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The standard model effective field theory (SMEFT) is a universal way of parametrizing new physics
(NP) manifesting as new, heavy particle interactions with the Standard Model (SM) degrees of freedom,
that respect the SM gauged symmetries. Higher order terms in the NP interactions possibly lead to sizable
effects, mandatory for meaningful phenomenological studies, such as contributions to neutral meson
mixing, which typically pushes the scale of NP to energy scales much beyond the reach of direct searches in
colliders. T discuss the leading-order renormalization of double-insertions of dimension-6 four-fermion
operators that change quark flavor by one unit (i.e., |AF| = 1, F = strange-, charm-, or bottom-flavor), by
dimension-8 operators relevant to meson mixing (i.e., |AF|=2) in SMEFT. Then, I consider
the phenomenological implications of contributions proportional to large Yukawas, setting bounds on
the Wilson coefficients of operators of dimension-6 via the leading logarithmic contributions. Given the
underlying interest of SMEFT to encode full-fledged models at low energies, this work stresses the need to
consider dimension-8 operators in phenomenological applications of dimension-6 operators of SMEFT.

DOI: 10.1103/PhysRevD.110.016006

I. INTRODUCTION

One strategy in searching for signs of new physics
(NP)—namely, phenomena that cannot be accommodated
within the Standard Model (SM)—is the study of observ-
ables that are predicted by the SM to be suppressed, as for
instance in the case of flavor changing neutral currents
(FCNCs) due to the Glashow-Iliopoulos-Maiani (GIM)
mechanism [1]. A different strategy consists in looking
for deviations in observables that are precisely predicted,
such as the observables that contribute to the extraction of
the elements of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix [2,3] in the SM, among which meson mixing
observables, which also fall into the previous category,
play an important role [4,5].

In the SM, since the latter observables must involve,
compared to the initial and final states and momenta of
external legs, the exchange of much heavier degrees of
freedom (e.g., W, Z bosons), an effective field theory (EFT)
provides at low energies a simpler picture of the underlying
high-energy dynamics, in which Wilson coefficients and
higher-dimensional operators carry the fingerprints of such
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heavy particles, a prominent example being Fermi’s contact
interaction. Similarly, EFTs can be used to investigate the
effects of non-SM new heavy degrees of freedom (e.g.,
W', Z"), that lead to contact interactions among the SM
particles at low enough energies. The latter EFTs consist of
higher-dimensional operators suppressed by some new
large scale Ayp, typical of the NP extension, that encode
in particular the flavor aspects of the new heavy sector, and
their manifestation in observables that are suppressed in the
SM or in observables that are precisely predicted can
provide clear hints toward the discovery of NP.

The standard model effective field theory (SMEFT)
consists of the whole set of higher dimensional contact
interactions that are consistent with Lorentz and the local
symmetries of the SM, and is particularly useful when a
new, weak interacting sector is considered, in which case
observational effects are dominated by the first terms in
the power series in 1/Ayp. In the case of operators of
dimension-6, the so-called Warsaw basis [6] is divided into
eight categories, among which we have four-fermions, y*,
that will play a central role in the discussion below, see
Table I where we display operators preserving total baryon
number. Explicit on-shell bases for dimension-8 operators
have been built [7,8], among which one identifies operators
involving four fermions, also central to our discussion, see
Table II for a subset of them. Redundant operators are
discussed in Refs. [9,10].

Published by the American Physical Society
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TABLE 1. Four-fermion operators of the so-called Warsaw
basis, where x = u, d; q (£) are weak-isospin doublet quarks
(Ieptons), and u, d (e) are weak-isospin singlet quarks (leptons).
Flavor or generation indices are omitted; when indicated in the
text (e.g., as in the Wilson coefficient Cy,q4.f:jx) they correspond

to the fields above in that same ordering [i.e., (Ze e ) (iG]

TABLE II. Dimension-8 operators relevant to our discussion,
where x = u, d. A complete and minimal basis is found in
Ref. [7]. Flavour or generation indices are omitted, see caption of
Table 1.
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Operators of dimension-8 may have important phenom-
enological effects, and started to be discussed more sys-
tematically in various contexts: EW precision tests and
Higgs measurements [11-20], collider signals [21-28],
lepton flavour violation [29,30], gluonic couplings of
leptons [31-34], electron electric dipole moment [35],
different consequences of causality, analyticity and unitarity
requirements [36-42], triple neutral gauge couplings
[38,43—45], matching [46] and UV completions [25,47-50].
See Refs. [42,51-53] for discussions about the renormali-
zation of single-insertions of operators of dimension-8.

to NP effects that change flavor by two units, which in the
quark sector are efficiently probed by meson mixing. This
is going to be the main interest here, namely, the leading
effect of double-insertions of dimension-6 encoded in
dimension-8 operators. To spell out, the focus is on the
renormalization of such double-insertions, and the phe-
nomenological limits that can thus be set on the Wilson
coefficients of dimension-6 operators. Focusing on the
leading order, we will thus overlook a series of issues
relevant at higher orders. Although here we focus on meson
mixing, a similar discussion would hold for rare decays,
which are loop suppressed in the SM; e.g., see Ref. [54] in
the cases of rare kaon decays.

The leading-order calculation discussed here gives a first
quantitative assessment of the size of contributions to
meson mixing of double-insertions of dimension-6 oper-
ators in SMEFT, and higher-order effects are delegated to
future work. In this respect, the phenomenological impor-
tance of meson mixing observables has triggered higher-
order calculations in some specific extensions of the
SM due to potentially large perturbative QCD corrections,
including: two-Higgs-doublet model [S5], supersymmetry
[56], left-right model [57], leptoquark model [58].

