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Abstract

We investigate model independent top-quark corrections to AF = 2 processes
within the framework of the Standard Model Effective Field Theory. Dimension-six
AF = 1 operators contribute to them through renormalization group evolutions and
matching conditions. We provide a complete one-loop matching formula from the top
quarks for AF' = 2 transitions. We also demonstrate these corrections on AMp_ in the
left-right symmetric model, which are compared with the conventional calculation.

KeEywoRrDS: Effective field theories, Renormalization Group, Beyond Standard
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1 Introduction

Flavor-changing neutral currents (FCNCs) are sensitive to physics at high energy scales.
New particles predicted by new physics (NP) models could contribute to FCNCs in addition
to the weak boson and the heavy quarks in the Standard Model (SM).

FCNCs are absent in the SM Lagrangian at the renormalizable level; they are represented
by higher dimensional operators. When the NP scale is much higher than the scale of the
electroweak symmetry breaking (EWSB), the NP contributions to FCNCs are encoded in
the Standard Model Effective Field Theory (SMEFT) [1-3] above the EWSB scale. Here,
the higher dimensional operators are invariant under the SM gauge symmetries, SU(3)c %
SU(2).x U(1)y, and all the SM particles, particularly the electroweak bosons (W, Z, H) and
the top quark (¢), are dynamical degrees of freedom. By integrating out W, Z, H and t at
the EWSB scale, the SMEFT effective operators are matched to operators in the low energy
effective Hamiltonian; they are eventually compared with experimental data, and let us call
them the “low-scale” effective operators.

In a class of the NP models, both of NP and SM particles appear simultaneously in a loop
diagram. The NP particles are likely to be heavier than the SM ones, since absent discoveries
of new particles at the LHC push the NP scale higher than the EWSB one [4]. Then, the
fixed-order perturbative calculations are inappropriate. When there is a large mass hierarchy
among the particles in a loop diagram, higher order corrections of the perturbation cannot
be negligible. In particular, it is uncertain in which energy scale the model parameters are
evaluated.

Corrections of the dynamical top quark to the low-scale effective operators can be rele-
vant. This is not surprising because the top quark has a large Yukawa coupling and mass,
and it is charged under the SU(3)¢c symmetry. In FCNC amplitudes, heavy particle con-
tributions tend to be sizable due to “the GIM mechanism” in analogy to the SM case [5].
When the GIM suppression is broken by the up-type quark masses in a NP loop diagram
analogously to the SM case, the top quark contribution could be dominant, depending on
flavor structures of NP couplings. Then, the above problem is rephrased as “in which energy
scale the top quark mass (or the top Yukawa coupling) is evaluated.” This is resolved by
means of the renormalization group equations (RGEs). It is necessary to solve RGEs in the
SMEFT.

In a conventional approach, however, the NP diagrams are matched directly to the low-
scale effective operators, and the SMEFT effects, i.e., corrections from the dynamical ¢
(and also W, Z, H), are discarded. Such an approximation is broken down and the scale
uncertainty becomes larger, as the NP scale becomes higher than the EWSB scale. In this
letter, we study the SMEFT corrections above the EWSB scale, paying particular attention
to the dynamical top quark.”!

We focus on AF = 2 processes of the down-type quarks, i.e., the K%K° and Bg—?g

#1 Tt is straightforward to extend our study to the lighter quarks such as the up- or charm-quarks. In
this case, however, the one-loop matching formula at the EWSB scale discussed below is irrelevant, and
long-distance effects should be taken into account.



(¢ = d, s) oscillations. The top quark contributions must be treated carefully. Above the
EWSB scale, there exist AF = 1 effective operators which subsequently contribute to the
low-scale AF = 2 operators through W and H exchanges. For instance, the AF' = 1 SMEFT
quark-Higgs operators, e.g., (qi'y”Pqu)(HTi%)uH), have been studied in Ref. [6] (see also
Ref. [7]). It is noticed that the one-loop matching corrections at the EWSB can be sizable
in a certain class of NP models. This is because the corrections are generated with the
top-quark mass or Yukawa coupling as well as the CKM matrix, and also because FCNCs
are induced at loop levels in many models. In this letter, we provide a complete one-loop
formula for the AF = 1 contributions to the low-scale AF = 2 operators with the top
Yukawa couplings.#? As a demonstration, we study the left-right symmetric models [10-14],
where a new W boson and heavy Higgs bosons induce AF' = 1 effective operators at the NP
scale.

2 Formula

In this section, we provide the formula for the SMEFT corrections at the one-loop level which
contribute to the AF = 2 processes in a low-energy scale. In the SMEFT, it is assumed
that NP models do not break the electroweak symmetry explicitly. After integrating out the
heavy NP particles at the NP scale, which is assumed to be much higher than the EWSB
scale, AF' = 1 and AF = 2 effects are encoded into higher dimensional operators in the
SMEFT, which are defined as [2]

Log=Lsu+ Y CiO;, (2.1)

where the first term is the SM Lagrangian at the renormalizable level, and the second term
represents the higher dimensional operators. The dimension-six operators relevant for the
low-scale AF = 2 processes are shown as

(O = (@ 1ua") (@ 1), (2.2)
(O igie = @ ') (@A), (2.3)
(O = @ud)(d 7). (2.4)
(O = @T¢)d AT ) (2.5)
(Oaa)ijpa = (d 7’ (@ d), (2.6)

(04D = (H'iD,H)@"¢). (2.7)

(O = (HTZ;} H)(@"r'e’) (2.8)

#2 A part of the one-loop matching formula is shown in Ref. [8]. We found that its result is inadequate,
and thus, inconsistent with the SMEFT RGEs [9]. Also, the formula related to the SMEFT quark-Higgs
operators are given in Ref. [6] (see also Ref. [7]); the result is included in this letter.



(Ona)is = (H'iDH)(d A" d), (2.9)

with the derivative,
HTEH — H'v'D,H — (D,H) ' H, (2.10)

where ¢ is the SU(2), quark doublet, d the right-handed down-type quark, and T the
SU(3) generator with quark-flavor indices ¢, j, k, ! and an SU(2), [SU(3),] index I (A). We
focus on the top-Yukawa and QCD interactions. The above operators are relevant in the
limit of the first leading logarithm when the RGEs are solved. When the limit is not taken,
e.g., to study NP effects at the higher energy scales, the following dimension-six operators
have to be additionally included:

(O(l))mkl (@) (@ ') (2.11)
(O8))im = @7, T¢) @ AT (2.12)
(Ou)ijin = @y, ) (@ ~"uh), (2.13)
(OS)ijua = (@) (d ), (2.14)
(O%)ijua = (@, TAud) (@ 4+ TAd), (2.15)
(Onu)ij = (H zﬁH 'y u?), (2.16)
(Onn)i; = (H'H)O(H'H), (2.17)
(Oup)ij = (H'D,H)*(H'D"H), (2.18)

where u is the right-handed up-type quark. These operators contribute to the AF = 2
observables through the operator mixings during the RG evolutions and the matching con-
ditions at the EWSB scale (see below). Once they are set at the NP scale, the SMEFT RGEs
are solved at the one-loop level. The SMEFT RGEs relevant to the AF = 2 observables are
listed in Appendix A. We keep the anomalous dimension terms which depend on the top
Yukawa or QCD couplings.

