3 |30.8| 0.525(16) 0.920(20) 0.707(45)
2 npij 2 Rt 2 R
bd 4.18 ) 1.6 | 0.0342(30) 0.0390(29) 0.0361(36)
bs 4.18 ) 1.6 | 0.0498(32) 0.0534(32) 0.0493(37)
Table 2. Scale settings and number of flavours, Ny, as well as numerical inputs of bag factors

entering M}, see [32] and [31] for correlations. For the Kaon system threshold crossings to N; = 4
and Ny = 3 have been chosen as 4.18 GeV and 1.4 GeV.

In order to illustrate the RG and chiral enhancement of NP contributions in
ACtRr,1 (4.5) compared to ACyry, (4.6), we express in ijz the C;(iiow) in terms of the
Ci(tew), using QCD RG evolution at NLO [21, 33]. We keep the hadronic input unevalu-
ated and use fiew & 163 GeV in order to be able to adapt the SM calculations of M;d at
NNLO [34-36] and of Mf% at NLO. The semi-numerical result in terms of C;(ptew) is

Msd*
=2 - [168.7 1119414 0.8 ACVLL} — ACH (25.9 B 4141 Bgd) . (6.5)
sd
=== 195+ 0.84 ACY, | F BY — ACH:  FE, (118 BY +1.42BY). (6.6
b

The SM contribution is given by the first numbers in brackets o< B; and the normalization
factors read

2
G+-M

2

Fij = FijFiy =

sd
X )
whereas the effect is a factor of three in B-meson mixing. The SMEFT contributions (4.5)

The huge enhancement of ACE%L | W.I.t. AC@‘{L in Kaon mixing stems in large part from r

and (4.6) can be inserted into both equations to obtain numerical predictions for M{JQ
There are two experimental constraints in each sector on Mlj27
ij=sd: AMy = 2Re (Mfg) , ex o Im (Mfg) , (6.8)
ij=bj: AMp, = 2|MY)], 6= Arg (M), (6.9)
where we have assumed that SM QCD penguin pollution and new physics in b — scé
processes are negligible, see [37—40] for recent works.
6.2 Semileptonic AF = 1 processes

The AF = 1 semileptonic processes d;j — d; + (¢T¢~, vi) are highly sensitive to FC quark
couplings of the Z. The ¥?>H?D operators modify them at tree-level via figure 3(a) in
SMEFT. The relevant parts of the AF = 1-EFTs,

4 e
H = —ﬁ i cho (6.10)
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involve the six semileptonic operators

Oé]@’) = [divuPriryds)[4"0), O%(lO/) = [diyu Prryd;l[ey" 5], (6.11)
OZL](R) = [divuPrryd;][77" (1 = 5)v]. (6.12)
The Wilson coefficients of the LH operators at jiew read as follows [41, 42]:
g _ Ve m v 2 ) o) 4 o®
ij _
cl = o AZ () — 0767;7(1 —4s%) [ch + CHq] SR (6.13)
g Y(@) 7m0 L)
1y o v
Cip = SIQ/V +Oée )\ij [CHq—l-CHqu—i—... , (6.14)
g X@) | om0 L0
1y _ nv
=2 7 [ch+chLj+..., (6.15)

where the SM contributions are given by the gauge-independent functions X (z;), Y ()
and Z(x¢) [3]. The tree-level matching of SMEFT gives rise to the dependence on the sum
ng + CS’; and the dots indicate potential additional contributions, for instance from w4
operators. The chirality-flipped Wilson coefficients

2 2
Cid— —(1—a2) e, 1+ ci =T 1o 6.16
9 ( SW)ae)\;][Hd]J"" ; 10 ae)\?[Hd]J"i" ; (6.16)

2

id m™ v
C}% = ZEF[CHd]” + ey (617)

depend on Cp,. Cyg depend on the same combination of coefficients CWHQD as Cio,10/,
but with an additional suppression factor 1 — 45%, =~ 0.08. There is also a strict relation
C{l, = C}, which holds equivalently for the NP parts of C1p and C. Therefore all
semileptonic AF = 1 processes depend on only one left-handed and one right-handed
combination of Wilson coefficients.

