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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 at the tree level in the SM and are produced at the loop level. After
the electroweak symmetry breaking (EWSB) and integrating the weak boson and the heavy
quarks out, they are represented by higher dimensional operators. When the NP scale is
much higher than the EWSB scale, the NP contributions to FCNCs are also encoded as the
higher dimensional operators 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)cx SU(2)rx 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, 5]. 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
relevant. This is not surprising because the top quark has a large Yukawa coupling and
mass, and it is charged under the SU(3)¢ symmetry. In FCNC amplitudes, heavy particle
contributions tend to be sizable due to “the GIM mechanism” in analogy to the SM case [6].
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 by integrating out the NP particles and the top quark as well,
and the SMEFT effects, i.e., corrections from the dynamical ¢ (and also W, Z, H), are
discarded. Such an approximation generates large logarithms In(m;/Myp) and then lead
to a large scale uncertainty because of a lack of O(y?) corrections from the SMEFT RGRs.
This scale uncertainty becomes larger, when the NP scale becomes higher than the EWSB
scale. In this paper, 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 B(qLES
(¢ = 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., ((ji'y“Pqu)(HTiﬁuH), have been studied in ref. [7]
(see also ref. [8]). 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 paper, 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 [11-
15], 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 of the down-type quarks in a low-energy scale.

! Above the EWSB scale, the top quark is one of dynamical degrees of freedom. Its dynamics provides
O(y}) corrections and operator mixings during renormalization group evolutions.

2Tt 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.

3A part of the one-loop matching formula is shown in ref. [9]. We found that its result is inadequate
because the left-handed top quark contributions are missing, and thus, inconsistent with the SMEFT
RGEs [10]. In addition, the logarithmic scale dependence in eqgs. (4.24)—(4.26) of the journal version of
ref. [9] is inconsistent with that from the RGEs, which are fixed in our result, egs. (2.24)—(2.26). The
formula related to the SMEFT quark-Higgs operators are given in ref. [7] (see also ref. [8]); the result is
included in this paper.



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]

Loy =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 of the down-type quarks are shown as

(OWYiju = (@7.4") (@ Vud'), (2.2)
(O)iju = (@' @) @' d), (2.3)
(O )i = @) (d AP, (2.4)
(Ot = (@3 TA) (@ T4, (2.5)
(Oud)igpt = (@ yud?) (@), (2.6)
(O = (H'iD, H)@+"e)). (2.7)
(055 = (HDLH) (gir# 7 49), (28)
(Ora)ij = (HY D, H) (@A), (2.9)
with the derivative,
HTgﬁH =H'7'D,H — (D, H)' 7"H, (2.10)

where ¢ is the SU(2); quark doublet, d the right-handed down-type quark, and 74 the
SU(3) generator with quark-flavor indices i, j, k,l and an SU(2); [SU(3),] index I (A).
We focus on the top-Yukawa and QCD interactions. In addition, the following dimension-
six operators have to be included in the analysis:

(O ijm = @ yud’) @) (2.11)
(OWignt = @I ) (@ T (2.12)
(Ouw)ijrl = (H”y w) (@), (2.13)
(O)ijua = (@yud)(d yd), (2.14)
(O = (@ T4 (@ TAd), (2.15)
(On)ij = (HTiDLH) (@), (2.16)
(Onn)iy = (H'H)D(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



Figure 1. Feynman diagrams for the one-loop matchings onto the AF = 2 operators (i # 7).

RGEs are solved at the one-loop level. The SMEFT RGEs relevant to the AF = 2 observ-
ables 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.

scale. The low-scale AF = 2 operators are defined as [16]

HAF 2
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)
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where i, j (i # j) are flavor indices, and «, 8 are color ones.
At the tree level, they are related to the SMEFT operators as

(€D = = [(C)igis + (CDiss
(CDi = —(Caa)ijijs

(Calgee = (O )igis

(C5)ij

ree 1 1
C5)tee = 2(CY)igij —

8
E(Céd))ijija

The SMEFT operators are matched to the effective operators in the low-energy

(2.19)

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, u = uw. 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) transi-
tions 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 figure 1. The one-loop matching conditions in the Feynman-'t Hooft
gauge are obtained as

oo a9 2
(Cy); % = m [(—2 + Nc) (C®)ijas — 4(CS))ijas + 4(02;)1']} I (g, pw)

S 1(CS ) igss + (C$D)33i5 — (C5)ij3s

_ 204)\? (
TSy

(O + 2C s + 2CH | ) (2.04)

3

o m

T oms?, > [At ((C8miis + (Cigmi + (C i + (CEDigm;
m=1

+ )\;nj ((ng;))zmzj + (ngé))wzm + (Cq(g))zmz] + (C(gg))zgzm>] K(.%'t, /Lw)
AN S~ [yim ®) 3)y  \mi
i O [Nl + (] So (),
m=1
“loo I 20\
(Ca); °% = W(Cﬁ))amﬂl(ﬂﬁt,ﬂw) + m‘g;/ (Céz))SSijJ(xt)
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a im mj
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oo 20\ 1
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io;%ij [(%?)33@ - 21]\7C<C;Z))33ij] J ()
- Wj%v mi:l [Aim<(0¢§?)mﬂj - ;M(Céfz))mm)
+ 07 (i - ;M}c;?)imij)] K, ). (2:26)
where the parameters are defined as
v = ;}W N = Vv (227)

Here, V;; is the CKM matrix, and sy = sinfy with the Weinberg angle 6y,. The loop

functions are given as

T o x—17 2?2 —2x+4
1 =— |1 — — | 2.2
1(x>lu) ) |:nMW 4(1‘—1) 2(1‘—1)2 nri, ( 8)
x ,u Tr—25 22— 14z +4
I =— |l — 1 2.29
2('%'7lu'> ) |:nMW +4(II,’—1) 2(.73—1)2 nxf, ( )



J(z) = — <1 - 21”) , (2.30)

16 z—1
oz L 3(xz+1) z(x+2)
K(x,u)—g[lnMW+4(x_1) T2y lnx], (2.31)
z [2? — 11z 72
So(z) = 1 [ @ 1_11);_ 1 + ($6_ I lnx} . (2.32)

Here, the MS regularization scheme is adopted. 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, 4t = py . The other low-scale
AF = 2 operators do not receive one-loop corrections through the top quark decoupling.