The SM heavy degrees of freedom, W, Z, H and t, are integrated out at the EWSB scale.
The SMEFT operators are matched to the effective operators in the low-energy scale. The
low-scale AF' = 2 operators are defined as [15]

Ha > = (C1)y(d
(C2)i
(C1)sj
(Cis
(C3)i

" Prd;) (divy, Prdy)
(diPrd )(d Pyd;) + (Ca)i(d; Pod’)(d, Pod2)

(d; PLd;)(d; Prd;) + (Cs)i;(d; PLdf)(di Prd)

(diy* Prd;)(div, Prd;)

(d: Prdy) (di Pad;) + (C)5y(d] Pc))(d] Prd?), (2.19)

+ o+ + 4

where i, (1 # j) are flavor indices, and «, § are color ones.



Figure 1. Feynman diagrams for the one-loop matchings onto the AF = 2 operators (i # j).

At the tree level, they are related to the SMEFT operators as

(C1)Ee = = [(CED)iji + (CD)ijis] (2.20)

(C )tree = (Cdd)z]z]; (221)

(Ca)e = (Ch3ijis» (2.22)
1

(Cs)iree = 2(CS)igiy — F(Cq(fz))ijim (2.23)

where the Wilson coefficients in the left-handed side are defined in the low-scale basis,
Eq. (2.19), and those in the right-handed side are defined in the SMEFT, Eq. (2.1). Both
of them are evaluated as a weak scale, t = uy . The other low-scale AF = 2 coefficients are
zero at this level.

Radiative corrections from the top quark can be sizable because of the large Yukawa
coupling. Combined with the SM bosons, they contribute to flavor-changing (FC) transitions
of the down-type quarks. In particular, the SMEFT AF = 1 operators can induce the
AF = 2 amplitudes through the RGEs and the one-loop matchings at the weak scale, which
are exhibited in Fig. 1. The one-loop matching conditions in the Feynman-'t Hooft gauge
are obtained as

oo a\? 2
(Ch)}; P = —5- {(—2 + —) (CE)ijaz — A(CD) iz + 4(CYN i | L (e, pow)

4msy, N,
200 [ ) (1) 3) 3) 3) 3)
- 7512&/ (C )ijas + (qu )33ij — (O )ij33 — (O )33ij + 2(C )3jis + 2(0 )issj | J ()
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where the parameters are defined as

mi ( () 1
+ /\t ! ((qu )Zm'L] - 2Nc
m;
Ty = )
Mg,

Here, V;; is the CKM matrix,

functions are given as
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and sy = sinfy, with the Weinberg angle 6y,. The loop

(2.28)
(2.29)
(2.30)
(2.31)

(2.32)



In the result, the Wilson coefficients in the left-handed side are in the low-scale basis, and
those in the right-handed side are in the SMEFT. Both of them are evaluated at the weak
scale, ;1 = py. The other low-scale AF = 2 operators do not receive one-loop corrections
through the top quark decoupling.

The contributions from (9,5};8) and O&’S), in which the W and NG bosons that couple to
virtual top quarks are exchanged, are shown in Fig. 1(a) and give a loop function I;(z, u).
Those from 04y and Oé}i’g) are shown in Fig. 1(b) and give J(x). Those with the K (x, u)
function come from FC self-energy corrections to the down-type quarks in the effective
operators [Fig. 1(c)], where the top quark is exchanged. The results for the quark-Higgs
operators, (’)2;}3) and Opq [Fig. 1(d—f)], are consistent with those in Refs. [6,7] and give loop
functions I1(x, ), Is(z, ) and So(z). The loop functions, I;(x,u), Ir(x,p) and K(x,pn),
depend on the matching scale p explicitly, whereas J(z) seems to be independent of it.
The scale-dependent term associated with Fig. 1(b) is proportional to O(g?) and neglected
in our approximation.”® We checked that this logarithmic dependence is consistent with
the anomalous dimensions in Ref. [16-18]. As a result, the logarithmic dependence on uy
cancels out by taking account of the RGEs in the first-leading-logarithmic limit.#* This is
expected because this dependence in the matching conditions has the same origin as the
beta functions in calculating loop diagrams (see Ref. [7]).#5 #©

After matching onto the low-scale operators, they are evolved by the RGEs as usual.
Then, the results are compared with the experimental data, i.c., the K°~K° and B{-BY
(¢ = d, s) oscillations.

3 Left-right symmetric models

In this section, let us study left-right symmetric models to demonstrate the SMEFT correc-
tions of the dynamical top quark as explored in Sec. 2. In particular, we focus on the effects
of the SMEFT AF = 1 operators for the AF = 2 transitions.

The left-right extension of the SM implements the parity violation in the weak interaction
by spontaneously breaking the SU(3), x SU(2), x SU(2), x U(1) 5_, gauge symmetries [10-
14]. The new right-handed W boson generates FC charged currents in addition to the SM

#3 Such a divergence is canceled in the SM due to the GIM mechanism. In Fig. 1(b), the GIM mechanism
does not work because Oé}{?’) and (9((1;’8) depend on the up-type quark flavor.
#4 Focusing on the top-Yukawa terms, we checked the following relations in the first-leading-logarithmic
limit,
d(Cras)i;  A(Cras)ie d(01,4,5)3}100p
dinpw — dlnpy dn pw

=0. (2.33)

#5 The logarithmic scale dependence in Eqs. (4.24)(4.26) of Ref. [8] is inconsistent with that in the RGEs.

#6 In Appendix D, we also checked that double-penguin contributions to AF = 2 operators vanish when
the gauge bosons of the SM unbroken gauge symmetries are exchanged. This justifies our one-loop matching
conditions.



left-handed W boson. The quark interactions of the left- and right-handed W bosons are

%(VL)ijui'YuPLdij + %(VR)ijuw“PRdjVVg —f- h.C., (31)
where the first term is for the SM W boson. The right-handed W boson, Wg, is obtained
by replacing L <+ R, in the second term. Here, the new coupling gz and the mixing matrix
Vg are introduced for Wy similarly to W7,.

The gauge symmetries are broken to SU(3), x U(1),,, by Higgs vacuum expectation
values (VEVs). In the minimal setup, the VEV of the Higgs field, Ag, whose charges are
(SU(2),,8U(2)g, U(1)5_;) = (1,3,2), breaks the left-right symmetry, SU(2), x SU(2)p, x
U(l)g_;, to SU(2); x U(1l)y. The VEV of the Higgs bi-doublet, & € (2,2,0), enables
EWSB. On the other hand, the VEV of A, € (3,1,2) is assumed to be suppressed. Their

components are expressed as

Eint =

AFVE AT & o
A= | ! =L,R), &=|1 "2]. 3.2
7 A e o= 0 32
The spontaneous symmetry breaking is achieved by the VEVs,
1o o0 1 |vcosp 0
@ =5 [0 o] @ = 0 (3.3

We impose a hierarchy among the Higgs VEVs, vg > vcos,vsin 8 > vy, in order to be
consistent with observed phenomena and to avoid fine-tunings in the scalar potential [19,20].
An angle « is a spontaneous C' P-violating phase. In addition to the QCD 6 term, « induces
the strong C'P phase [21]#7, which is severely constrained by the neutron electric dipole
moment [25]. As we will see below, the following analysis is independent of a. The masses
of the left and right-handed W bosons are approximately given by

2 9% 2 2 912{ 2
My, =~ T My, =~ 5 VR (3.4)
for vp > v with v ~ 246 GeV.
In addition to the W bosons, heavy Higgs bosons, H® and H*, have FC couplings as

\/5 7, 7 *
L = d(V} M, V) Prd H® 4 d(V;iM,V;) Prd (H®)
+ @(M, Vi) Prd H* + d(ViM,) Pru H‘] , (3.5)

with H° = cos ¢ —sin Be'® (¢9)" and HT = cos ¢35 +sin Be'“¢]. Here, vy > v is assumed,
and the up-type quark masses is M, = diag(m,, m.,m;). The masses of the heavy Higgs
bosons, My, are almost proportional to vg. The Higgs potential in the limit of vg > v is
given in Appendix B.