Whenever only one of these combinations is present, strong correlations are present
in each sector 15 = sd, bd,bs. For instance the semileptonic decays with neutrinos and a
pseudoscalar meson in the final state, e.g. K+ — ntvw, K; — n%w, B — Kvv and the
leptonic decays M;; — (0~ (Kp, — ptu~, By — ¢7¢7) depend only on Cig 10 and Cf g,

respectively. The dependence of the corresponding branching ratios on C W2H2D Wilson
coefficients reads
2
_ X (zy) T v (1) (3)

Br(M; — Pwr) o | == 2o F c q*CHquCHdLj , (6.18)

Y(w)  w o 2

N T TV A1) aB)

Br(My; = £°6) oc| == + v i+ cHdLj (6.19)

These observables are clearly correlated if only LH or RH couplings are present, but are
independent as soon as both couplings are finite. The full set of semileptonic decays
dj — di + (¢T¢~, vw) includes further observables that depend also on Cy g, and allow to
put further constraints on these Wilson coefficients.

Additional correlations exist between AF = 1 and AF = 2 processes, at least for the
RH scenario, which will be discussed in the next section.
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6.3 Correlations between AF = 2 and AF = 1 processes

The dependence on Cj,; of the AF = 2 contribution (4.5) implies a strong correlation
of the aforementioned semileptonic decays with Mg for RH interactions, to be discussed
below. As already mentioned in section 5, such a correlation is not present for NP LH Z
couplings. This is due to the presence of two Wilson coefficients, conveniently written as
the combinations

+
ci) =ci) £cl) (6.20)

which appear in different combinations in AF =1 and AF = 2: AF = 1 processes depend

only on Cg;), whereas AF = 2 processes depend on Cl(q_q) when restricting to the 1stLLA

term. As can be seen from (4.6), the latter changes once the NLO corrections are included:
. 2 0.6 1.3
ij _ v (=)y. HA ) _ e
AG ew) = 50 [[CHQLJ(IH My { 1-2} [Chrg Vs { iy H

v? -y |54 ), |13 ij = bd, bs
= —X C i — C i fOI‘ .
A t[[ gl o [~ Cralii) g ij = sd

Here we have used up = 10TeV and numerical results presented in section 4.2 for

Hy(zy, M) = —0.7, Ha(xy, M) = +3.0 and (4.13) for ij = bd,bs. The dependence
of AF = 2 on Cg;) is by about a factor three weaker compared to one of Cé,_)

the presence of C};])

as the ng) are arbitrary. However, in specific models they can be related, yielding again

(6.21)

e Despite

, AF = 2 constraints will not constrain AF = 1 observables, as long

correlations. The influence of AF = 2 remains weaker than in the RH case though, given
the absence of chiral and RG enhancements.

In addition to AF = 2 and semileptonic AF = 1 processes we consider in the Kaon
sector also one non-leptonic AF = 1 observable, namely ¢’ /e. We parameterize NP effects
in this quantity as [10]

</ <! SM ! NP o SM
- () + () = () + ke - 1073 (6.22)
9 9 9 9

and use the expressions given in [14] to express k¢ as a linear function of [Cj; ;] sq and [CI(L;L(I)] sds

see also [10]. These expressions are unaffected by the new contributions calculated in this
work. As in [14] we use the very conservative bound k¢ € [0, 2], reflecting the fact that the
experimental world average from the NA48 [43] and KTeV [44, 45] collaborations,

(/&) exp = (16.6 £ 2.3) x 1074, (6.23)
is larger than recent theoretical estimates [46-51].