Double-insertions of higher-dimensional operators have
been discussed in the literature in relation to other
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problems. Double-insertion of operators of dimension five
have been discussed for instance in Ref. [59], that considers
the lepton number violating dimension-5 Weinberg oper-
ator of SMEFT, and Ref. [60], in the case of a low-energy
EFT respecting EM and QCD local symmetries. The
renormalization of double-insertions of operators of dimen-
sion-5 and -6 by operators of dimension up to 7 in SMEFT
has been discussed in Ref. [61]. The renormalization of
double-insertions of bosonic operators of dimension-6 has
been discussed in Ref. [62], and double-insertions of
fermionic operators mediating lepton flavor violation have
recently been discussed in Ref. [30]. Double-insertions for
gluon fusion in collider processes are discussed in
Refs. [63,64]. We do not consider in this paper the
extension of SMEFT to include new, light degrees of
freedom, such as right-handed neutrinos, that can carry a
Majorana mass term; see, e.g., Ref. [65] for a basis of
operators up to dimension-7.

This paper is organized as follows: in Sec. II we briefly
discuss the basis of operators needed in SM calculations of
meson mixing at the leading order, and extend the dis-
cussion to SMEFT; in Sec. III we specify our discussion in
SMEFT to cases proportional to Yukawa couplings rela-
tively large compared to the Yukawas of external fermion
fields; in Sec. IV we discuss phenomenological implica-
tions when top-quarks in loops are considered, and then
conclude. Appendices A and B contain respectively the
explicit expressions of the anomalous dimensions appear-
ing in the RG equations, and a discussion of the sensitivity
of meson mixing observables to NP.

II. EFFECTIVE OPERATORS IN MESON MIXING
AT THE LEADING-LOG APPROXIMATION

A. Standard model

At low enough energies, heavy degrees of freedom are
integrated out and their dynamics is encoded in the Wilson
coefficients of higher-dimensional operators. One illustra-
tion of the use of an EFT is provided by meson mixing in
the kaon sector in the SM [66—68], which proceeds via box
diagrams at the leading order. Different internal flavors of
the same type (here, up-type) can be combined as a result of
the GIM mechanism, which suppresses SM contributions
to meson mixing. There are three sets of contributions that
are qualitatively very different, and quantitatively impor-
tant, according to the elements of the CKM matrix V: boxes
involving (I) top- and up- (scaling with (V,dV;‘S)z),1 5
charm- and up- (scaling with (V,V%,)?), (Ill) charm-, top-
and up-quarks [scaling with (V,dV;})(Vchjs)].z At the
matching scale pgw (where W, Z, H, t particles are

'Case (I) is the contribution that is largely dominant in
neutral-B ;) meson mixing in the SM.

The same qualitative discussion holds for the different
gathering of contributions considered in Ref. [69].

integrated out and the first EFT is built from the full
SM), case (I) is reproduced in the EFT by dimension-6
operators that change flavor by two units (JAF| = 2), and at
the leading order cases (II) and (IIT) by double-insertions of
dimension-6 operators that change flavor by one unit
(|AF| = 1), each of which being suppressed by 1/M3,.
In other words, GIM controls the basis of operators,
eliminating the appearance of dimension-6 |AF| = 2 oper-
ators in cases (II) and (III) due to the characteristic
dependence on the light quark masses, i.e., m2/M3, < 1
(the up-quark mass can be set to zero); since m? /M3, ~ 1,
the same does not hold true in case (I). Higher orders from
strong [67-71] and electroweak [72,73] interactions intro-
duce new operators; the basis has also to be extended to
account for 1/m?2 corrections, see Ref. [74] for a recent
reference, and Refs. [75,76]. A further suppression due to
the GIM mechanism is the absence of logarithmic con-
tributions in case (II); in a consequent way, it makes
double-insertions of dimension-6 operators finite in this
case, i.e., the latter do not require renormalization by
dimension-8 operators. GIM does not operate in the same
way in case (III), for which the main contribution is given
by a large logarithm; consequently, GIM does not eliminate
the divergence in double-insertions of dimension-6 oper-
ators, and case (III) requires renormalization by dimension-
8 operators. (The reader will find some more technical
details at the end of Appendix A.)

To describe the resulting mixing of operators quantita-
tively, one must determine the anomalous dimension tensor
Yijn- given a set of Green’s functions with two insertions of
dimension-6 operators (indexed by i, j) one calculates the
counter-terms proportional to dimension-8 operators
(indexed by n), needed to renormalize the divergences
resulting from the double-insertions. Large logarithms are
resummed via the renormalization group (RG) evolution,
see Appendix A:

d s 6 6 8), \~
u@wa () = =, )(ﬂ)Cﬁ» Y Wijn + EmCo) ()T
(1)

where the superscripts of the Wilson coefficients give the
dimension of the corresponding operator. Solving these RG
equations, the term proportional to two dimension-6
Wilson coefficients carries the logarithm log(uw/HEw)
for some py,,, < pgw, consistently reproducing the loga-
rithmic enhancement of case (III) above. The values of the
dimension-8 Wilson coefficients C.®’ (ugpw) are sub-lead-
ing, and the calculation of the anomalous dimension matrix
7mn 18 not required at the leading order.