#7 See discussions in Refs. [22-24] for the strong C'P problem with a generalized parity invariance P.



The right-handed W boson and the heavy neutral Higgs boson, as well as the SM (left-
handed) W boson, induce AF = 2 transitions [26,27]. They are severely constrained by the
observed meson oscillations. First of all, let us briefly overview the conventional approach.
In literature, the Wilson coefficients of the low-scale operators in Eq. (2.19) are set by
integrating out Wx and H® as well as W, and the up-type quarks [28,29]:

2V2Gr

C Hftree — mukmul )\LR i )\RL i 36
(€ oy 2 a OO (36)
2 9
- 91L9r MMy, My, LR\ij /\ RL\j
(Cy)pr ' = (AN Falow, x4, B), (3.7)
7 1672 4= My, My, ¥ :
2 9
se. 919r MMy, My, LR\ij /\ RL\j
(Cof>e =— (A" N Fe(Tr, mR), (3.8)
J 12872 4= M, M, k :
2 9
H-—ver ~ 919R Ty, My LR\ij [y RL\j
<C4)ZJ " 1672 M‘%VkM%l/ ()‘ )kj()‘ )l]fC(TthvTLvTR)» (3'9)
k.l L R

where the parameters are defined as

m

A = (Vi (VR)rkg, or = M;Lk :
Wi,
M2 M2 M2 2
Bz = W = T We o T (3.10)

M2, MZ TR T M M2
and (A1) is given by replacing L <+ R in (\“)7. Here, the indices k,1 are the up-type
quark flavor, and the definitions of the loop functions F4, Fp and F¢ are summarized in
Appendix C.#8

Among the Wilson coefficients, the tree-level contribution, (Cj) , is obtained by
exchanging the heavy neutral Higgs boson. The one-loop contributions, (Cy)? ¢ and
(Cy)vert- - are given by self-energy (s.e.) and vertex (vert.) corrections to the tree-level
heavy neutral Higgs diagram, respectively. Here, the on-shell renormalization scheme is
applied [28]. On the other hand, the one-loop contribution (Cy)"=W# comes from a box
diagram where both the left- and right-handed W bosons as well as the up-type quarks
are exchanged.”® It is impoartant that (C;)"2 "% itself depends on a choice of the gauge
fixing. Here and hereafter, the Feynman-'t Hooft gauge is used. The gauge invariance of
the transition amplitude is guaranteed by adding the one-loop neutral Higgs contributions,
(Cy)se and (Cy)Hvert [28,30-32].

In the conventional calculation (Ref. [29] as a representative case), after the above Wil-
son coefficients are set, the RGEs for the low-scale operators are solved [33]. However, it

H-tree

#8 Our results in Eqgs. (3.8) and (3.9) are smaller than the result of Ref. [29] by a factor of 2.
#9 If Wg and H are sufficiently heavier than Wy, the Wz-Wgx box contribution is much smaller than the
Wir—~Wg box one.
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Figure 2. Schematic figure for the SMEFT framework in the left-right symmetric model.

is noticed that the one-loop diagrams include the left-handed W boson and the up-type
quarks, which are much lighter than the right-handed W and heavy Higgs bosons for, e.g.,
the LHC constraints [4,34]. Hence, it is uncertain in which energy scale the Wilson coeffi-
cients should be input. Moreover, the heavy charged Higgs boson contributes to the AF = 2
transitions through box diagrams with the SM W boson and the up-type quarks. Although
the contribution is often neglected in the literature (see Ref. [32] for an early work), it may
be comparable to (Cy)# 5 and (Cy)# V", Since the SM W boson and the up-type quarks
are much lighter than the heavy charged Higgs boson, the scale uncertainty problem arises
similarly to the above. In the following, we study the AF = 2 processes in left-right sym-
metric models by the procedure explored in Sec. 2.

In this letter, we focus on the top quark contribution as mentioned in Sec. 1. First of all,
let us summarize the analysis procedure in Fig. 2. At the decoupling scale of the left-right
symmetry (prgr), the Wilson coefficients in the SMEFT are evaluated. In addition to the
AF = 2 operators (the red colored diagrams in Fig. 2), there are AF = 1 top-quark operators
which eventually contribute to the AF = 2 transitions (the blue colored diagrams). After
solving the SMEFT RGEs, they are matched onto the low-scale operators at the EWSB
scale, where we need to take account of the one-loop level matching condition. Below the
EWSB scale, we follow the standard procedure for the AF = 2 observables.



First, let us consider the matching condition of the SMEFT at pu = pupg (the first line in
the Fig. 2). At the tree level, one obtains the following AF = 1 SMEFT operators at the
dimension six after integrating out Wg,

2

(CDSs = —= A (Va(Va)s: (3.11)
Wr
ree 1
(Cq(ii))t%ij ~ 9N, (C(B))SSU (3.12)

In addition, by exchanging the heavy neutral and charged Higgs bosons, we obtain the
following AF' = 1 operators,

e 2V2Gp mi

(qu )gsz’j I 23 M; (VR)is(VRr)sj, (3.13)
1)\tree 1 3

(Céd))g&'j ~ N, (C( ))3313 (3.14)

The details of the calculations are found in Appendix B. On the other hand, the AF = 2
SMEFT operators are derived at the tree level from the exchange of the heavy neutral Higgs
bosons as

2\/_GF mt

(8)\tree __ LR\t RL\?
(qu );]7,.] - COS2 26 M2 ()\ )j(A ) (315)
ree 1
(ng))gjij ~oN. (Céfl))ijij- (3.16)

All the above tree-level Wilson coefficients are evaluated at pu = ppg.

As for the one-loop level matching, the self-energy and vertex corrections of the heavy
neutral Higgs discussed above contribute to the AF = 2 Wilson coefficients. Besides, in
discussing the W;-Wpg box contributions, one needs to avoid double counting from the one-
loop contribution with (C’u?)gg”, where the top-quark loop is enclosed by the SM W boson.
The result is obtained as

2 .2 2
8)\1-loo grgrm ij i 1
(Céd))gjij P = 167‘(2?\/[‘]2:@]:4%/ (/\LR)t]<)‘RL)t] "TA(xt?xtv 5) - gFB(TbTR) - *FC'(Tth?TL?TR)
R
9%9%2 LR\ij (y RL\ij
+ 47T2M3VR ()\ )t <>\ )t []- (.Tt, /’LLR)’ (317)

oo 1
(0531)).1.,1. P_

8
b = g Cad i (3.18)

where the second term of O qq Stands for the subtraction to avoid the double counting.