The contributions from (’)((Z}L’B) and (’)1%’8), in which the W and NG bosons that couple
to virtual top quarks are exchanged, are shown in figure 1(a) and give a loop function
Ii(z, ). Those from (9((1;’3) and ng’g) are shown in figure 1(b) and give J(x). Those with
the K(z,u) function come from FC self-energy corrections to the down-type quarks in
the effective operators [figure 1(c)], where the top quark is exchanged. The results for the
quark-Higgs operators, ng) and Ogyg [figure 1(d—f)], are consistent with those in refs. [7, 8]
and give loop functions I (x, ), Ia(z, u) and Sp(x). The loop functions, Ii(x, u), Ia(z, 1)
and K(z,u), depend on the matching scale p explicitly. However, J(z) is independent
of 1 at the O(y?) level: the scale dependence stems from figure 1(b) at the O(g?) level,
which is discarded in our approximation. We checked that this logarithmic dependence
is consistent with the anomalous dimensions in refs. [17-19]. As a result, the logarithmic
dependence on puyy cancels out by taking account of the RGEs in the leading-logarithmic
accuracy.”® This is expected because this dependence in the matching conditions has the

same origin as the beta functions in calculating loop diagrams (see ref. [8]).

The double-penguin contributions should vanish when the gauge bosons of the SM
unbroken gauge symmetries, g and -, are exchanged. This is guaranteed by the unbroken
gauge symmetry. In appendix D, the cancellations are shown explicitly by using the one-
loop matching conditions, egs. (2.24)—(2.26). This justifies our result.

We adopted the Feynman-'t Hooft gauge for evaluating the weak gauge bosons. The
low-scale Wilson coefficients should be gauge invariant under the SM weak gauge symmetry,
because those gauge bosons are decoupled below the EWSB scale. In fact, the gauge
invariance has been proven explicitly for the contributions of the quark-Higgs operators

4Such a divergence is canceled in the SM due to the GIM mechanism. In figure 1(b), the GIM mechanism
does not work because O,(;]’S) and O((I;’S) depend on the up-type quark flavor.

SFocusing on the top-Yukawa terms, we checked the following relations in the leading-logarithmic
accuracy,

0(C1,4,5)4j _ O(Crap)iye n 8(01,4,5)7}3_'10Op —0 (2.33)
611’1,uw 8lnuw 6ln,uw ’ ’

5The regularization scheme dependences generally exist in the one-loop matching conditions. They must
be canceled by including the SMEFT two-loop RGEs, which is beyond the scope of this paper. See ref. [7]
for a discussion on the scheme dependence.



((’)gf))ij and (Opq)ij by using the R¢ gauge in ref. [7], which are shown with the loop
functions I (x, p), Ia(x, pu) and Sp(x) in egs. (2.24)—(2.26).

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.e., the K°-K° and Bgfﬁg

(g=d,s) oscillations.”

3 Left-right symmetric models

In this section, let us study left-right symmetric models to demonstrate the SMEFT cor-
rections of the dynamical top quark as explored in section 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 in-
teraction by spontaneously breaking the SU(3), x SU(2), x SU(2), x U(1)z_; gauge
symmetries [11-15]. The new right-handed W boson generates FC charged currents in ad-
dition to the SM left-handed W boson. The quark interactions of the left- and right-handed
W bosons are

Lint = %(VL)ijﬂi’Y,uPLdjWE + %(VR)ijﬂi’}/MPRdjWg + h.c., (3.1)
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 gr and the mixing matrix
Vg are introduced for Wg similarly to Wr,.

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, Ar, whose charges are
(SU(2);,SU(2)z, U(1)5_;) = (1,3,2), breaks the left-right symmetry, SU(2), x SU(2) 5 x
U(l)g_;, to SU(2); x U(1),.. 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

AFIVE AR ¢ o5
JAVESS B i i=L,R), ®&=|"1721. 3.2
A —aryva) EEEE R0 g 2
The spontaneous symmetry breaking is achieved by the VEVs,
1 0 0 1 |vcosp 0
A = D) = — . 3.3
< L,R> \/i [vL,R 0] y < > \/i [ 0 vsinﬁew‘ ( )

We impose a hierarchy among the Higgs VEVs, vg > vcos 8,vsin 8 > vy, in order to be
consistent with observed phenomena and to avoid fine-tunings in the scalar potential [20,
21]. An angle « is a spontaneous C'P-violating phase. In addition to the QCD 6 term, «

"Our analysis is performed for the AF = 2 processes of the down-type quarks. The SMEFT AF = 1
operators can also contribute to those of the up-type quarks, e.g., the D°~D° oscillation. Then, the bottom
quark loops appear in figure 1, and the one-loop corrections would be proportional to the bottom Yukawa
coupling instead of the top one.



induces the strong C'P phase [22],® which is severely constrained by the neutron electric
dipole moment [26]. As we will see below, the following analysis is independent of «. The
masses of the left and right-handed W bosons are approximately given by

2 9% 2 2 912% 2
My, ~ TV My, ~ < 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

V2

int =~
v cos 203

[J(VLTMUVR)PRd HO + d(V} M, V;) Prd (HO)*
+ a(M,Vr)Prd HY + d(ViM,)Pru H™ |, (3.5)

with H? = cos 8¢) — sin Be’® ((;5(1))* and HY = cos 8¢5 + sin Be!®¢. Here, vg > v is
assumed, and the up-type quark masses is M, = diag(m,,me,m¢). The masses of the
heavy Higgs bosons, My, are almost proportional to vg. The Higgs potential in the limit
of vp > v is given in appendix B.