B. Beyond the standard model

An analogous picture can be drawn in SMEFT. We
consider a case analog to case (III) above. First of all, we
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consider that the underlying NP sector does not generate
tree or one-loop contributions to dimension-6 |AF| =2
operators, and tree contributions to |AF| = 2 operators of
higher dimension, or at least that these contributions are
highly suppressed.’ Then, we consider that a possible GIM-
like mechanism in the NP sector does not eliminate the
need to renormalize double-insertions of dimension-6
|AF| = 1 operators (whose Wilson coefficients are taken
to be nonzero, and uncorrelated a priori), i.e., large
logarithms are present, and assumed to be dominant.
Under these assumptions, the leading contribution to
meson mixing is captured by double-insertions of dimen-
sion-6 operators, that require renormalization by dimen-
sion-8 operators. Solving an equation analogous to Eq. (1)
valid in the context of SMEFT results then, when
Anp > ppw, in the large logarithm log(upw/Anp)-

We stress that the double-insertions under discussion
here depend only on the Wilson coefficients of dimension-6
|AF| =1 operators. If a particular NP model does not
suffer from GIM-like suppressions that would prevent the
appearance of dimension-6 |AF| = 2 operators, the bounds
on the scale of NP derived from double-insertions still
provide conservative estimates that are independent of the
Wilson coefficients of dimension-6 |AF| = 2 operators.

For simplicity, we focus on double-insertions of the same
operator, with the same flavor content. Concrete extensions
of the SM will typically involve more than one effective
operator and a richer flavor structure, and the leading-log
contributions therein could be evaluated via a calculation
similar to the one described below. Furthermore, we focus
on double-insertions of the full set of dimension-6 four-
fermion operators of SMEFT, displayed in Table I. Our
starting point is the Warsaw basis of operators of dimen-
sion-6, and we will not discuss the matching of a particular
model of renormalizable interactions onto that basis.

III. CONTRIBUTIONS PROPORTIONAL TO
LARGE YUKAWA COUPLINGS

For phenomenological reasons, we focus on cases
proportional to relatively large Yukawa couplings com-
pared to the Yukawas of the external fields (which will lead
to sizable contributions as we will see below). For instance,

*For instance, in typical left-right models without the addition
of new fermions beyond right-handed neutrinos, the masses of the
extended (neutral) scalar sector suppress their tree-level contri-
butions to meson mixing, see, e.g., Refs. [57,77]. In models with
leptoquarks, there are no possible tree-level contributions to
meson mixing, and integrating out heavy leptoquarks would
result in single-insertions of dimension-6 |AF| =2 operators,
followed by double-insertions of dimension-6 |AF| =1 oper-
ators. The double-insertion contributions become leading if a
GIM-like mechanism suppresses the single-insertion terms,
which are otherwise largely dominant due to the lightness of
lepton masses compared to the NP scale; see, e.g., the Inami-Lim
functions in Ref. [78].

FIG. 1. 1PI diagrams involving double-insertions and four
external fermion legs, represented by solid lines. The Higgs
scalar is represented by a dashed line. Gauge bosons can be
attached to the internal lines in all possible ways.

we focus on the contributions to kaon-meson mixing that
can involve the Yukawas of charm-, bottom- and top-
quarks, as well as of tau-leptons.

Figure 1 shows 1PI Feynman diagrams for double-
insertions of four-fermion operators that can lead to
contributions to meson mixing. Since each insertion is
suppressed by two powers of the NP scale Ayp, the overall
contributions of these diagrams scale as 1/Agp. Operators
of the schematic structure y* H? are an obvious candidate to
renormalize the divergences of these diagrams. To full
generality, other dimension-8 operators also show up in the
renormalization program, schematically: 1//4H D, y/4D2, and
1//4X , see the basis in Ref. [7]. However, their contributions
to meson mixing are proportional to one or two powers of
the external fermion masses (of the same order of the
external momentum scale), and we will thus neglect their
contributions.

The top two diagrams in Fig. 1 introduce in general the
need for counterterms of the structure y*H?, as seen from
the equations of motion (EOMs) of fermion fields resulting
from the SM Lagrangian.4 However, these are suppressed
by the external fermion masses. Therefore, only the bottom
two diagrams in Fig. 1 can lead to contributions propor-
tional to large Yukawa couplings.

In principle, 1PI single-insertions of four-fermion oper-
ators lead to new contributions, see Fig. 2. The reason is
that higher-dimensional operators change the EOMs of the
SM fields [82]. However, EOMs of the scalar field and field
strength tensors cannot change in presence of dimension-6
four-fermion operators at tree level, and when using the
EOMs of fermion fields we end up with contributions to
meson mixing suppressed by the external fermion masses,
as in the previous two paragraphs.

*See Refs. [79-81] and references therein for a discussion in
terms of field redefinitions. The use of EOMs is sufficient at the
leading order considered here.
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FIG. 2. 1PI diagrams involving single-insertions and two
external fermion legs, represented by solid lines. The Higgs
scalar is represented by a dashed line. Gauge bosons can be
attached to the internal lines in all possible ways.

Basic expressions and explicit anomalous dimensions
describing the mixing of double-insertions into operators of
the structure w*H? are collected in Appendix A. As
discussed in the introduction, a complete and minimal
basis of dimension-8 operators is found in Ref. [7], and as
seen from therein operators having a structure other than
w*H? could also contribute to meson mixing. Namely,
there are independent operators having the structures
w*HD, w*D?, and w*X (D is a covariant derivative and
X is a field strength tensor). Some such dimension-8
operators would in general be needed in phenomenological
studies when discussing, e.g., tau-lepton loops in the
context of charm or bottom physics. The corresponding
analysis extending the scope of the current one is an
ongoing work.

IV. PHENOMENOLOGY OF TOP-QUARKS
IN LOOPS

We focus our phenomenological discussion on contri-
butions to meson mixing in which both internal fermions
running in the loop are top-quarks. The resulting effect is
then proportional to two powers of the Yukawa of the top-
quark. The scope of SMEFT operators is the following, see
Table I

1,8 1,8 1,8 1,8 1,3
Qe Qui” Qi 0" 04’ ()
Since here the internal flavor is a top, below the EW scale
the relevant operators are

o1 = (qf ML‘]Z)(‘]])’ﬂLQZ)

09" = (@1La3) (@ L),

07" = (gt )( TLg3),

0" = (aL45) (@ Rey).