1-loop

We can see that the ppr dependence in (C’éz))ijij is dropped when the scale is set to be

10
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Figure 3. The low-scale Wilson coefficients Cy(Myy,) (left) and Cs(Myw, ) (right) for AMp, in
comparison with the conventional results. In the conventional approach, the Wilson coefficients,
(3.6)—(3.9), are input at u = My, (blue) and m; (magenta). The dashed lines do not include the
contribution from the heavy charged Higgs boson.

prr = My,. In addition, the one-loop matching condition that comes from the H* and W7,
box diagrams is obtained as

(8)y1-loop __ V2Gp g m? ppeiio ki | L

(qu )izis b= 2 cos? 20 M%I(/\ ) (A EfD (w4, 2, 7) + J(20) | (3.19)
1 -loo 1 8

(Céd))ijij b= 2_N ( (gd))ijiﬁ (3-20)

where the loop function Fp defined in Appendix C comes from H*-WW}, box diagrams, whose
result is consistent with that in Ref. [32]. The contribution J(z;) is from the subtraction to
avoid the double counting in similar to the Wx case. All the above Wilson coefficients for
the one-loop level matching conditions are evaluated at p = ppg.

After setting the Wilson coefficients for the dimension-six SMEFT operators at the scale
i = prr, the SMEFT RGEs are solved to the EWSB scale, for which we choose p = My,
(the second line in the Fig. 2). The one-loop level RGEs are summarized in Appendix A. At
the EWSB scale, the SMEFT operators are matched onto the low-scale ones (the third line).
The tree-level and one-loop level matching conditions are found in Egs. (2.20)—(2.23) and
Eqgs. (2.24)—(2.26), respectively. After the EWSB matching, the calculations are performed
as usual, i.e., in the same way as the conventional approach.

The differences of our analysis from the conventional one are the SMEFT top-quark

11
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Figure 4. AMp, in comparison with the conventional results at g = My, (blue) and m; (magenta).
The dashed lines do not include the contribution from the heavy charged Higgs boson.

effects and the heavy charged Higgs boson contributions. In order to investigate their effects
quantitatively, we consider the AB = 2 process, AMp, . Let us define the difference as

XSMEFT _ Xconventional

difference (X) = ~CSMEFT for X =C;(Mw,), AMg,, (3.21)

where C;(My,) is the low-scale Wilson coefficients at the EWSB scale for AMp_, ie., i =
3and j = 2 in Eq. (2.19). In the numerical analysis, we take tanf = m;/m;, which
naturally gives the fermion mass hierarchy m; > m;. The mass and scale are set as My =
6Myw, and prr = Myw,, respectively. Also, we impose a generalized charge conjugation
symmetry C, which leads to gr = gr and Vx = K, VK, and K, = diag(e?=, e, i),
K, = diag(e®4, e ) [21,29,34]. In the evaluation of AMp_, the latest lattice results [35]
are applied for B-parameters. We also use the RunDec program [36] for evaluating the
running top quark masses.

In Fig. 3(a), the difference of Cy(Myy,) is shown. The magenta and blue solid lines
correspond to the cases of the conventional approach with different choices of the input scale
of the Wilson coefficients. Since it is uncertain in which energy scale the Wilson coefficients
should be input, we set Egs. (3.6)—(3.9) at u = My, (blue) or at u = m; (magenta), and
then, perform the low-scale RGEs to the lower scale. For instance, 4 = m; is chosen in
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Ref. [29]. It is found that the difference is less than three percents below ppr = 100 TeV.
Although . = m; seems to be favored for the conventional result, the deviation is enhanced
as [ir g Increases.

Our analysis includes both the top-quark effect and the heavy charged Higgs boson con-
tribution. In order to investigate them individually, we show the results without introducing
the latter contribution (dashed lines). Hence, in Fig. 3(a), the deviations of the dashed lines
from zero are due to the SMEFT top-quark effects explored in Sec. 2. It is found that the
effects are less than four percents for urr < 100 TeV. Also, the difference between the solid
and dashed lines comes from the the heavy charged Higgs contribution. We confirm that it
is about one percent level and is comparable to the one-loop contributions, (Cy)# ¢ and
(Cy)vert- " in the Feynman-'t Hooft gauge. The difference between the lines is insensitive
to Myy,,, because the box contribution in Eq. (3.19), i.e., the Fp term, dominates the total
charged Higgs effects.

In Fig. 3(b), C5(My,) is displayed. The magenta and blue solid lines correspond to
i = My, and pr = m, for the conventional approach, respectively. In this case, C5 is zero at
the input scale and generated by Cj4 through the RGEs down to pn = My, . The dependence
of C5 on My, is thus from that of Cy. The conventional analyses are compared with our
SMEFT and H* results (green). The difference between the solid and dashed lines comes
from the heavy charged Higgs boson, which is shown to be sub-leading similarly to the above
case of Cy. We found that Cs(Myy, ) depends heavily on My, and can be deviated from the
conventional results by hundred percents.

In Fig. 4, the difference of AMp, is shown. Since it is dominated by C, at lower scales
quantitatively, the result becomes similar to the one in Fig. 3(a). It is seen that the SMEFT
and charged Higgs effects are less than five percents for upr < 100 TeV and are enhanced
in larger p1r. We also checked that these results are unchanged by a choice of ,. Also, we
can derive the same conclusions for AMp, as AMp,.

Before closing this section, let us comment on the charm-quark contribution. In the
analysis, we focused on the top-quark contributions in the box diagrams and kept the charm-
quark ones aside. This approximation is appropriate in the B, ; meson system. However,
they are dominant in the K meson system, e.g., for €x in the left-right symmetric model [29].
Then, the SMEFT and charged Higgs corrections explored in this letter become necessary,
and long-distance effects should be taken into account. This topic will be studied in the
future.

4 Conclusions

Since the experimental constraints push the NP scale higher, the NP particle masses are
likely to be much larger than the SM ones, i.e., the EWSB scale. Then, FCNC amplitudes
should be investigated in the framework of the SMEFT rather than the “low-scale” one. In
a class of the NP models, both of the NP and SM particles contribute to a loop diagram
simultaneously. In order to reduce the uncertainty of the input scale of the Wilson coefficients
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particularly in such models, we studied the SMEFT corrections, paying attention to the top-
quark effects. For the FCNC observables, the operator matching needs to be performed
at the one-loop level. We provide the complete one-loop matching formula for AF = 2
transitions at O(y?).

We also investigated AMp, in the left-right symmetric models. The right-handed W
boson generates the flavor transitions similarly to the left-handed one in the SM. The SMEFT
corrections are studied and compared with the conventional results. We found that the
Wilson coefficient C} is affected by O(1)% and C5 by O(100)%. Since the observable AMp,
is dominated by the former quantitatively, the SMEFT effects for AMpg, become comparable
to the result in Cy. In addition to the SMEFT effects, we discussed the contribution of the
heavy charged Higgs boson. Although it can be comparable to the one-loop corrections to
the heavy neutral Higgs boson contribution, which are necessary for the gauge invariance, the
effect has often been neglected in the literature. It was found that the relative contribution
is about one percent level and almost independent of Myy,,.