The right-handed W boson and the heavy neutral Higgs boson, as well as the SM
(left-handed) W boson, induce AF = 2 transitions [27, 28]. 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 Wr and H? as well as Wy, and the up-type quarks [29, 30]:

(Coff e = iﬁig ; ST AR S (3.6)
(Cof e = R S S (RO Falre s ), 87)
(Cff = = —192%8972 2 v OO Fa(r ), (3.8)
(Ca)ig ™ = ?%6’79;5 J;}W WO Folremomemm),  (3.9)

where the parameters are defined as

2
LR\j — (1r%\. _ My,
(A" = (VDki(VR)kj» Tp = 5,
MWL
M2 M2 M2 m2
/BE I;VL, TLEing, TREiv[;R, 7—]{57“2’6, (310)
MWR Mz Mz Mz

and (\FF ) is given by replacing L < R in ()\LR)” Here, the indices k,[ are the up-type
quark flavor, and the definitions of the loop functions F4, g and F¢ are summarized in
appendix C.?

8See discussions in refs. [23-25] for the strong C'P problem with a generalized parity invariance P.
%0ur results in egs. (3.8) and (3.9) are smaller than the result of ref. [30] by a factor of 2.



Among the Wilson coefficients, the tree-level contribution, (Cy)¥ "t is obtained by

H-s.e. and

exchanging the heavy neutral Higgs boson. The one-loop contributions, (Cy)
(Cy)Hvert " 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 [29]. On the other hand, the one-loop contribution (Cy)"VZ"Wr 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 (C4)"2 W= 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)Hse and (Cy)Hvert 29, 31-33].

In the conventional calculation (ref. [30] as a representative case), after the above
Wilson coefficients are set, the RGEs for the low-scale operators are solved [34]. However,
it 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, 5, 35]. Hence, it is uncertain in which energy scale the Wilson
coeflicients 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. [33] for an early
work), it may be comparable to (Cyq)H# 5 and (Cy)H Ve, 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 symmetric models by the procedure explored in section 2.

In this paper, we focus on the top quark contribution as mentioned in section 1. First
of all, let us summarize the analysis procedure in figure 2. At the decoupling scale of
the left-right symmetry (urgr), the Wilson coefficients in the SMEFT are evaluated. In
addition to the AF = 2 operators (the red colored diagrams in figure 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 u = upg (the first line
in the figure 2). At the tree level, one obtains the following AF =1 SMEFT operators at
the dimension six after integrating out Wg,

2
ree g
(Ol = —M§ (Vi)is(Va)sj, (3.11)
Wr
1)\tree 1 8
(Cid))g?)ij ~ 5N, (Cid))%ij- (3.12)

0Tf W and H are sufficiently heavier than Wr,, the Wr—Wg box contribution is much smaller than the
WL7WR box one.

1 The SMEFT AF = 2 operators are matched onto the low-scale AF = 2 weak Hamiltonaian at the tree
level, because there are no O(y?) contributions to the one-loop matching conditions for them. On the other
hand, in order to investigate an impact of the top Yukawa contributions, we discarded the O(as) one-loop
matching contributions, which does not change the flavor.
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Figure 2. Schematic figure for the SMEFT framework in the left-right symmetric model.

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

_QﬂGF m?

(8)\tree _ 1. )

(Cyd )33ij = o223 7M12{ (Vr)is(VR)35, (3.13)
1)\tree 1 8

( éd))g?)ij = 72Nc(céd))33ij~ (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

e 2V2GE M LR\ Ry
(qu )ijij - cos2 23 M12{ (/\ )t (/\ )t ) (315)
ree 1
(€55 = g (o i (3.16)

All the above tree-level Wilson coefficients are evaluated at p = prpr.

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 Wi-Wpg box contributions, one needs to avoid double counting from the
one-loop contribution with (Cii))ggij, where the top-quark loop is enclosed by the SM W

~10 -



boson. The result is obtained as

2.2, .2
C(S) 1-loop _ 9rLIr"M N\LRYi (\RLYij
( qd )1]1] 167_[_2M3VLMI%VR( )t ( )t

1
X FA(ItamtaB) - ng(TLaTR) - fC(TththLvTR)

2 2
gi g i i
+ #()\LR%J()\RL%JE (t, LLR), (3.17)
Wr
1 —1 1 8

(8)

where the second term of qu stands for the subtraction to avoid the double counting.

1-loop . .
ijij  is dropped when the scale is set to be

ptrr = Mw,. In addition, the one-loop matching condition that comes from the H + and

We can see that the ppr dependence in (CS))

Wi, box diagrams is obtained as

S 1doop _ V2GF g7 mi  rmvii Ry | L
(qu )ijij "= 72 cos?2p M}z{ (A )tJ(A )t] E]:D (zr,2e, ) + J(20) | (3.19)
-loo 1
(Coi™ = N, NC(Céz))ijija (3.20)

where the loop function Fp defined in appendix C comes from H* W, box diagrams, whose
result is consistent with that in ref. [33]. The contribution J(x:) is from the subtraction
to avoid the double counting in similar to the Wgr case. All the above Wilson coefficients
for the one-loop level matching conditions are evaluated at u = purp.