05" = (qf )( 1Rq3),

O?lqz (g 17’”R42)(417;4RQ2)

Og.qz (37R45)(q R‘h)

09 = (@Rd5)(@\Rqs), (3)

where L (R) are left- (right-) handed projectors, «, f are
color indices, and flavors are ¢,,¢q, = b, ¢, s, d, u. Their
hadronic matrix elements are calculated for instance in
Refs. [83,84], which are chirally enhanced in the case
of kaons.

Finally, one sets constraints on the NP Wilson coef-
ficients of the operators in Eq. (2) based on their con-
tributions to different meson mixing observables, namely:
indirect CP violation in the system of kaons, and mass
differences in the systems of B, -mesons. These observ-
ables are used in the global fit of Ref. [85] and a good
global agreement with the SM is presently obtained.
Although the relevant RGEs in SMEFT are provided in
Appendix A, we do not discuss the mass difference in the
system of kaons nor charm-meson mixing, due to the
underlying difficulty in having precise SM predictions in
these cases in consequence of long-distance -effects.
Although our focus is on meson mixing, we also provide
in Appendix A the RGEs relevant for muonium oscillation,
ute™ < u~et (for a recent reference on this topic see
Ref. [86]). We do not include the latter in our discussion
due to the limited sensitivity to the NP scale resulting from
the generated 1/Afp effect. We exploit the bounds pro-
vided in Refs. [87,88] on generic NP contributions, see
Appendix B. Despite being an effect proportional to a
dimension-8 operator and being generated at one-loop,
given the precision with which these observables are
known, one reaches a sensitivity to multi-TeV NP effects,
see Tabs. III and IV. We work in the basis in which down-
type flavors are mass eigenstates (phenomenological results
for down-type meson mixing are more straightforwardly
assessed in this basis). A certain number of comments is
in order:

(1) Subleading effects above the EW scale may be
numerically relevant if the leading logarithmic term
is not largely dominant, as in any similar study. Their
determination, however, is beyond the scope of this
work. Among the possible effects showing up at
higher order, we mention single-insertions of di-
mension-8 |AF| = 2 operators and their renormal-
ization by dimension-6 |AF|=2 operators.
Higher orders introduce the need for determining
the Wilson coefficients C®) calculated at the match-
ing scale Ayp.

(i) The fit [87,88] is done under the assumption that
NP is only present in contact interactions that change
flavor by two units, while here we analyse the

combined effects of |AF| =1 NP operators. In

presence of |AB| =1 operators Q511q’3), Q,(lld’g)’

Qqu , Q %) there is in particular NP affecting the
mterpretatlon of the extracted values of the unitary
triangle angles f, f, (beyond mixing-induced CP
violation, that is already taken into account in that
fit), namely, tree contributions involving the charm
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TABLE III.

Estimated bounds on the Wilson coefficients of the operators in Eq. (2). The first column indicates the Wilson coefficient

(WCO) C being probed at the scale Ayp, together with its flavor indices (bounds correspond to the combination of the two cases provided,
with no interference present). The three remaining columns give estimated bounds accordingly to the meson system. The flavor indices
with an asterisk correspond to the WC of the operator that has been complex conjugated; in this way we indicate both cases in which the
f flavor comes from a weak-isospin doublet (first cases) or a singlet (second cases).

wC Flavors B(f=3,i=1 B, (f=3,i=2) K(f=2i=1)

ch 33fi, (33if)* IC?| < (7 TeV)™ |C?| < (4 Tev)™ [Im{C%}| < (70 TeV)™*
” £33i, (i33f)" |C2| < (5 TeV)™ |C2| < (3 TeV)™ [Im{C?}| < (50 TeV)™

c® 33fi, (33if)* IC?| < (3 TeV)™ |C?| < (2 Tev)™ [Im{C?}| < (30 TeV)™*
e £330, (i33f)* |C?| < (3 TeV)™ |C?| < (2 TeV)™ [Im{C?}| < (30 TeV)™

TABLE IV. See captlon of Table III for comments. Addition-
ally, the contribution of Q p q 33 to double-insertions proportional
to the Yukawa of the top-quark squared vanishes at this order.

wC Flavors K(f=2i=1)
cl) 33fi [Im{C?}| < (30 TeV)™*
c® 33fi [Im{C?}| < (10 TeV)™
Cﬁ,ld) 33fi [Im{C?}| < (30 TeVv)~
ijﬁ} 33fi [Im{C?}| < (10 TeV)™*
cll) fi33 [Im{C?}| < (30 TeV)™
) fi33 [Im{C?}| < (10 TeV)~
c) fi33 =33fi [Im{C?}| < (30 TeV)™
c® fi33 = 33fi [Im{C?}| < (30 TeV)~
133i =3if3 [Im{C?}| < (30 TeV)~

flavor’ (suppressed by off-diagonal elements of the
CKM matrix), and/or contributions similar to the
(gluonic) penguin generated in the SM.® These
observables play a central role in setting constraints
on the allowed size of NP in |AB| = 2 [97-99], and
for this reason |AB| = 1 operators are not included
in Table IV. See also Ref. [100] for a discussion of
the effects of dimension-6 operators in the extraction
of the elements of the CKM matrix. A reanalysis of
the global fit taking into account |AB| = 1 operators
involving top-quarks will be the subject of future

See Refs. [89,90] for a comprehensive discussion of NP
operators medlatlng b — ccs.