6.3.1 Correlations for RH Z couplings

We start by assuming the presence of only RH NP Z couplings, i.e. Cf;,; # 0. In this case,
in principle two observables per sector ij = sd, bd, bs are sufficient to determine both real
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Figure 5. Constraints on the couplings [Cp,li; from b — s (left), b — d (middle) and s — d
(right) observables at pup = 10TeV, assuming these are the only couplings present at pa. The
constraints shown correspond to the observables Amy (dark red), ¢s (dark blue), Br(Bs; — putu™)
(green) and Br(BT — KT ut ™ )5 00 (purple) for b — s, to Amg (dark red), sin2f (dark blue),
Br(Bq — pp7) (green) and Br(BT — 7wt ut 7 )5.00) (purple) for b — d, and g (dark blue),
€' /e (light red), Br(K™ — ntvw) (light blue) and Br(Ky — ptu~) (green) for s — d transitions.
The global fit to each sector is shown in yellow. All coloured areas correspond to 95% CL, only the
dark yellow area to 68%.

and imaginary part of this coefficient. The fits for the three sectors are shown in figure 5.
We have chosen pup = 10TeV in order to guarantee sufficient suppression of potential
dimension eight contributions as explained in section 5. In all three sectors a consistent
combined fit is possible, restricting C;;,; to lie in a range close to the SM point Cp; = 0:
the obtained ranges are

0.25
(10 TeV)2’

0001
(10 TeV)2"

0.15

sd
W? |CHd rs

CHal S CHal S (6.24)
The hierarchy in these results follows roughly that of the corresponding CKM combinations
/\gj. It is seen how the combined fit is determined in all three sectors by observables from
both AF =1 and AF = 2: ¢, Br(BT — Ktputu™) and Br(Bs — putu™) for b — s,
sin283, Br(B* — ntutp~) and Br(By — putp~) for b — d, and ek, € /e, KT — ntvp and
Br(K; — ptp~)in s — d. The increased importance of AF = 2 observables in this context
compared to earlier works is due to the new contributions calculated above. Especially
€k, fully dominated by the new contribution from Opg 1, is now the most constraining
observable for s — d together with ¢ /e.

To illustrate the influence of AF = 2 observables further, we show in figure 6 the
resulting correlations between observables in the Kaon sector with and without taking the
AF = 2 constraint from eg into account. Taking only AF = 1 into account, in many
cases the present upper limits for observables like Br(K*™ — m"vi) can be reached, i.e.
enhancements compared to the SM of up to a factor 5. On the other hand, the resulting
predictions for rare decays when including AF = 2 are rather close to the SM; specifically,
Br(K* — ntwvw) is predicted to be enhanced, but only up to 50% of the SM value.

In contrast to s — d, we show in figure 7 correlations with and without AF = 1

constraints for b — s transitions. Since from figure 5 it can be seen that AF = 1 dominate
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Figure 6. Correlations between s — d observables and k¢ in the presence of right-handed NP
FC Z couplings, only, including (darker colours) and excluding (lighter colours) constraints from
AF = 2: Br(KT — 7tww) vs. ke (left), Br(K; — 7%vp) vs. Br(Kt — 7tvw) (middle), and
Xshort (K, = ptu™) vs. Br(KT — mtww) (right). All coloured areas correspond to 95% CL,
the yellow areas are the SM predictions. The dark and light grey areas indicate the 1- and 2¢
experimental ranges.

the global fit, it does not surprise that the allowed ranges again become much larger
when excluding the corresponding observables; clearly only the combination of AF = 1
and AF = 2 constraints paints the full picture. There is a strong correlation in the RH
scenario between the mass-eigenstate rate asymmetry Aar(Bs — p™p~) and ¢ that can
be tested in the near future at LHCb. We show also the strong correlation between the
mixing-induced CP asymmetry S(Bs — pu~) and one of the T-odd CP asymmetries in
B — K*u*pu~, where apart from the shown A7, also Ag and Ag are subject of improving
measurements at LHCb. Note that to very high accuracy (Aar)?+(S)? = 1in By — utpu~
due to a vanishing direct CP-asymmetry. In RH scenarios there is also a strong correlation
between A7 g g.