After setting the Wilson coefficients for the dimension-six SMEFT operators at the
scale p = prgr, the SMEFT RGEs are solved to the EWSB scale, for which we choose
p = My, (the second line in the figure 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
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) = ~SMEFT for X =C;(Mw,), AMp,, (3.21)

where C;(Myy, ) is the low-scale Wilson coefficients at the EWSB scale for AMp_, i.e., i =3
and j = 2 in eq. (2.19). In the numerical analysis, we take tan 8 = my/m;, which naturally
gives the fermion mass hierarchy m; > m;. The mass and scale are set as My = 6 My,
and purr = My, respectively. Also, we impose a generalized charge conjugation symmetry
C, which leads to gr = g1 and Vg = K, VK4 and K, = diag(e®, ee i), K, =
diag(e'd, e ei%) [22, 30, 35]. In the evaluation of AMp_, the latest lattice results [36]

- 11 -



1.
__0.100

S q
- 2
3 é 0.010
5 =
&8 X
= w
& & -
© =~ 0.001 SMEF1

-5 : s s 1074 ‘ : ‘

1 5 10 50 100 1 5 10 50 100
MWR (TCV) MWR (TCV)

(a) (b)

Figure 3. The low-scale Wilson coefficients Cy(Myw,) (left) and Cs(Mw,) (right) for AMp,
in comparison with the conventional results. In the conventional approach, the Wilson coeffi-
cients, (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.

2

S

difference (AMER) (%)

My (TeV)

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

are applied for B-parameters. We also use the RunDec program [37] for evaluating the
running top quark masses.

In figure 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
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should be input, we set egs. (3.6)—(3.9) at p = My, (blue) or at = m; (magenta), and
then, perform the low-scale RGEs to the lower scale. For instance, u = m; is chosen in
ref. [30]. It is found that the difference is less than three percents below prr = 100 TeV.
Although p = m; seems to be favored for the conventional result, the deviation is enhanced
as [p R increases.

Our analysis includes both the top-quark effect and the heavy charged Higgs boson
contribution. In order to investigate them individually, we show the results without intro-
ducing the latter contribution (dashed lines). Hence, in figure 3(a), the deviations of the
dashed lines from zero are due to the SMEFT top-quark effects explored in section 2. It is
found that the effects are less than four percents for purr < 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 contribu-
tions, (C4)H ¢ and (Cy)H# Vet 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 figure 3(b), C5(Myy, ) is displayed. The magenta and blue solid lines correspond
to p = My, and p = my for the conventional approach, respectively. In this case, Cj
is zero at the input scale and generated by Cj through the RGEs down to p = My, .
The dependence of C5 on My, is thus from that of C4y. 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 C5(Myy, ) depends heavily on My, and
can be deviated from the conventional results by hundred percents.

In figure 4, the difference of AMp, is shown. Since it is dominated by Cj at lower
scales quantitatively, the result becomes similar to the one in figure 3(a). It is seen that
the SMEFT and charged Higgs effects are less than five percents for urp < 100 TeV and
are enhanced in larger purr. 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 ek in the left-right symmetric
model [30]. Then, the SMEFT and charged Higgs corrections explored in this paper 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 coef-
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ficients 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 Cjy is affected by O(1)% and Cs by O(100)%. Since the observable
AMp, is dominated by the former quantitatively, the SMEFT effects for AMp, 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 = my
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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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, T
Co = (47) o0’ X = o Tt (A1)

The anomalous dimensions at O(y?) and O(g?) are obtained as (see refs. [17-19] for the
complete one-loop formula of the SMEFT RGEs):

(Cg;)pr =X [)\]tDT(CHEI +Crp) — 2N (Cru)ss + BAft(Cg()z)W T 3)‘?(0}2)“
_ 9)\?(01(1?()])# — 9)\?(01(5);)7,15 + 2)\%8 (6(0;;) )prst + 6(0(53))815177‘

+ (Cé;) )PtST + (chcll)>srpt + 3(052) )ptST + 3(052))57“1215)

— 1205 (O )pras + 120 (Cli ) + M (Cfp)er + AT (CHDt (A2)
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(Climpr =Xt | = X" Crmy = X (Clp)ir = 3N (Clgpt + M (CRer + X (CH

- 2)‘? (6(Cé2))pmt + G(C(gg))stm + (ngé))ptsr + (C(gé))srpt - (Cég))ptsr

— (Corpt ) + 12X (Cr + N (Cier + A (C ] (A.3)
(Cra)pr = X4 [ — 120 (C) 330 + 12205 (CLY ) stpr + 12Akk(cHd)pr}, (A.4)

(Cor)or = X[ = 208,303, (Cio + Cirp) = AN 08, (Ch1)) st + 6M 8y (Crra)sy
+ 6)\fk63r(CHu)p3 - 4)\5?]6 (3(Cuu)pr33 + 3(Cuu)33pr + (Cuu)p33r + (Cuu)?)rp3>

+ 1205 (CED Vgt + 1205 (o) + 238 8 (Crra )3 + 2Afk573(cHu)p3] ,
(A.5)

Crm =X - 2( — 6 (O ) rs + 18N (Crg)rs + 6Afk(cHu)33) + 24A,’;’foHD} :

Cup =X = 2( = 20N (Cli)rs + 2AMF(Crr)ss ) + 2408 Crrp |, (A7)

(Cuu)prst :Xt - 2>\fk5p363r(CHu)st - 2>\1]§€k53353t(CHu) r o 2>\ 5r35p3(c(u))vwst

1
- 2)\%”v6t3533(0(§u))var + )\wvép357“3(c¢gg))vwst + *A%vvésSétS(Céi))var
- /\wv553637‘(0(u)>vat - )‘:tﬂv6t35p3(c(gi))vwsr + 2)\kk5 (Cuu)?:rst

+ 2)‘§k553(Cuu)pr3t + 2)\,]5€k5r3(0uu)p35t + 2A§k5t3(cuu)prs3:|

1 1
3 (CEDwwsrOpt — 3N, (CE) st Opr
1 s 1 1
- 3Nc (Cqu )wwprést + g(Cuu)pwwt(srs + g(cuu)swwrdpt
1 1 1
+ *(Cuu)wtpw(srs + g(Cuu)wrswépt - TM(Cuu)pwwr(sst