®For example, in the SM penguin pollution in the extraction of
p from B° — J/wK® is small, and neglected given current
experimental uncertainties: in particular, the imaginary part of
the top-penguin contribution to the amplitudes scales like 4*, and
is doubly-Cabibbo suppressed with respect to the tree contribu-
tion (independently of the Wolfenstein parametrization), see e.g.
Ref. [91]. However, NP does not have to follow the same
suppression; see e.g. Ref. [92] for a discussion of NP effects
in the decay. Moreover, one cannot exploit SU(3) relating B® —
J/wK® to B® - J/wz® to constrain top-penguins affecting the
former channel [93-96] since NP operators carrying different
flavors are assumed unrelated.

(iif)

@iv)

016006-6

work, further motivated by the fact that experimental
uncertainties in the extraction of # will be improved.
On the other hand, we provide bounds on NP in the
kaon sector in Table I'V, which result in the global fit
of Ref. [87] from |eg|.

In the case of the operators shown in Table IV,
single-insertions [77,101-103] at one-loop can lead
to contributions to meson mixing, setting bounds
on |[Im{V,ViC}| instead of [Im{C?}|, see
Refs. [77,102] where finite terms are discussed, that
contribute in the matching to an effective theory
valid below the EW energy scale. Although these
single-insertions are suppressed by off-diagonal
elements of the CKM matrix, chiral enhancements

in cases Ql%'g) and de’g)
sensitivity to the NP energy scale compared to
Table IV. In cases ngg),

to the one shown in Table IV. The operators Q£,1q’3>
can contribute to charm-meson mixing (with sup-
pression by off-diagonal elements of the CKM
matrix) [101], which however is challenging to
calculate reliably in the SM. In the case of the
operators shown in Table III, contributions from
finite terms are suppressed by the mass scale of the
external fields, and they are thus negligible.

Other observables can also constrain the same NP
effective couplings; e.g., many other operators are
radiatively generated through single-insertions,
whose anomalous dimensions at one-loop are found
in Refs. [104—106]. These radiative effects result in
contributions to rare semileptonic transitions, for
instance. However, in particular, K — zov rates are
presently not known to an experimental accuracy
much better than 100% [107], and the main sensi-
tivity to the NP scale is still achieved by meson
mixing. On the other hand, in the cases of the

lead to a much better

the sensitivity is similar

operators Qqu and Q f3w although large theoreti-
cal uncertainties are mvolved, a much higher sensi-
tivity to the NP scale is likely to be achieved by the
observable ¢ /e (giving the amount of direct CP
violation in the system of kaons) from gluonic
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penguins due to the chiral enhancement involved

[108], similar to the gluonic LR penguin operator
generated in the SM.

We have thus obtained a dominant, or competitive,

clean’ sensitivity to NP effects from double-insertions in

the cases shown in Table III, and the cases Qélu); £330 0 4a:fi33

and Qf;q); 133> shown in Table IV. Even in cases where a

higher sensitivity is reached by single-insertions, double-
insertions carry a different dependence on the dimension-6
Wilson coefficients, and can therefore offer a complemen-
tary probe.

Beyond top-quarks in loops, one can also have other
internal heavy flavors in the case of kaon-meson mixing,
namely, charm- and bottom-quarks, and tau-leptons, which
are much heavier than kaons. Given the dependence on
masses lighter than the top, the sensitivity to the NP scale
will drop.

V. CONCLUSIONS

I have discussed effects of a generic heavy NP sector that
are encoded in higher-dimensional operators. More exactly,
I have calculated the renormalization by dimension-8
operators of double-insertions of dimension-6 operators,
where the latter changes flavor number by one unit and the
former by two units. At energy scales much below the
characteristic scale of NP, the effects of double-insertions
are constrained by meson mixing observables, which
receive suppressed contributions from the SM, due to
the GIM mechanism, that are precisely predicted in the
case of many observables. The calculation here discussed
provides the leading-order contribution to meson mixing in
SMEFT when |AF| = 2 tree-level effects and dimension-6
|AF| =2 operators generated at one-loop are absent or
suppressed, and no GIM-like mechanism in the NP sector
operates to eliminate the need for renormalization.

The scope of SMEFT operators considered here extends
to four-fermions of different chiralities, and to semileptonic
operators. I have focused the phenomenological discussion
on tops as the internal flavor in fermionic loops, resulting in
contributions proportional to the square of the Yukawa
coupling of the top. Given the level of experimental
accuracy reached for meson mixing observables, loop-
suppressed double-insertions lead to meaningful and
powerful bounds on NP, displayed in Tabs. III and IV,
probing energy scales much beyond the reach of direct
searches in colliders.
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APPENDIX A: RENORMALIZATION AND RG
EQUATIONS

We consider on-shell renormalization with dimensional
regularization (D = 4 — 2¢) and (modified) minimal sub-
traction; Ref. [109] is used to identify UV divergences; we
also employ BMHYV scheme to deal with ys.

Next, we follow closely the discussion of Ref. [68]. It
will be left implicit that the operators being discussed are
the ones of the main text. Up to O(ARS) terms, the
nonrenormalizable part of the Lagrangian is given by
(sums over repeated indices are left implicit):

2
— 6)7—1 |, "MH ~(8)5-1) A% (6)bare
[’eff;nonren = _AT (Cl Z,’j +ATCZ Zij )lu J Qj
NP NP
L) a6) 1 (851 ), A (8)bare
_ATNP(Ci C;Zihy A Co’ Zigyy | 5 O
+ ..., (Al)

where “(6)” and “(8)” are the dimensions of the operators
involved, except when otherwise indicated (namely, the

dimension-8 operators QE;ZCQ g X = U, d, and their Wilson

coefficients). The Wilson coefficients C'© and C® are
dimensionless (we reserve the typesetting C(®) and C® for
the dimensionful ones), and the expressions multiplying the
bare operators are the bare Wilson coefficients. The ellipses
denote counterterms proportional to unphysical operators,
that will be omitted hereafter. Note that on-shell matrix
elements of double-insertions of EOM-vanishing operators
are in principle nonzero, see e.g. Ref. [110]. However, we
consider as our starting point in the main text dimension-6
operators of the Warsaw basis, which we do not replace via
the use of EOMs. Other than its nonrenormalizable part,
Lefrnonren> the full Lagrangian L. also includes Ly,
which is the SM Lagrangian together with counterterms
proportional to SM operators due to the presence of NP
interactions.