Finally, in figure 8 we directly compare models with only RH and only LH NP Z
couplings by showing the correlations between RY. and RY. [42],

, _ Br(B— KW®up)
K& ™ Br(B — K®u)|su’

(6.25)

as well as Br(Bs; — p™p~) and Br(By — ptp~). For RH models, shown in dark red, we
observe a strong anti-correlation between the two modes with neutrinos in the final state,
each allowed to deviate up to ~ 20% from its SM value. Furthermore, Br(Bs — ptu™) is
slightly pulled to larger values by Br(BT — KTt ™), see figure 5, and Br(By — up™)
is predicted to be at least as large as the SM value, with values allowed up to the present
experimental upper limit; lower values are in tension with Br(BT — 7tu®u™) as well as
Amyg, see again figure 5.

6.3.2 Correlations for LH Z couplings

Making the assumption that only LH NP couplings of the Z are non-vanishing, Cgf) #0,

changes the picture qualitatively. For each sector there are now two complex coefficients;
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Figure 7. Correlations between b — s observables in the presence of right-handed NP FC Z
couplings, only, including (darker colours) and excluding (lighter colours) constraints from AF = 1:
Aar(Bs — ptu™) vs. ¢s (left) and S(Bs — ptp™) vs. A7[1,6](B — K*utu™) (right). All
coloured areas correspond to 95% CL, the yellow areas are the SM predictions. The dark and light
grey areas indicate the 1- and 20 experimental ranges.
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Figure 8. Correlations between RY.. vs. RY (left) and Br(By — utp~) vs. Br(Bs — utu™)
(right) in purely LH (blue) or RH (red) scenarios. All coloured areas correspond to 95% CL,
the yellow areas are the SM predictions. The dark and light grey areas indicate the 1- and 20
experimental ranges. The orange band in the right plot corresponds to a scenario of constrained
minimal flavour violation (CMFV) [42].

in order to obtain plots similar to figure 5, we show in figure 9 the constraints from AF = 1
in the Cg;) plane and from AF = 2 in the CI(L;J) plane; the latter constraints are shown at
LO, i.e. based on (3.8) and (3.9), to have only this coefficient appear. These coefficients
are both much weaker constrained than in the RH case. The reasons for that are not only

the absence of chiral and RG enhancements for LH contributions and the presence of two
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Figure 9. Constraints on the couplings [C%})}U from b — s (left), b — d (middle) and s — d
(right) observables at pup = 10TeV, assuming these are the only couplings present at pa. The
AF = 2 constraints shown in the [Cl(qu)]Z—j planes in the lower row are at LO. The constraints
shown correspond to the observables Amy (dark red), ¢s (dark blue), Br(Bs — u* ™) (green) and
Br(BT — K*utp™ )50 (purple) for b — s, to Amg (dark red), sin23 (dark blue), Br(Bg —
) (green) and Br(BT — wtutu™) ;509 (purple) for b — d, and ex (dark blue), € /e (light
red), Br(KT — ntww) (light blue) and Br(K — ptu~) (green) for s — d transitions. The global
fit to each sector is shown in yellow. All coloured areas correspond to 95% CL, only the dark yellow

area to 68%.

coefficients, but also the different interference pattern in AF = 1: while for the RH the two
main constraints intersect only in a small area, they essentially lie on top of each other for
LH couplings. This is due to a relative sign for LH and RH contributions analogous to the
one between (6.18) and (6.19). Finally, in the case of [C;])]sd the fact that the long-distance
contribution to Amp has large uncertainties renders this constraint extremely weak; here
progress on the lattice is necessary to make this a useful constraint.

In order to demonstrate the influence of our NLO calculation, we show in figure 10
additionally the combined fits for b — d in the planes of the real- and imaginary parts of
Cgf) at LO and NLO. At NLO the allowed regions shrink due to the larger coefficients
in (6.21); additionally the AF = 2 constraint is rotated in the ng - ng—plane, due to the

additional contribution from CJ(L;;), see (6.21).