3
1 1 1
- Cuu swwdr_icuu wr wds o AT
3NC( ) tUp 3Nc( ) P 3 3Nc

1 8 1 8 1 8
+ é(c’lsd) )ptwwdrs + g(cl(td))srwwépt - 67]\70(01(“2 )prwwést

1 8 6
6N (C( ))stwwépr + 6(Cuu)pts7‘ - M(Cuu)prst]7 (AS)
(CE st = X2 | = AN 030 (Crra) 4w5p35r3<c§d>>mt + 2056,(C ) et

2Nk, (O g (e 1Y), c® A9
+ 7“3( ud )P35t + N2 71'043( ud )prst; ( . )

1
+ 4dma, g (C(gi))wwpt(srs +

(Cuu)wtsw 5pr

(Ciil))prst = Xt [ - 4)‘?U5r35p3(0(§8))vwst + 2)\kk5p3(cid))3rst + 2)\tk5r3(0( ))p3st:|

4 4

g (Cuu)wrpw(sst + - (Cdd)swwt(spr

Cuu)pwwr 6st + 3

4
droag | =
+4ma [3(
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4 4 4 2
+ g(cdd)wtsw(spr + g(cgi))wwprést + g(céz))wwst(spr + 5(01(13) )prwwést
2 1
+ 3O st = 125 (C Dt + 120yt (A.10)

. o 4 4 4 e
(Céi))prst |: )\ 043 ((Céu) )pw3t + 5 3 (01518) )pw3t> + gkfvétfi <(C(1))rv3s + 3(015181))7”1)35>

+ 2)\pr(CHu)st - 4>‘fk55363t(0§{1;)p7’
3 ( )‘pv553(0(u))v7‘3t + 2Avr(53t(c( ))pUS3>
1 ) ur
§ ()\f 533(053))vr3t + )\t 6315(0(;3) )PUS?J)
2
3 <)‘f 853031 (Cig) Jpwwr + N 853030(Clg) ) puowr
+ )\fr(cuu)gtsg + )\gr(cuu)?,tsi’»)
B 2</\tw65353t<céq))l)vwr + )‘wv58353t(0( ))puﬂﬂ’>
+ ()\fvés?)(ctgi))vr& + )\g'rd%t(c( ))pv53> - 8)\wv53353t(0(1))prvw
— 4AfT(Cuu)335t + Afv(c(u))m"st + 2)\kk583(0( ))Pr3t + AUT(C( ))vat

N? —
+ 2Af’f5t3(cg;>)pmg} -3 ( 7 > Arag (CE) st (A.11)
(Céi))prst Xt |:8)\t qu pw3t + = (Céq%))pw%) + 8)\p 5 t3 <(C(u)>rv33 + S(chi))rvf%s)

- 7<)\pv 33(0 Norat + A} 53t(0( ))pvs3>
— 4()\fw53353t(C§q))pvwr + AY U55353t(0(1))pw11r
— NSO Yo — AV B30 (C s
— 4<)\fr(0uu)3t33 + )\fr(cuu)sts:s)
—12 (A;’wésgégt((}(gq))pvwr + A 5835375(Cq(2))17wv7”>

+ Afv(crgz))wst + 2)‘fk583(c(§2))pr3t + /\gr(crgu))pvst + 2)‘%5753(0( ))prs?i

+ ray [g(cg}hpwast b 2O it ACED it + ACE g
4 2O e+ O+ (O + 2O s
+ 3 Condomtby + 5 Cundatewdr =6 (Vo= 5 ) (CF e = 12C
(A.12)
(Céé))prst =Xy [Ap’”(cﬁ)st + A (Cj(qz,)p?" (Apr(céu))st:a:% + A (C(gi) )pr33)

— = (/\pt(c(u))sr33 + A7 (C( ))pt33) - /\fr(cﬁ))st% - N (C( DYpras
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+ X?U(ng;))vrst + Afv (Céé))prvt + Agr(céé))pvst + A?t(c(gcll))prsv

6 1
q ~ Cq(é) )swwr 5pt

A 6
1 —(C) S+ 1(0(1)) S — L(C(l)) 5
6 qq JwrswYpt qq JwtpwYrs 3Nc qq /pwwrYst

6
1 1
(Cgé))swwt(spr - Tj\fc(céé))wrpwést - m(céé))wtswépr

1 1 1
+ 5(0(52))5wwr5pt + 5(0(52) )pwwt(;rs + 5(0(52))107"511151715 + 5(0(52))10@11}57"5

1 1 1
- 7<C§2))pwwr55t - F(Cég))swwt(spr - F(Cég’))wrpwést
1 1
- F(Cég))wtswépr + - 12 (C(gi))srww(spt + — 12 (0(8))ptww5r5
1

1
- 6Nc (C(gi) )prww (Sst - 67]\[0 (Céi) )stww(;pr + — 12 (Céz) )srwwépt
1 1

1
b L s L
C

12 " 6N,
* T s 1 sr
(CEDprst = X [ = N (CfDst = XCHr = 7 (WO oras + AT (O3 pian)

+ 4o 3(0%))pt5r + 9(052))ptsr - Ctgé)%”t T

+ (C(;) )pwwths + =

1
3N,

| =

(Céfl) )PTwwdSt - (Céz))stwwépr] 5 (A13)