Insertions of higher-dimensional operators leading to
Green’s functions relevant for meson mixing are indicated
as (the “SM” part of the Lagrangian is not being explicitly
shown):

-
<T exp [i / dDXEeff;nonren(x)]>
|AF|=2

— —i(a® + a®)SH (A2)

up to terms O(ARS), where

016006-7
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1 are
O (x) = - %,60Z5 ¥ Q) (A3)
ANP
and
a(S)(x) . m4H ZIJC Z—1 A Q(6),bare(x)
ANP /
1 1
2, O o s Qe ()
ANP
1
+ATZl]Cz C l]('x)’ <A4)
NP
with
17— A(-f)) bare
Rll( ) 2/ /Z Z J Ri’j’ (X)
+ 3,25 u Q£,8>’bm(x) (A5)
and
bare(x) /dD T(Ql(6) bare(x)Qﬁf),bare(y)
+Q bdre( )QSF),bare(y))' (A6)

In powers of the Yukawa couplings y (possibly different
Yukawa couplings are represented by the same letter y), the
renormalization factors are expanded as (6 is the Kronecker
symbol, with indices omitted):

y2

Zl=+-2—7tW) 4 |
+ (4;;)2 +
Z-Lm =z — 2 L O0e), (A7)

, while Z~" and the tensor Z:! have

and similarly for Z~! ijn

perturbative expansions starting at O(y?).
From the scale independence of the bare coefficients, one
gets (cf. Eq. (1), given in the context of the SM)

d -
@a@ (1) = Z,C 0 (W)C (W)7i7.0 + ZCor) (1) F s

(A8)
|

d
2 A3)
(4”) Md,u sz 2H2.fifi

1
X (Yll)%j X (Cr(fe)qu;fijk)2 + Gie X Sb X gie X (YZ)%j x

= G ““[lepton] x S, x G5 x (Y)2 ;%

with in particular

2
y 0
Vijn = (471_)2 7,('1',),[ + ...

o _ @8+ 80+ a0 - a)

ijn —

~

iz, + O,
(A9)

€

where A, = ¢ is the mass dimension of the coupling y,
which satisfies the renormalization group equation
pdy(u)/du = —A,y(u) + O(y?). Similarly, A®) = 2¢ for
four-fermion operators w*, and A®) = 4¢ for operators of
the schematic form y*H?. To achieve the simple form of
Eq. (A8), we have neglected terms « m?, indicated in the
right-hand side of Eq. (A1), which is justified in the leading
order being considered here, where C® (Ayp) is sublead-
ing, see the main text, Sec. II.

The anomalous dimensions yf J)n are then calculated from
the finiteness of the Green’s functions introduced above,
<Rl~j)(0> in particular (“(0)” indicates the leading order,
shown in Figs. 1 and 2, and “[div]” the divergent parts):

(ybare)Z
(47)?

_ 8),bare
2,270, (0 (U [div]

= (R (0N [div]. (A10)

Since we focus on the special case in which i = j, 7% is a
matrix.
Finally, at the leading-log approximation:
¥ (Hew)

(ny " <P%>

X lecz (ANP)C( >(ANP)7’EJ)n

Cff) (MEW) =

(Al1)

The scale Anp appearing in the logarithm is set to 1 TeV in
the numerical applications in the main text.

1. Explicit expressions for the RG equations

The RG equations are given in the following (the sum
over j, k indices is left implicit):

(Credqsi jk)2 + Gheamtt )[lepton] xS, X Gleau()

(C)f’g;fkji)2 (A12)

016006-8
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d s ted ted . uqd(l uqd(1 I
(4”)2”d_ﬂCEIZ)JZH2;fifi:G“ *lquark] x S, x G qX(YZ)%jX(Cfedq;kjif>2+GZ 10 x5, x gt )X(Yu)%jx (CgLqu;jkfi>2

uqgd(1 uqgd(1 1
+ GZ wt )bexQZ adl )X(Yu)%jx(céu)qdfkji)z
uqd(8 uqd(8
—I—qu<)[ gZQ()

singlet] x S}, x x(Y )k}x(cquqdfkﬂ)z

+ G [singlet] x 5, x GV x (Y % (Cyapi)?
d(8)... d(s 8
+ G singlet] x S, x GI" )x(YIl)%jx(Cé‘};fkﬁ)Z (A13)

d 6 ugd(8 ugd(s 8 ugd(s ugd(8
(4n)2ud—ﬂCEj2>‘ﬂH2;fiﬁ = G1Mad®) g x gara?®) o (Yu)i; < (Cfﬂt)qd;jkﬂ)2 + G} ®loctet] x S, x g ®

8 d(1 d T 1
X (V)R % (Comn e + G Wloctet] x 5, x GV x (Y))F; % (Cld i)

quqd;fkji
+ G octet] x 8, x G x (Y] % <c;i2;fk,~,~>2 (A14)
d 5 Lequ Zequ( 1
<4ﬂ)2ﬂd_MC;2)'42Hz;fiﬁ G ! )[quark] X S X g ! (Ye)%j X (Cz(,’e)qu;jkfi)2

uqd(1 ugd(1

1+ GIA) g gamad) o (Ya)i; % (C; )qdj”k)2
uqd ugd

+ GZ @t X Sb X gz i X (Yd)%j X (C<uqd]1fk)2

q
uqd(8 . uqd(8
+ GO singlet] x S, x GI“"® x (v, x () )

+G"Vlsinglet] x S, x G5 x (YD), x (Cllysi)?