While there are in general no correlations between AF = 1 and AF = 2, the ones
within the AF = 1 sector remain. We illustrate these correlations in figure 11. Importantly,
we observe that also in this case no sizable enhancement of Br(K* — ntvi) is possible.
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Figure 10. Constraints on the couplings [Cgf)]bd at up = 10 TeV, assuming these are the only
couplings present at pp. The combined AF = 1 constraints are shown in orange, the AF = 2
constraints at LO in blue and at NLO in dark blue. The combined fit is shown at LO in yellow and
at NLO in dark yellow. All coloured areas correspond to 95% CL.
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Figure 11. Correlations between s — d observables in the presence of left-handed NP FC
Z couplings, only. Br(K; — 7vi) vs. Br(K+ — ntvp) (left) and Br(K;, — 70vd) vs. ke
(right). The dark blue area in the left plot corresponds to using the assumption on the phase
in K — putpu~, see text, the light blue area to not making this assumption. All coloured areas
correspond to 95% CL, the yellow line is the SM prediction. The dark and light grey areas indicate
the 1- and 20 experimental ranges.

This is related to our treatment of K — ptpu~, which utilizes the approach [52] that
derived bounds on the short-distance part xsp of its decay amplitude. Based on the quite
general assumptions stated in [52, 53] the sign of the interference between long- and short-
distance contributions can be predicted, leading to a stronger bound on the short-distance
part, —3.1 < xgp < 1.7, used in our fits. In figure 11 on the left we show the correlation

— 30 —



between Br(K* — 7Tvv) and Br(K — 7°vi) with (dark blue) and without (light blue)
this assumption. Without this assumption positive values for the real part of CJ(L;;) become
allowed, which in turn allows for an enhancement of Br(K*™ — wTvi) of up to a factor
of two compared to the SM, but still this branching ratio is in our scenarios stronger
constrained from other modes than from the direct measurement. The correlation between
¢ /e and Br(Kj — 7%w), shown in the same figure on the right, is not affected by the

assumption on K; — putpu~, since these constraints are related to the imaginary part of

+
ci,

a strong suppression of Br(Ky — n%vi) [10, 54].
The correlations between RY, and R%.. and between Br(Bs; — putp~) and Br(Bg —
pt ) allow to distinguish LH and RH scenarios for a large part of the parameter space, as

only. These observables are anti-correlated, so that a large value for ke would imply

shown in figure 8 (LH in dark blue): since in the LH scenario the interference with the SM is
the same in B — Kvv) and B — K*vv), there is a very strict prediction RY. /RY.. =1 [42].
An enhancement of each of the ratios is possible only up to ~ 10% in this scenario, but a
strong suppression is possible, in contrast to RH models. For Br(By — p*p~) a moderate
enhancement up to ~ 2 x 10719 is possible, but again a strong suppression, in contrast
with the RH case.

7 Summary and conclusions

In this paper we have addressed the Z-mediated contributions to AF = 2 observables from
the point of view of the SMEFT. Such an analysis goes beyond the simplified framework
presented in [8], in which only pure BSM contributions involving two vertices generated
by NP have been included and the Yukawa renormalization group effects not been taken
into account. Once the latter effects are included at LO, their sizable unphysical scale
dependence requires the calculation of NLO corrections. Both effects have been calculated
in the present paper for the first time.

Among the new findings, listed as points 1.-5. in the Introduction, the most important
is the generation of large LR operator contributions through RG Yukawa evolution in
models with flavour-changing RH neutral currents. We have calculated these effects at LO
using the results of [12].

At NLO we have addressed the contributions, pointed out recently in [11], in which
one of the BSM vertices in Z exchange is replaced by the SM Z-penguin vertex. We have
pointed out that the latter contributions are by themselves gauge dependent and, using
SMEFT, calculated the remaining contributions that cancel this gauge dependence. This
NLO calculation has significant impact on the original results presented in [11], where these
contributions have not been included; however, the dominant new effect comes from the
RG Yukawa evolution, which is included in this work for the first time. The comparison
with the published version of [11] is given in section 5.