+ XCEN st + X (CE) ot + AT (CED) st + A;’%c;z’)pm}

6

+ 47’(065 [ — 3(0152) )ptsr - F(Cég))prst + 3(6( ))ptsr

1

1 1 1
=+ g(c(g;) )pwwtérs + g(c(g;))swwrapt + g(c(g;))wtpwérs + g(c(g;))wrswapt
1 1 1 1
+ 5(052) )pwwtfgsr + 5(0(52))3wwr6pt + 5(0(52))1117&]01061”5 + 5(0(52))wr5w6pt
1 1 1 8 1 8
+ E(C(gi) )ptww(srs + E(Cq(i))srwwépt + E(C,gd) )ptwwérs + E(O;d))srwwépt )
(A.14)
. 6
(Cdd)prst =4ra, 6(Cdd)pt5r - ﬁ(Cdd)prst
1 1 1
g(cdd)pwwta’/‘s + 3 (Cdd)wtpw(s’/‘s + g(cdd)wrswépt 3N (Cdd)pwwr(sst
1 1 1
- 3Nc (Cdd)swwt(spr - 3N (Cdd)wtsw(spr - 3N (Cdd)’wrpwést
1 1 1 1
+ g(c(gz))wwsr(spt + g(céz))wwptérs - 37]\76(0(52))“’“’1”65'5 - 3Nc (Céz))wwstépr
1 1 1 1
+ 5 (CuidYoumrs + G (Cu Gyt = 3 (Co et = 53 (O By
(A.15)
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(CS))prst = X {NT(OHd)st — 20 (C))33st + AP (CLY Yot + Af”(();;))pm]
NZ-1
-3 ( 2 ) 4705 (CL)) prat (A.16)

(Ctgz))Prst = Xt |: )‘pr(cz(td))335t + )‘ (C( ))vrst + )‘}t}r(ctgfl));nvst]

4 4
+ 4ma [S(C(gybwast + g(C(g))prést + 4(C) st + 4CS ) wrpuist

2 2 4.8 2

g( g( g(ch )wwst(spr + g(
4 4 2 (8) (1)

+ g(cdd)swwt(spr + *(Cdd)wtsw(spr -6 Nc - ﬁc (qu )prst - 12(qu )prst .

3
(A.17)

+ C(gi) )prww 551? + C;Z) )prww 551? + 01(5)1) )wwstépr

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 [21] is

V= 2T (qﬂcb) 12 [Tr (ci»@*) +Tr (&ﬂ@)}

o (o) < e 80+ [ (5]
+ 2Tr (901) T (&10) + Ay Tx (070) [Tr (B01) + Tv (o) |
+onTr (@T<1>) Tr <<A WA )) + ag [e“Tr (ciﬂ@) t e 0Ty (cﬁqﬂ)]

+ agTr (@T@<AR><AR>) ; (B.1)

where @ = 09®*09. Under this scalar potential, the Higgs bi-doublet ® obtains com-
plex VEVs as eq. (3.3) and the spontaneous CP-violating phase « emerges at the
EWSB vacuum.

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

H = cos 3¢9 — sin Be'@¢)* (

h? = sin Be™¢Y + cos BV, (
H* = cos B¢y + sin Be ¢}, (
GT = sin By — cos Be'¢7, (

where HY (H*) 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

2 2
Mo = M+ = 2cos28 H:

(B.6)
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The Yukawa interactions in the gauge eigenstate basis are
Ly =0, (Y<I> + Y<i>) Qg +h.c.
D) ULS%MUS?%TUR + bLSgMDS?DR + h.c.

EELMUuRjLaLMDdeLh.C., (B?)
with the mass matrices,
SUMy s = 2 <Y cos B+ Y sin e_m> , B.8
Mu 7 B B (B.8)
SﬁMDijj = % (Y sin Be'® 4+ Y cos B) . (B.9)

Here, uy, g and dy g represent the quark mass eigenstates with My = diag(my, me, me)
and Mp = diag(mg, ms, mp). The unitary matrices S’Z’% satisfy

V= Sisd, Vg = S4sd. (B.10)

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

(cos BSEMUS]“; — sin Be_iaSﬁMDS%O ,

~ vcos 26
% \/§ : o Qu ut d dt
V= (_smﬁe S¥MySY + cos BSLMDSR> : (B.11)

Then, the Yukawa interactions are represented in the mass eigenstate basis as
Ly =0, (ch i ffci)) Or + h.c.
— 7,50 (Y¢>§’ + 37¢3*) Stbup + dy S (Y¢g + f/gb(f*) Sddp
+apSut (qu; _ f/¢1+) Shdp + dp S (Y¢; _ f/gz;;) S%up + h.c.
- iﬂLS“T [SLMUS“%*

n 1
cos 23

(SLMDS f _ sin 25eWSUMUS“T) HO*] Stup

+—dLS§T S¢MpSEh

u _ ia gd pr df 0| qd
+— 25 (SLMUS sin 28¢5 Mp S )H]S dr
2
+ \U[uLSLT[ e
+ — B( LMUsgtsinwe—mngDng) H+]s;§dR
+dLsdT[ €Sy MySH G~

d . 1 _
- 2 3 (ngDSRT — sin zﬁemngUS}f{) H } S%up + h.c.
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2 1 :
£uL [MUh* + — (VLMDVE — sin QBGZQMU) HO*} UR

25
2_
+ id[/ MDh + Tﬁ (VTMUVR —sin28e” mMD) H0:| dr
v
2 [ —za -+ 1 (26
+ T’U,L ViMpG™ + 72,8 (MUVR —sin2fe” VLMD) H* dgr
2 ) )
+ \v[dL _ezaVITMUG_ _ 525 (MDV]; _ sin 2ﬁ€lanMU> H_] up + h.c..
_ (B.12)
Therefore, the heavy Higgs interactions with quarks become
V2m V2, -
L g (VD) iw (Vi) ki Prd; HO e g (V) iw (V) ks Prd; HO
T (V2)ik(VR)1; Prd; o eos 25 (VR)ik(VL)rj Prd;
V2my, \/5
Uk 7 i Prd;H* “kd V) ik PrugH ™ B.1
veos2f " k(VR)ki PR +o 525 (Vr)irPrupH ™, (B.13)

where the terms proportional to tan2f are dismissed, because tan 25 = O(my/my).
After integrating out the heavy charged Higgs boson, one obtains the effective operator,

2V/2Gr m?
cos? 25 ]\/[2

COS2 28 M3,

off = (V)ia(Vi)3; (di Prt) (EPrd;)

(VE)iz(VR)3j (Fay" Prts) (di sy, Prdj.a), (B.14)

where «, 3 denote color indices. By rearranging the colors, the Wilson coefficients become

2\[GF m?