+ G1"[singlet] x 8, x G x (V)2 x (Chol 0 (A15)
d 6 ugd(8 ugd(8 8 1qd(8 ugd(8
(4ﬂ)2ﬂd_ﬂC;2342H2;fifi = GII®) g, x GgIrad®) (Ya)i; < (Cfm)mi;fijk)2 + G ®octet] x S, x GI*49®)
8 qu(1 u(l
X (Y % (Coh g + G Vloctet] x 8, x G x (YR, x (Ch e
u(8 u(8 8
+GJ ®octet] x S, x o ®) « (Yl)%] X (CEM);fkﬁ)2 (A16)

d
2 (1)
(47)"p du Cf“Hz;fifi

= GLe[£€] x S x Gee X [V YEj; X (Crerpify)?
+ G%"[lepton] x S, x Gi* x [YMYZ]J-J- X (Cpupiii)?
+ GZ[lepton] x S, x G4 x [Y Y], % (Crapii)?
+Ge"Wllepton] x S, x Qf"( X (YY) + V¥ aljy) % (Clpi
+ G ltepton] x 8, x G < ([Yhy, ) + YY) % (€U0
+ G X S x GIX [VIY, ]y % (Crrgiyy)?
+GY[singlet] x Sy x G x [YY.];; % (Corpyi)? (A7)

d
(471.)2” i C(z)

an Congigi = G4/ [triplet(2)] x Sy x G57 x [YIY,] ;i x (Crpyiji)? (A18)

d
_Ce4H2;fifi = Gfe[ee] x S, x Gie x [YZYe]jj X (Cfe;jjfi>2

42
(”)Md'u

+ G¥[lepton] x S, x G x ([YZYu]jj + [YZYd]jj) X (Cyesjifi)?
+ Ge“[lepton] x Se X G X [V, Yi];; X (Conipiy)?
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d
A

2
(4r) ’ud,u G H2:fifi

2)
. Cq4H2;fifi

d
(47)u n Cousmrififi =

(47)

+ G¢[lepton] x S, x G¢4 x
+ G X S X Gef %
—‘rGZeXSngZeX

= G&[quark] x S, x GI° x

= G4V iplet(2)] x S, x G4

d
a du Comrgifi =

[YdYZ],;,- X
[YeYZ]jj X
[YeYZ]jj X

(Cearfiji)
(Cee;fijj)2

(Ceersjji)? (A19)

[YeYZ]jj x

+G"Vqq) x S, x GV
qq] x Se x G110 x
qq] x Se x G&'®
qq] x S. x G1® x

[quark] x S, x &4

+ G2
+GI®

d
[
d
[

(l

+ G
+ Gt x [YiY eljj X (Ct’q J/f’)2

[YT ] X (qu J/f’)2

< (YRY]y + [V al ) % (Clyis)?

X ([YiYuljy + [Y3Yal ) X (Clo)?
+[Y5¥) ) % (Coglpi)?

. 3
+[YiY);) X <C51r1);fjji)2

+ GLab) [quark] x S, x A
1+ G g % gl
qu(3) % S x g‘I‘I(3)

+ qu( [singlet] x S, x gqq ([Yzyu]jj

+ qu( )[smglet] X §; % gqq ([Yzyu]jj (A20)

1
x (Y3l = [YEY,)) > (€ )2

3 . 3 + + 3
+ G triplet(2)] x S4 x G x ([YLY,]j; = (YY) < (Co ) (A21)

Gi"[quark] x S, x GZ x [Yzye]jj x (Crugisi)?

D 1

+ [Y3Ya]j;) X <C51u);jjfi)2
+ 8

+ [YTYd] ) X (CE]u);jjfi)2

+ G V] x 8. x GV x (Vv
+ G uu] x 5, x G
+ G¢'[quark] x S, x G x

A1) g o ggd(l)

x ([YhY.];;
[YeYZ] ( eu; JJfl)
(Cl(td fl//)2
+ G xS, x G x [y ¥i] % (€0
+ G X S X GU X [V, Vi) X (Cuegij)?

+ GU* x S, x G4 x [Yuyz]jj X (Cuyjji)®

+ G
ud(8)

X [Ydel]jj X

(A22)

Gfd[quark] X S, x Gl x [YZYe]jj X (Cfd;jjfi)z

d(1 d(1 % T !

+ G dd) x S x GV < ([YiY,)y + [V al) X (Colyi0)?
T ¥ 8

Y Y] % (Coajiri)?

1
(C:(ul);jjfi)2

+ GO 4d) x S, x GO

+ G¢]quark] x S, x ged X

ud ud(1
+ G, m X S, % gc [YuY;]jj x
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+GH s, % gut®

T 8
X ¥, Yl % (Coar)®

+ G xS, x G X [YyY ] X (Caarpiji)?

+ Gy x Sy x Gi x [YdYZI]jj X (Caacpjii)*-

Other dimension-8 operators not shown in Table II (see
Ref. [7] for their complete list) are not considered in the
renormalization of double-insertions; see discussion in
Sec. III.

Note that double-insertions of Q(;e) , turn out to be finite.
(This is the only case found for which the divergence in
double-insertions at intermediate stages contains a term
proportional to the Levi-Civita symbol.) This contradicts
Ref. [111], that claims a divergence and exploits the
corresponding leading logarithm to constrain the Wilson
coefficient of Qi?e)qu.