In the course of our analysis we have found two new gauge-independent functions
Hi(z¢) and Ha(x), given in (4.7) and (4.8), respectively, that enter the phenomenology of
these new contributions together with FC quark couplings of the Z generated by NP, given
in (2.6), and the Yukawa RG effects mentioned above.
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The impact of these new effects has been illustrated model-independently by consid-
ering the correlations between AF = 1 and AF = 2 observables in the down-quark sector.
These are strongest in the presence of only RH NP Z couplings: the new effects strengthen
the constraints from AF = 2, especially in the Kaon sector. For instance, € now restricts
the coupling [Cj;,]sq in such a way that only small enhancements of Br(K™ — 7vi) re-
main allowed, about 50%. In the b — s sector and to less extent also in the b — d sector,
AF =1 constraints remain dominant, but allow still for sizable NP contributions, e.g. in
Bgs — ptp~. In particular By — ptp~ can be enhanced to the present upper bound.
Nevertheless, the strong correlations in this scenario will allow for distinguishing it from
other NP models with coming data from the LHC (LHCb, CMS, ATLAS) and Belle II.

For NP models that yield only LH FC Z couplings, contributions to AF = 1 and
AF = 2 are in general completely decoupled, since two Wilson coefficients are present —
Cg()] and CS}Z — and enter in different combinations in AF =1 and AF = 2. Furthermore
the RG and chiral enhancements present for the RH AF = 2 contributions are absent,
such that large NP effects remain allowed in this sector, especially in Amp, where the SM
prediction suffers from large long-distance effects. The correlations for AF = 1 processes
remain, however, since they are all sensitive to the same combination of Wilson coefficients,
Cl(t;rq). We find that Br(K+ — 7tvi) is limited by its SM value in this case, which is related
to our treatment of the constraint from Br(K — p*p™) [52, 53]; should the corresponding
assumptions be violated, an enhancement up to a factor of two w.r.t. the SM is possible,
a bound that is still much stronger than the present experimental limit. Measuring a
significant enhancement of this mode could therefore exclude both scenarios; this is also
true for Br(Ky, — 7’vi) which can only be suppressed compared to its SM value, which is
due to the constraint from &'/, in accordance with [10].

In LH scenarios the SU(2)y, invariance of SMEFT implies that the two Wilson coeffi-
cients Cg; and CS; enter also up-type quark AF = 1 FCNC processes with the same linear
combination as in AF = 2 down-type mixing. Therefore there are in principle also cor-
relations among down-type AF = 2 mixing and up-type AF = 1 FCNC processes. They
can be quite strong — see (2.10) — when certain conditions are met, i.e. the hierarchy of
CKM elements remains as extracted in the SM and is not overcompensated by a hierarchy
. (1,3)
in [Cpyij-

One of the important messages from our paper is that while £’/ can easily be enhanced
in the LH and RH scenarios considered by us, Br(K™ — 7tv) can only be suppressed
(enhanced up to a factor of two) in the LH case if the stricter (conservative) bound on
K1, — ppis used and enhanced by at most 50% in the RH case. If the future results from
the NA62 experiment will find much larger enhancement of Br(K* — w7vi) and later
KOTO will also find an enhanced Br(K — 7n%v7), the only solution in the context of the
\ ol
Alternatively other contributions, like the ones from four-fermion operators generated by

Z scenario would be to consider the operators OS and Oy, simultaneously [10].
Z'" exchanges or exchanges of other heavy particles will be required.

Our analysis did not specify the origin of FC Z-boson couplings. The inclusion of
these new effects in VLQ models in which concrete dynamics generates such couplings is
discussed in [14].
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A SMEFT
The covariant derivative in our conventions is
. of .
D, =0, — 192?Wﬁ —ig1Y B, (A1)

with the SU(2)r, and U(1)y gauge couplings g2 1 and 0% denoting the Pauli matrices. The
U(1)y-hyper charge of the Higgs doublet is Yz = 1/2. We define the SM Yukawa couplings
of quarks as in [6],

—Lyak = G Ya Hdg + G Yu Hug + hec.. (A.2)

The Higgs doublet H is parameterized in R¢-gauge as

HT GT
i = (HO) - ((v+h0+iG0) /\/§> ’ (A.8)

with G and G denoting the would-be-Goldstone bosons and h° the SM Higgs. In the
absence of dim-6 effects v = (v2Gr)~'/2, however, in SMEFT this equality is not guaran-
teed anymore and changed by the dim-6 contribution of the H%-operator [17] that modifies
the Higgs potential.