8 ree

(Céd))g&'j =1 " cos? 23 M2 (VT)’L?)(VR)E}], (B.15)
1)\tree 1 8

(Céd))gi%z‘j =u TNC(Céd))ZSSij‘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

cos2 28 M

\fG m2 - =
= - (V) is(Ve)sk (Vi3 (VR)sj(dia” Prdy, ) (ds g Prdja).  (B.17)
HO

off ™ (VR)13(VL)3k(VL)13(VR)3J(d Prdy)(d;Prd;)

cos2 23 M?

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

8)\tree 2fGF m

(Céd))g&'j g=d = " cos? 28 M; (VR)13(VR)3J, (B.18)
1)\tree 1 8

(Céd))g&] q= —d = 2N (Céd))33ij’q:d~ (B.lg)

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

1+p

Falzi,xj,0) = (1 + xzxjﬁ) Ti(z, 4, B) — 1

1 To(xi, . ), (C.1)

Fp(tL,TR) = (Tf + 712% + 1077 + 1) Z3(71, TR)
+ (77 4+ 73 + 1077 — 271, — 27R + 1) Ty(71, TR), (C.2)

Ti\/T T, . .
Fo(Tiy 7,70, TR) =2(71, + TR) Z3(TL, TR) — [7%;/7%15(7},7[”7']%) +@—3j), (C3)

Fp(xi, x4, 71) = xix; Iy (x4, 5, 71) — Lo (24,25, T1) - (C4)

The functions, Z;-Z5, are denoted by the Passarino-Veltman functions as [38§]

Ty(ws, x5, B) = — Mgy, My, Do(0,0,0,0;0, 05 my,, ma,, My, , Mywy,), (C.5)
IQ(xia Zj, 5) = _4MI%VRD00(O7 Oa Oa 07 07 07 muiamuj y MWL7 MWR)v (06)
T3(11, 7r) = Bo(0; My, , My,,) — Re[Bo(M#%; My, , My,.)], (C.7)
Tu(7r,TR) = MHZRe W(MF,0, ME; M, , My, Mw,)] (C.8)

I5(Ti7TL7 TR) - M%I{CO(Oy 070, MWL)muz‘u MWR)

]\42 M?
— Re |:C[) < 4 4H MH;MWLvmuHMWR>:| }7 (Cg)

where we follow the notation of refs. [39, 40]. The absorptive parts in the loop functions
are discarded [30]. We also obtain the following analytical formulae:

fnp

z; Inx;

N (e e A (R M
B x; 2n x; . . Ing
B [y L () [ s [ et Nl
I3(7L77'R):_1+% - - TR TE (C.12)
T, — TR TR

B \/(1—TL—TR)2—4TLTRln1—TL—TR— V(=7 —TR)2 — 4T TR

2 1_TL_TR+\/(1—TL—TR)2—4TLTR’
Ta(rp,mr) = 1 — %m% (C.13)

(TL—TR)2—<TL+TR> lnl—TL—TR—\/(1—TL—TR)2—4TLTR
2\/(1*TL*TR)2*4TLTR 1*7‘L*TR+\/(I*TL*TR)2*4TLTR’

+
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Ti(tR — 7o) In7; + 70.(7s — TR) InTL, + TR(TL, — ) InTR
(TR — 7)) (7, — 7)(Ti — TR)

1
— Re{ In LTE |

I5(73, 7L, TR) =

T2 A1y — 211, — 2R + 1

(]

1 l’ i + + — l
X [8/4; <,TZ’,TL> lnH(4 T L) H T T + (L - R)

4 2yTiTL
k(1 70, 7TR) + 7L+ TR -1
—4k(1 1 C.14
K’( 7TL7TR) n 2\/@ ) ( )
with
Kz, y,2) = Vo2 +y2 + 22 — 2(zy + yz + zx). (C.15)

When the relation, m%i, M%,L < MgVR < MIQ_I, are satisfied, one can use the following

approximations:
1
Zs(rp,TR) ~ =1+ (1 —75)In (—1) ~—1—In7g, (C.16)
TR
1
I4(TL,TR)21+TRIH <T_1> ~ 1, (C17)
R
Tiln(TZ‘/TR) —TLln(TL/TR)

I5(TiaTL7TR) = ) (018)

TrR(Ti — 71)
which are consistent with ref. [30]. Numerically, the second term of Zs in eq. (C.14),
Re{-- -}, is much smaller than the first term for My > Myy,.

D Double penguin contributions

In this section, we apply the one-loop matching conditions in section 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 section 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
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contributions are generated by exchanging them. The effective Lagrangian from the mass-
less B, W3 and gluon can be written as

c 471'0”, (CL ”dﬂ 1d; + CR Udﬂ Prd;) (Yu, v Pruk + Yotk Prug)
[0 CB A" Pr d.; CB d~A*Prd.) (Y d d q Prd
M( LajdiV" Pudj + Crizdin* Prd;) (Ya, dyyuPrdy + Yay iy, Priy)

o - _
=1 (CPi;din" Prdj + CF i;div" Prd;) Quiik Ytk

az
- 478%/[/ (CL z]dzfy PLd + CR Z‘jdzfy PRd ) ( QuSW) Uk YUk

T i (CL 14" Prd; + CR 5diy" Prd;) Qadyy,di

- le%V (CP,.din# Prd; + CB ;din" Prdy) (I3 — Qasty) dxyudi, (D.1)
LV = FCL,U (dﬂ PLdj) (IuﬂkWPL“k) + 4720%?; (Ji’YuPLdj) (IgdﬂuPLdk)