Although the difference between our and conventional results becomes smaller if ;1 = m;
is chosen for AMp, in the left-right symmetric models, the deviation becomes enhanced as
prr increases. In order to clarify in which energy scale the Wilson coefficients should be
input, it is important to take account of the SMEFT RGEs and matching conditions for the
NP models in high scales.
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Crivellin and Matteo Fael for discussions. D.U. would like to thank Matthias Steinhauser
and all the members of TTP at Karlsruhe Institute of Technology for kind hospitality during
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A Renormalization group equations

In this appendix, we summarize the SMEFT RGEs which are relevant for the AF = 2
observables at the one-loop level. We focus on the anomalous dimensions which depend on
the top-Yukawa or QCD couplings. In the following expressions, we define

. dC, TQ
C, = (47T)2dlnu’ X, = %:L't. (A.1)

The anomalous dimensions at O(y?) and O(g?) are obtained as (see Refs. [16-18] for the
complete one-loop formula of the SMEFT RGEs):

(CyDpr = Xi | X" (Coo + Crp) — 2N (Crra)zs + 3N (Clq))er + 3N (Ol

— INH(CEN e — N (CEN
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+ QA? (6(0(1))prst + 6(0 )stpr + (C(l))ptsr + (Cé;))srpt + 3<C§2))pt87” + 3(Cég)>srpt>

qq

— 12O gy + 12X (CR))r + MO D + AT (CHD e (A.2)

q q

(CiN = X, [ — N Cr — 3N (Cy D) — AT (CYN ot + NHCED 1+ A (CHN

= 2N (6(C) Yot + 6(C s+ (CGr + (Ot = (Chtor = (CL) o)

L 1AR(C),, 4 (O, + Az’“<c§?3>pt} | (A3)
(Crra)pr = X4 { 12/\’“’“(Cud )33pr + 12)\t5(0 )St,,, + 12Af’f(CHd)pr} , (A.4)

(CHu)pr = Xy { — 2\6 303, (Crrry + Crp) — 4/\?51)3531”(01('{13)515 + 6N 6,5 (Crr)3r + A% 63, (Crr ) 3
- 4)\715616 <3(Cuu)pr33 + 3<Cuu)33pr + (Cuu)pBST + (Cuu>3rp3)

+ 12)‘t8(0 u )stpr + 12)‘fk<CHU)pT + 2)‘fk5p3(CHu)3r + 2)‘fk5r3(CHu)p3] ) (A-5>

Cro = X, | — 2( — G (Cl s + 18X (O ) + 6Afk(CHu)33> + 24/\1’5’“6’[@} . (A.6)

Coup = Xi | — 2( — 2N (D) + 24Afk(CHu)33> + 24Af’€CHD} , (A7)

(Ouu)prst - Xt - 2)\kk5p363r(CHu>st - 2)\fk55353t(CHu)pr

- 2va(5r3(sp3<c Dowst — 2A“’”6t3533(0 2 Jvupr
wavépgérg(c 2 Vowst + SA“’”éss&s(C 2 Jowpr
— X630 (O ) wupt — A 01303(C) ) vuwsr
+ 28,5 Cru)arst + 20 853(Cun st + 2A8%0,3(Cua)psst + 2AF 01 (Clua) sy

1
W (Céi) )wwpr 5st

(Cuu>wrsw5pt

1 1
3(C(u))wwsr5pt - 3_M(Céi))wwst6pr -

1 1 1
g(cuu)swwrépt + g(Cuu)wtpwérs + g

1 1 1
- 3_]\[0(Cuu>pwwr55t - 3_]Vc<cuu)swwt5pr - 3_M(Cuu)wrpw65t

1 1 8 1 8
- 3_]\[0 (Cuu>wtsw5pr + = (Oid) )ptww(srs + 6 (Cid) )srww(spt

1
+47Tas g(c )wwptfsrs +

—_

+ g (Cuu)pwwt§rs +

1
6N,

6 (O(S) )prwwést
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1 8 6
- GNC (Cid))stww(;pr + 6(Cuu)pts7‘ - FC(

ouuw} , (A8)

(Cz(il) )prst = Xt |: - 4)\fk5p363r(CHd)st - 4)\;01)51)357"3(0;61[))1110515 + 2)\§k5p3(0151d)>3r8t + 2)\fk5r3(0151d) )p3st

N2 -1
+3 ( ?VQ > 47Ta5(075?1))pr8t7 (Ag)

(Ciz))prst = Xt |i 4>\ v r36p3(qu )Uwst + 2)\kk5p3(c )3r5t + 2)\kk5r3(c )pSSt‘|

470 [ Codpr i+ 5 (Coduruia + 5(Cot) i + 3 Cahtnd
- %(Céi%wprést + %(Céi))wwstépr
4 SO i + SO st = 125 (O + 12(C >>mt} . (A10)
(€t = 0| "B (CG s + (O ) + B ((CU s+ 5

O (Clr)ae — NS Ol + 5 (N s O + 2T 05 Ol )

— 5 ()\p”553(0 u )vr3t + )‘ 5315(0 )PU53>

2 T T
- g <A§w55353t(015(11) )pvwr + A?v58353t<0¢§é) )pwvr + )\f (Cuu)3t53 + )\f (Cuu)BtSS)
—2 <)\§w55353t(0(3) )pvwr + A?vds?)é?)t(Cég) )pwvr)

(Ap0533(0 m )vr3t + )\UT53t(C )pvs3> - 8)\:‘/””5835&(0(5;))1;7"@11) - 4)\%)T(Cuu)33st

+ )\fv<c(u )vrst + 2/\kk533(0 )pr3t + )\W(O )pvst + 2)\kk5t3(0 )prs3:|

N2 -1
-3 ( N ) A g (CED) prt, (A.11)
s 4 ) 4 *
(Cfg )Prst - Xt |:8)\wT533 <(Cqu))pw3t + 5 3 (C(gi))pw%) + 8>\p 5 <(C 111))7"1135 + 5(05181))7"@35)
2

— g <)\§)U(553(Céi))vr3t + >‘ 53t(0 )pvs3>
B 4<)\:€)w68353t(0‘1; )var + )‘?v68353t(0¢§;)>13ww - /\fv553<cl§71i)>wgt o )\E)T(S?)t(C‘gil))pU%)
—4 <)\fr(cuu)3t83 + Afr(cuu)f%tsi%) - 12 <)\2}w58353t(0152) )pva + )\;”r55363t(0(§2))pwvr>

)\pv(C m )vrst + 2)\kk653(c )prSt + )\UT(C )pvst + 2)\kk5t3(c )pr33:|
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4 4
+ 471'0[5 |:§ (Céé) )pwwr(sst + g(céé))wrpwést + 4(C¢§q))pwwr65t + 4(0( )wrpw(sst
2 2 4
+ g(Cq(i))prwwést + g(Céz))prwwést + E(Céi))wwst(spr
2 4 4
+ g(cqsfl))stwwdpr + g(cuu)swwtépr + g(cuu)wtswépr
2
—6 (N — E) (CE)prst — 12(053),,4 , (A.12)

(CD) e = X, {AW(OHW L),

<)\pr(0 u )st33 + A (C )pr33> — <)\pt(c u )sr33 + AST(C )pt33>
)\pr(c(l )st33 - )\St<0 )pr33
N s+ X (O o+ N (C s+ A(C ]
6
+ dra, {3<oq<;>>ptsr + (i = 3 (Cf