The derivatives in 12 H? D operators (2.3) and (2.4) are defined in a Hermitian way [6],

oY D H = (11(D,H) — (D, H) 1],

HYi'DOH = (110 (D, H) — (D) o H | A
After EWSB the ¢2H?D operators take rather lengthy forms in the mass eigenbasis:
CordlislOtralis = [Crrglig (ViDL H)[d'# P (A.5)
(CHis OS5 = [Chaalis (i D) (Vi Vi [ Pra®) + [d'* Pr)) (A.6)
(Cis (05 = (1C5 s (DL H — iH Y D2 H)V, [ PLa’] + hc. )
+ C)ss (YD) (Vo Vi lamy Pru®) = [d# PLdd]) . (AT)

Note that CKM elements appear in the mass eigenbasis only whenever left-handed up-type
quarks are involved, due to the choice explained in section 2.1. The terms with covariant
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derivatives contain gauge, Higgs and would-be-Goldstone interactions that are equal in
Oy, and the singlet-operator O I;;,

< Apd
H'i'D,H = — (v + h°)(8,G°) + G°(8,h°) +iG~ 9,G"
+g2 [(v+h"—iG%) GTW, +he] +2eG-GTA,
+ %Z [2(c% — s3)G~GT — v — 20h° — (h%)2 = (G°)?] Zu, (A.8)
but differ for the triplet operator o

Hg

HIDRH =+ (v + h%)(9,G°) — GO(0,1°) +iG~ F,GF + 2G~G* A,

+ %Z 2(c, — s3)G~ G + 02 + 200 + (192 + (G°)?] Z,., (A.9)
L (D i D) = vig, Gt + W9, G + GOB, G
2
+ % [v? + 20k + (A%)? + (G°)? + 2G~GF] W}
+ (v +hY —iGY)GT [eA, — gz55,Z,] - (A.10)

Here gz = +/ g% + g%, sw = sinfy and cy = cos by, where 6y denotes the weak mix-
ing angle, which again differs by dim-6 contributions from its SM analogue. The partial
derivatives act only on fields within parentheses. Eventually only a few terms are required
for the Feynman rules that enter the calculation of the diagrams in figure 1.

The 12 H2D operators (2.3)-(2.5) undergo also mixing among themselves. Here we list
for completeness the Yukawa-enhanced contributions [12]:

Cly) = 6 Tx[Y,v,fCh) + 2 (Yuyjcgg + c};gyuyj> ,

9

5(3 3 3 3 3 1 1
¢l = 6Te[v,Yicl) + v, vles) + colv, vl - 5 ( Yien) + cg;YuYJ) (A

5 1
Crry = = 2VJCl Y, + 6T, Y1k, + 4 (YY.Crru + Crn,YiY,,)
CHd = GT‘I.[YUY’J]CHd7

Crrug = 6 e[V, Y{1Cp1q + Y, Y, Chrua

These ADMs show that in SMEFT the LH-Z interactions Cg&g) do not generate RH-Z
interactions in the down-type sector (Cj,) and vice versa. However, there is mixing of
the LH-Z interaction Cg()l into the RH-Z interactions of up-type sector (Cy,,) and vice
versa. In order to draw conclusions on the phenomenological impact, the explicit flavour
structure should be worked out though, see for example (3.7). In the main part of our
work we assume a scenario where 2H?D operators are the dominant ones at g and
generate AF = 2% operators at jiw. For this purpose we have neglected the mixing
among the various 12 H?D operators in the evolution from pa to fiey in (3.2), which enters

loop-suppressed in AF = 2 processes.
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