CL i (CL;’Y“PLd ) QuitkYuuk + 2 i 2y Cl, i (JNMPLdj) (13 — Qusty) vk

* ECL’“ (din" Prd;) Quiyudc + ECWCLJJ‘ (diy" Prdy) (I3 — Qasty) diyudi,
(D.2)
L9 = %‘:— <Cg7ijczi’Y“PLTAdj + C?%,ijgi’Y“PRTAdj) (ak’)/,uTAUk + Czk’YuTAdk) 7 (D.3)

where Y7 is the hypercharge, Ijgc the SU(2), charge, and @ the U(1),,, charge. Also, aj
and « are the gauge couplings of SU(3), and U(1),,,, respectively. The coefficients, CY; i
(V = B,W3,g and ¢ = L, R), are generated by integrating out the NP particles. In the
second lines of £P and EWB, the effective Lagrangians are divided into the would-be ~-
and Z-penguin contributions, which are proportional to a Qs and az (I 3_Q fs%,v) respec-
tively. Here, az = a/(c}yys%,). In terms of the SMEFT operators, the above operators are
represented as

(CSD)ijhr = (CS3 ks
OCS OCZ 2
= Cg ij + T (CL ij + CL ’L]) Y ('SWCL ij CWCL Z])

16N r 8 8

(D.4)

(C5)iss = (CH3) g = o (Ne = 2)C (D-5)
(CE)ijnr = (C} >>m]

= — 1o (CPy+Ol) + sely (shOFy — Ol (D.6)

(C3)iknj = (C( D jie = 325 i (D.7)

(€ ki = Qu Rij — ZZ WO (—sirQu) . (D.8)

(Cqséfi))kkij = %Cﬁzw (D.9)

(CO)ighr = 4a Qu (CL 4+ Cr ”) ZZ (s%VCL i — CyCl ”) (—s%Qu) (D.10)
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(C®)ijap = Zﬁ 9 (D.11)
(Cha iy = - QuCRiy = T2 st CRy (1] = 3 Q) (D.12)
(cé?)i]kk % 9 (D.13)
(Céi))kkm:% i (D.14)

In addition, one has to include AF = 2 contributions which come from the diagram
in figure 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

(Ctgclz))ijij :(C(gg))ijzj
QZ)\U )
= — 871_25%[/ (CL i T COL zj) {QG+ L(xy, pw) + QG+1M(%)

8
_§[2_6thaNW }
aaz)\ij 9 ~B Gt _ g2 Gt
87252, (SWCL,m CWCLlJ){I w@ )SL(fUt,MW)
(=5t Qan) yM ) ~ g 2= 6L(or )] | (D.15)

244
‘A 3
- 8772;2 (CLB,M + CXV,z’j) K (z¢, pw)
w

aaZA? 2 ~B
_ se22, (SWCL,ij CL@J) 16L(act,,uw)+ 4M(a:t) — &y K (x4, pw) |
(D.16)
24
My _ _aN 1 1
(qu Jijij = — m Rzg {QG+ L(zt, pw) + Qa+ ZM(xt) ~3 [2 — 6L(x¢, pw)]
aaz\? x 1
+ S (s CR ) 19T = SHQE) T Llwe i) + (=5 Qe )1 M (1)
4= sy, 8 4
1
- g 2= 6o | (D.17)
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QA B
= — —5 5 Crij K(2t, pw)
471'23%‘, i
aqz A B L )+ 1M( ) K( 1. D18
472 16 Tto ) 7 5 AT ciy K (4, pw :

where Qg+ = 1 and [ Gt =1 /2. Here, the GIM mechanism is used to reduce the results,
and the loop functions are given as
7 3z —1 2?Inz

My 4z—1) 2(1—2)
x z?lnz
-z (1—x)%

For the gluon double-penguin contributions, one obtains the low-scale AF = 2 op-
erators through the one-loop matching conditions, eqs. (2.24)—(2.26), from the SMEFT

AF =1 operators in egs. (D.4)—-(D.14) as
(Cr)iy = (C1)3;*"
aX? as 2(Ne — 1)

= - Cd I 27 _K
drsd dm - N, 7. (e pw) + 2J (24) (x4, )]

=0, (D.21)
(04)1']' — (04)1—.1001)

v

L(z,p) =In (D.19)

M(z) = (D.20)

_ aAij Qs

N 7rsW A

=0, (D.22)
(Cs)ij = (Cs)15°P

1]
a)\” as 1
— o B Oy U, aw) + 2T (1) = Kz )]
%%

=0 (D.23)

i (e, pw) +2J (24) — K (2, pw)]

Since all these Wilson coefficients are proportional to the function, Iy (z¢, uw) + 2J(x¢) —
K (x4, uw), which is identical to zero, there are no contributions to the AF = 2 op-
erators. 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
generated 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

(Cl) i = (C’l)ﬁree (01)1_.1001)

v

a\; o
mllﬂ' (CL ij + C(L ZJ) (‘Tta Mw)
)\”
7T8W 471' <CL 7] + CL 7,]> {Qu[ll(mtu MW) + 2J(a:t)] — QdK(.%'t, IU,W)}
=9 (D.24)
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ree -loo
(Cs5)ij = (C5)85° + (C5);7 P
_ 200 o
ws%v 47
+ i CRu{ Qull () + 2] = QuR (s )}
o, (D.25)

C}%in(%a Hw)

and other Wilson coefficients do not receive contributions. It is noticed that (C4);; and
(C5);j are proportional to the function which is identical to zero, because Q4 = Q. —
1. Hence, the v double-penguin contributions also vanish, as expected from the gauge
invariance, and it guarantees our one-loop matching conditions.'?
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