1 1 1 1
E(Cé;))swwrépt + E(qu )watérs + 6(0( ))wrswépt + = 6 (O(l)

qq qq )wtpw 5rs

1 1 1 1
- 3N (C(g))pwwrést - 3N (Cq(é))swwtépr - 3W(C((l))wrpw(sst - W(Cé;))wtswépr
1 1 1
+ 5(0152))swwr5pt + E(qu )pwwtérs + - (C(S )wrsw(spt + Q(C(gg))wtpwérs
1 1 1 1
F(C(S )pwwrdst - ﬁ(c(gg))swwtépr - W(Cég))wrpwést - F(Ctgg))wtswépr
1 1 1 1
+ E(Céi))srwwépt + E(C(gi) )ptwwérs 6N (Cé,i) )prwwést - 6N, (Céi))stwwépr
1 1 1 1
+ E(Céz))srwwépt + —= 12 (C;Z))ptwwérs - 6N (C;Z))prwwést - W(Céz))stwwépr] )

(A.13)
(G Jorst = X { (o = K = 3 (M s + AT (O i)

F N (CE) gt + N (CD) it + AT (CED) gt + Az’%cq(?)pm}

6
+ 47TOéS |: — 3(0(52) )ptsr - ﬁ(cég)) )stt + 3(0(%) )ptsr
1 1
(qu )pwwt(srs + G(Ctgq))swwrépt + G(qu )wtpw(srs + = (C(l))wrswépt

1 1 1
(Cq(:q))) )pwwt(ssr + 5 (Cég) ) swwr 5pt + 5 (Cég) )wtpw 57"3 + 5 (Cég) )wrsw 6pt
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1 1 1

+ 5 12 (Oqu )ptww(srs + = 12 (Ogi))srwwépt + —= 12 (C( )ptww(Srs +

5O

(A.14)
6
N.

(Odd)prst = 477'055 G(Cdd>ptsr - (Cdd)prst

1 1
(Cdd)pwwtars + - (Cdd)wtpw5r8 + - 3 (Cdd)wrsw(spt 3N

1 1 1
- 3NC (Odd)swwtépr - 3N (Cdd)wtswépr - 3N (Cdd)wrpw(sst

1 s 1
g(céd))wwpt(srs - 3T(C’éd))wwpr53t -

1
8
(O v+ (O marbie = 3

+ (Cdd)pwwr 5st

1
3

1

3,

L ~®

6N (O )wwst(gpr 9
(A.15)

1
+ - (Cég))wwsrépt +

8
3 Céd) )wwst(spr

+ (0(8))wwpr65t

(CD) = X, [w(cm)st N (D) + AP (CD) s + wc;?)m}

N2 -1
~3 ( CN2 ) 4y (CL)) prats (A.16)

(Céz))prst = Xt |: )\pr(cq(jl )33st + /\pv(C 8)>vrst + )\;)T<Cr§§l)>pvst:|

4
5 (O urpubis + 4(CE Ymurdt + 4(C5) ) rpusbit

2
3(
4
3

4
+ 4o [g(Cé;))pwwést +

4 2
3 (Céi))wwstfspr +3 (CE)) st O
(Cad)wtswOpr — 6 (N - 3) (€O, — 12(C)
dd JwtswYpr c Nc qd /prst qd Jprst|-
(A.17)

(C(S))prww(sst +

qu

_|_
OJI»#OJII\D

8
Céd) )prww 5815 +

(Cdd> swwt5pr + -

B Higgs sector in left-right symmetric models

In this section, we briefly review the Higgs sector in the left-right symmetric models. After
the left-right symmetry is broken, the scalar potential with vy, = 0 [20] is

V= —puiTr (CI)TCI)) 15 [Tr (CTNI)T) +Tr (fl:)TCI)>]
+ 0 [T (910)]° + Ay { ke (ci@*)}z + | (ciﬂcb)r}
£ ATr (B01) Tr (B10) + A, Tr (#10) [T (®0) +Tx ($10)

oy Tr (010) Tr ((AR) (Ar)) + az [¢“Tr (#10) + ¢ Tr (00 |
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+ayTr ((PT@(AR)(AE)) , (B.1)

where ® = 0,®*05. Under this scalar potential, the Higgs bi-doublet ® obtains complex
VEVs as Eq. (3.3) and the spontaneous C' P-violating phase a emerges at the EWSB vacuum.

In the limit of vg > v, the following linear combinations diagonalize the neutral and
charged Higgs mass matrices,

H® = cos B¢Y — sin pe'* ¢, (B.2)

h? = sin Be "¢} + cos BV, (B.3)
H* = cos B¢3 + sin Be ¢, (B.4)
Gt = sin B¢5 — cos Be" o, (B.5)

where HY (H™T) is the heavy neutral (charged) Higgs, G the NG boson, and h° includes
SM Higgs and NG boson components. The heavy Higgs masses are obtained as

M2y = ME, — O3 _ gp (B.6)
e H: ™ 9cos28 — 1 '
The Yukawa interactions in the gauge eigenstate basis are
—Ly=Q,; (ch + f@) Qr +h.c.

D ULSEMySEUg + DSt MpSHDg + h.c.

EﬂLMU’U,R—i-C_ZLMDdR—l—h.C., (B?)
with the mass matrices,
v - )

SUMySuh = — <Y cos f + Y sin e_“‘) , B.8
L U \/§ 6 6 ( )
SAMpsH = <Y sin 8¢’ + Y cos ) . B.9
L*H*YDPR \/§ ﬁ 6 ( )

Here, uy, g and dj, g represent the quark mass eigenstates with My = diag(m,, m., m;) and
Mp = diag(mg, ms, mp). The unitary matrices SZ:‘;; satisfy

V, = Susd Ve = Susd. (B.10)

From Eq. (B.8) and (B.9), Y and Y are written as

2 |
Y = V2 (cosﬁngUs;;T—sinﬁe—wngDSﬁ),

vcos2f
¥ \/§ : i Qu u
Y = e 20 (— sin e S My S + cos BSEIMDS%T> . (B.11)
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Then, the Yukawa interactions are represented in the mass eigenstate basis as

Ly =0, (ch + }7&)) Op + h.c.
— 7,8 (ng? + 37(/53*) Stup + dy 8% (Y¢g + ffqb(f*) Sdp
+ap Syt (Y¢2+ - Y/gbf) Stdp + dp 5o (Y¢; - ffqbg) Stug + h.c.

1 .
_ %aLS“T {SLMUS“%* + — (SIMp Sy — sin2pe Sy My S ) HO*} it

0s 2f3
V2 1

+ —ELSZT {SﬁMDSﬁ‘J ht —— (SgMUS}f; — sin2Be"S¢ MpSH ) HO} Stdp

s20
+ imsﬁ [ oGl 0 SHG 4 L <S“MUS _ sin2Be~ @S¢ M SdT) H*} Sddp
v

0s 23
5 | 1
+ idLng [—e’“SﬁMUS}f;G -

cos 2
= %ﬂ[/ |:MUh*

1
0s2(
V2 1 0
+ —dL MDh + —2/8 <V MUVR — sin 256 ZQMD> H dR
2— —ia +
+ —Uur, VLMDG +
v cos 2
V2 1

+ —dp |- zO‘VTM'UG* - (Z\/[DVT — sin ZBGWVTMU> H™ | ugr +h.c.
v i 0s 2/

(ngDs;‘Q — sin 25&“53%5;*) H} Stug + h.c.

(VLMDV1£ — sin QBeiO‘MU> HO*} U

(MyVg —sin28e"*V Mp) H*} dr

(B.12)

Therefore, the heavy Higgs interactions with quarks become

\/_m . \/_m
v COS 26d (V Jit (V)i Prd; vco s20

\/_m . V2m
k% iPrd; H" + Mu
UCOS 2@ @(Va)wiPr v cos 2[3

d(Vh) (Vi) Prd; H*

Ly ~

d; (V)i PrugH™, (B.13)

where the terms proportional to tan 2/ are dismissed, because tan 23 = O(my/my).
After integrating out the heavy charged Higgs boson, one obtains the effective operator,

2V2Gr m? - _
=~ ol 2; Mgt (Vh)ia(Vi)aj(di Prt) (Prd;)
V2Gr m} .
T cos? QFB ] <VT)13<VR)3J< ta" Prts)(di p7uPrdja), (B.14)
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where «, 5 denote color indices. By rearranging the colors, the Wilson coefficients become

2\/§GF m2
Cod V555 | i = — (Vs (Va)s B.15
( qd )331] q=u cos2 Qﬁ Mi[i( R) 3( R)S]a ( )
1) \tree 1 8
(Céd))g?)ij =u —QNC(Céd))33ij|q:u- (B.16)

for ¢ = u. The Wilson coefficients for ¢ = d is generated by the heavy neutral Higgs
exchange. After integrating out the heavy neutral Higgs boson, one obtains

2\/§GF mQ = =
o = 0298 M—itﬂ)(Vg)iB(VL)%(VLT)IB(VR)Bj(diPLdk)(leRdJ)

V2Gr m? - <
- 2; Mgt (Vi) is(Ve)se (V)13 (V)35 (diay Prdis) (di g7 Prd;.a)- (B.17)
HO

In the mass eigenstate basis, the SU(2), quark double is shown as ¢ = (ur, Vzdz)". Thus,
the Wilson coefficients for ¢ = d become

2V/2Gr m?

(8)\tree _ F Ty Ty ‘

(qu )33ij e N 23 M%I (VR)13(VR)3J7 (B.18)
1)\tree 1 8

(C;d))gzsij g=d W(Céd))33ij|q:d- (B.19)

Consequently, Eqgs. (3.13) and (3.14) are obtained.

C Loop functions

The loop functions which are necessary for the AF' = 2 transition amplitudes in the left-right
model are summarized. They are defined as

T;05 1+
Falzi,z;,8) = (1 + 4]5) Ti(xi, x5, B) — 1 512(%71},5), (C.1)
Fp(1,TR) = (T,% + 7'123 + 107,78 + 1) Zs(71, TR)
+ (7'[% + Té + 107,17 — 271, — 27R + 1) Zy(71, TR), (C.2)

Tin/TLTR
Ti — 4\/TiTR

]:D(xz‘, Zj, TL) ZfEiﬂUjIl (%‘;%’,TL) -1 (mz’yxj»TL) . (C'4)

Folmiy 7y, 70, TR) = 2(71 + TR) Z3(TL, TR) — [ Is(ti, 1, ) + (i = j)|, (C.3)

The functions, Z,-Zs, are denoted by the Passarino-Veltman functions as [37]

Il(xia Ly, B) = _MI%/LM{%VRDO<07 07 07 07 07 07 My s Moy MWL7 MWR)7 (C5)
IQ(xia l’j, 5) = _4MI%VRDOO(O7 07 07 07 07 Oa My, , mu]'a MWL7 MWR)a (06)
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I3<TL> TR) = BO(()? MWL7 MWR) - Re[BO(MI%D MWL7 MWR)]7 <C7)

2
Ty(rr,7r) = M3 Y Re [Co (M7, 0, M7 My, , My, M) (C.8)
n=0

Is5(7i, T, TR) = M?{{CO(Ovoao; My, , M, My, )
M2 M?
— Re {C’o (TH TH,M?{;MWL,mW,MWR)} } (C.9)
where we follow the notation of Refs. [38,39]. The absorptive parts in the loop functions are
discarded [29]. We also obtain the following analytical formulae:

Blnp

x;Inz;

B e Rt [ o B L () R [ R M
B x?lnxi . . Ing

Bt D) = = =) O T O m et g Y
I3(TL,TR):—1+% TL—TR—:ii—:]; ln% (C.12)

_\/(1—TL—TR)2—4TLTRID1—TL—TR—\/(1—TL—TR)2—4TLTR

2 1—7’L—TR—|—\/(1—TL—TR)2—4TLTR7
Ty(rp,mp) =1— LRy 'L (C.13)

2 TR

(TL—TR)Z—(TL—i—TR) lnl—TL—TR—\/(1—TL—TR)2—4TLTR
2\/(1—TL—TR)2—4TLTR 1—TL—TR+\/(1—TL—TR)2—4TLTR’
(TR — 1) In7 + 70.(7; — TR) In TP, + TR(TL — T;) InTR

(7r — 72) (70 — 7)) (75 — TR)
TLTR 1
— Re< 1
e{n 77 i —27, o+l

(2

1 la 1) + 7,+ -1
X |8k | =, Ti, TL lnﬁ(4 o) Hh AT + (L — R)
4 2./TiTL,

I5(7_ia7—L77—R) =

K(l,TL,TR)+TL+TR—1
—4k(1 | C.14
k(1,7,7r) In W ; ( )
with
K(z,y,2) = /22 +y2 + 22 — 2(zy + yz + 27). (C.15)

When the relation, m; , My, < My, < Mg, are satisfied, one can use the following
approximations:

1
Zs(tp,Tr) ~ =14 (1 — 75) In <— - 1) ~ —1—In7g, (C.16)
TR
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1
I4(TL,TR)2 1+TRII1 (7_——]_> %1, (C].?)
R

Tiln(1;/mR) — T In (71, /7TR)
TrR(Ti — 71)

which are consistent with Ref. [29]. Numerically, the second term of Zs in Eq. (C.14),

Re{- -}, is much smaller than the first term for My > My,,.

, (C.18)

I5(7_ia7—L»7—R) =

D Double penguin contributions

In this section, we apply the one-loop matching conditions in Sec. 2 to double-penguin
diagrams, where AF = 2 processes are generated by exchanging the SM gauge bosons
with FC interactions. When vector bosons of the unbroken gauge symmetries, i.e., those
of SU(3), and U(1),,, in the SM, are exchanged, such double-penguin contributions should
vanish because of the gauge invariance. In fact, form factors of their FC penguin vertices
should be proportional to ¢2, i.e., vanish in the limit of ¢> — 0 for the gauge invariance,
where ¢ is the momentum transfer. Then, AF = 2 double-penguin diagrams depend on
q* x 1/¢*, where 1/¢* represents the propagator of the unbroken gauge boson. Hence, they
disappear in the limit of ¢*> — 0.

In our formula, this gauge invariance is confirmed by observing the cancellations among
the Wilson coefficients. Once AF = 1 operators (and AF = 2 ones if necessary) are
generated by the penguin diagrams at the NP scale, we will see that AF = 2 contributions
cancel out below the EWSB scale, if the diagrams are mediated by the gauge bosons of the
unbroken gauge symmetries. Here, the one-loop matching conditions are necessary. These
results justify our one-loop matching conditions in Sec. 2.

We will focus on the double-penguin diagrams with exchanging the gauge bosons as-
sociated with the unbroken gauge symmetries. At the NP scale, penguin-type AF = 1
contributions are generated by exchanging them. The effective Lagrangian from the mass-
less B, W3 and gluon can be written as

LB :% (OﬁijciwﬂPLdj + CgijdmﬂPRdj) (Yo, tyu Prug + Yop gy, Prug)
+ ﬁ (CLdin" Prd; + CF ;div" Prd;) (Ya, diyu Prdy, + Yaudiy, Prdi)
:% (CgijJN”PLdj + ngijczm”PRdj) Qulix Y, Uk
- Z_jsgfv (CPdiv* Prd; + CF idiy* Prd;) (I3 — Qusty ) Uy
+ % (CgijJiVuPLdj + Cg,ijczi’V“PRdj) Qdﬁzlﬂ/udk
_ Z_isiv (CF diy" Pod; + CE diy Pads) (I3 — Qus?y) diyud, (D.1)
L :ﬁc‘ff; (CZZ-WPLdj) (Ifjawupwk) + ﬁcﬁj (JifyuPLdj) ([gdk%pLdk)
w w
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CL i (Jﬁ“PLd ) Quit Y,k + wCli; (CizW“PLdj) (I3 — Qusiy) Wvuw

OL ij (CZﬁ“PLdg’) QdJk%dk + ECWCL,U (div" Prd;) (I3 — Qasyy) diyudr,
(D.2)

Qg - - - -

where Y} is the hypercharge, I} the SU(2), charge, and Q; the U(1),,, charge. Also, oy and
« are the gauge couplings of SU(3), and U(1),,,, respectively. The coefficients, C’Xm (V=
B,W3,gand c = L, R), are generated by integrating out the NP particles. In the second lines
of £8 and £V, the effective Lagrangians are divided into the would-be ~v- and Z-penguin
contributions, which are proportional to o Q¢ and o (1 J?é — Qys}y), respectively. Here, ay =
a/(c}ys%y). In terms of the SMEFT operators, the above operators are represented as

(CE )i —(C(l))km‘j
3 (6% 3
T N Oy Yy (CFy + ClG) + S2sk Y, (s3CEy - i CEy) (D)
(Ciinns =(Cq) nsik = (Ne = 2)C 4 (D.5)

(CE) i =(CE))ickis

Qg
32N,

=— 1 (P, + O + s=chy (st OBy — chCl ). (D.6)
(€ irks =(C i = 55=C (D.7)
(Cq(ji))kkij :%Qucg,ij - Z_js%/vog,ij (_S%/VQU) ) (D.8)
(C )iy —j—;ozgz i (D.9)
(€ ian =1=Qu (CEy + CLG ) = T2 (s Oy — O ) (—shQu) (D.10)
(€ igre =3=Ch (D11)
(Chihwnis ==QuCRy; = TosiCRy (13 = 53 Qu) (D.12)
(Ci )i =5 -C iy (D.13)
(€8 wris == Chsy (D.14)

In addition, one has to include AF = 2 contributions which come from the diagram
in Fig. 5. They are generated at the NP scale. The d; — d; transitions are induced by
the penguin vertices of the NP contribution in one side and those of the SM contribution
in another side, where the up-type quarks, especially the top quark, and the W boson are
exchanged. The Wilson coefficients of the SMEFT operators are represented as

(Coq)isis =(Ci3) Vi
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Figure 5. Feynman diagram for the one-loop contribution to AF = 2 operators at the NP scale.

2)\13
<CL ij Lz]) {QG+_ (xt>MW) + QG-F%M(.It) - % [2 - 6L(I‘t, ,uW)]}

8262
87TW

O‘O‘ZA? 2 ~B 2 oW Gt G+
T gr2g (SWCL,ij CLZJ) (1 Q) L(zy, pow)
w

1
+ <_S‘2’VQG+)ZM(xt> — gc%V [2 — 6L(z¢, pw)] } (D.15)
012)\? 3
N (o) Kie)
8%25%[,'( Liij Lyij
- 871-25‘2/1/ (SW Lij — LU) 16 (It,ILLW) + - 4 (xt) Cyy (xb/'l’W) P
(D.16)
a?)\) 1 1
47T252 Rl] QG+_ (xh/LW) + QG*’ZM(xt) - g [2 - 6L(xta ,UW)]
a7 1
T 47r22 5 (5w Chi) {(IG+ QG+) L(zs, pw) + (—S%VQ0+)ZM(xt)
Swr
1
- §C‘2/V 2 — 6L(x¢, pw)] } (D.17)
a2\
47T28t2 Cgin(xt,,uW)
aaz)\ij 5 | 1 9
1.2 CRii 16L(93t>MW)+ 4M(5Ut) — e K (ze, pw) | (D.18)

where Qg+ = 1 and 1€ = 1 /2. Here, the GIM mechanism is used to reduce the results,
and the loop functions are given as

L 3r—1 2?Inz
L =1 — D.1
(1) "y T de—1)  20—a2)2 (D.19)
2
Mz) = L vIne (D.20)

1—x+(1—x)2'
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For the gluon double-penguin contributions, one obtains the low-scale AF = 2 operators
through the one-loop matching conditions, Egs. (2.24)—(2.26), from the SMEFT AF =1
operators in Eqgs. (D.4)—(D.14) as

—loo
(C1)yy = (Ch);;

a\’ g 2(N, —1)
_47rsi24,ﬂ N, Cg,ij [[1(%:, MW) + QJ(%:) - K(fftyﬂw)]

o, (D.21)
(C)ij = (Ca)y; P

a\ o

— 47TC}%7¢]‘ L1 (e, pw ) + 2 (1) — K (24, )]

o (D.22)
(Cs)ij = (05)’};loop

a\d a, 1
7'('8%;/ EEC%,U [ (e pow) + 2 (20) — K (4, )]

— 0. (D.23)

Since all these Wilson coefficients are proportional to the function, Ih(z, pw) + 2J(x) —
K(xy, bw), which is identical to zero, there are no contributions to the AF = 2 opera-
tors. Hence, the gluon double-penguin contributions vanish, as expected from the gauge
invariance.

Next, for the v double-penguin contributions, the low-scale AF = 2 operators are gen-
erated from the SMEFT AF = 2 operators in Egs. (D.16) and (D.18) through the tree-level
matching as well as the AF = 1 ones in Egs. (D.4)-(D.14) through the one-loop matching
conditions, Egs. (2.24)—(2.26). In total, the low-scale AF = 2 coefficients are

(C1)iy =(Cr)iee + (C1)y; P
al? o

t B W3
:WS%V Ar (OL»U + OL,ij) K (x4, pw)
a)\” ,
ﬂ-SW T (CEW + CK;) {Qu[h(l’t,uw) +2J(xy)] — QdK(buW)}
» (D.24)
(Cs)i =(C5)55° + (C5)5
204)\” B
o WSW 47TCR” (l‘tHUJW)
2a/\”
—— CR%j{Qu[h(%&;MW)+2J(It)] —QdK(xt,,uW)}
sy, 4
- (D.25)
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and other Wilson coefficients do not receive contributions. It is noticed that (C1);; and (Cs);;
are proportional to the function which is identical to zero, because Q4 = @), — 1. Hence, the
~ double-penguin contributions also vanish, as expected from the gauge invariance, and it
guarantees our one-loop matching conditions.”!°
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