In the RG equations above: G correspond to the residue
of the e-pole extracted from the calculation indicated in
Eq. (A10) times the overall factor seen in Eq. (A9) (without
symmetry and group factors), S designate symmetry
factors, and G group factors (subscripts a, b, ¢, d designate
different topologies). They are given as follows:

Zed Zequ(l
Cedg _ 1 _

Zuqd(l) _ gguqd@) — 4

’

gguqd(l) _ gzuqd(S) -2,

gee = gt = g — gee — g
=gl = ggq(l) _ ggq(3) _ gqu) _ g54(3)
=G =gl =gt = gV = gi'® =2,
e x(1 x(8)
gre = g = g=® — 16,

= qu(l) _ gzq(3> =G5 =G =2, (A24)
1 1
Sb 2 . Sa 2 5 Sd ) Sc ’ ( 5)
CEOT. 1 24P 1 1473
G/ [singlet] = 3 G/ |triplet(2)] = 3 G/ =1,
1 1
G4V singlet] = 3 G4 [uriplet(2)] = >
GH =N,
qq(3) 1 5 qq(3) s 3
G [singlet] = 7 G, [triplet(2)] = 5

(A23)
Gg‘](3> — Nc’
G2 [lepton] = N, G2 [quark] = 1,
GL1® [lepton] = N, GLB) [quark] = 1,
Ge =1, Ge=1,
G¥=1, G¥=N,
G [lepton] = N, G¢[quark] = 1,
ng(l) =N,
1 1
G?d(S) — (1= ’
4\ "N,
Gielee) = 1, Giélee] =1,
G%*[lepton] = N, G%*[quark] = 1,
G{‘[lepton] = N, G{[quark] = 1,
GVlgq) =N GEVxx] =N,
(8 1 1
6#Vgd =3 (1-5):
4x(3) 1 1
GC [)CX} = Z 1- N_ s (A26)
and
Gie =1,
1
sz(l)[singlet] =N G Wloctet] = 2,
1 2 1
G ¥singlet] = - (N, = —+ — ),
b [singlet] 2\ Ve + N3
11
GZX<8) [octet] = N2
Gheda [lepton] = N, GLeda [quark] = 1,
quqd(l) -1, quqd(l) _ NC,
u . 1 1
GI""®[singlet] = 1 <1 - W)
quqd(s) _1fy _2 qugd(s) _ 1
G, [octet] = 3 (NC Nc>’ Ga =3
G5 Dlepton] = N,., Gie"Wiquark] = 1. (A27)
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Everywhere in this paper T4 are the SU(3) generators,
normalized such that tu{T4T#} =288 (a different nor-
malization was taken in Ref. [112]). Also, 7/ are the Pauli
matrices, for which tr{z/z/} = 26".

As one cross-check, doing an independent calculation
we verify the SM [67,68] at the leading order. For the
cancellation of logarithmic terms in case (II) of the SM (see
Sec. II), note that we have two possible internal flavors, up-
and charm-quarks, which is beyond the scope of the
previous expressions, where double-insertions of the same
operator with the same flavor content have been consid-
ered. However, one can easily depict the cancellation in the
following way: since all interactions are left-handed, the
only relevant diagram is the bottom right one in Fig. 1;
there are two contributions from the diagram with two
internal charm-quark lines, and one contribution from each
of the two diagrams with internal up- and charm-quark
lines, where the lines to which the two scalars couple
(representing now insertions of vacuum expectation values)
are the charm-quark ones; the latter contributions carry the
opposite sign with respect to the former ones, which
follows from the use of the unitarity of the CKM matrix,
so the total result vanishes in the end. In case (III) of the
SM, below the EW scale only the latter diagrams, carrying
internal up- and charm-quark lines, are present, so there is
no (super-hard) GIM cancellation in this case. For com-
pleteness, case (I) of the SM only involves internal up-
quarks below the EW scale.

APPENDIX B: SENSITIVITY OF MESON MIXING
TO NEW PHYSICS EFFECTS

Bounds on the size of NP in the neutral meson systems K
and B, are discussed in Refs. [87,88] (see also
Refs. [100,113]). There, since these observables are used
in the global extraction of the elements of the CKM matrix
in the SM (the mass differences Am,  playing presently a
more relevant role in the fit than the indirect CP violating
quantity |eg|), the extraction of the elements of the CKM
matrix is redone allowing for NP contamination in the fit:
NP is parametrized under the form

M, = (Miy)sy % (14 h; x €%7), (B1)
and combined bounds on /; and o¢; are extracted, where the
index i refers to the different neutral meson systems.
Ref. [87] combines contributions from NP in the kaon
system with the top-up (case (I) discussed in Sec. II) set of
contributions from the SM, keeping cases (II) and (III)

unmodified, which is consistent with our discussion in
Sec. IV. The extracted ranges are h; < 0.26, hy < 0.12
[88], and |hg x sin(20k + 2Arg(V,,V5))| < 0.6 [87]; all
bounds are 95% confidence level intervals. These bounds
constrain NP at the energy scale relevant for the different
observables, namely, ~M By, for the B(;) mass differences,
and 2 GeV for the indirect CP violating quantity in the
kaon sector. To constrain different kinds of NP at the EW
scale, one introduces the short-distance QCD corrections
collected in Ref. [114], that provide the running and mixing
of |AF| =2 four-fermion contact interactions below the
EW scale at the next-to-leading order (NLO). One also
needs the relevant bag parameters, which are taken from
Ref. [83] in the K system, and Ref. [84] for the B;) systems
(both for Ny =2+ 1+ 1). Light quark masses are taken
from Ref. [115] (Ny=2+1+1), see also references
therein. Put together, bounds on NP at the scale y, =
m,(m,) = 166 GeV follow the following pattern for the
Wilson coefficients C, (i), C,(i), C3(i), C4(i), Cs(i) intro-
duced in the main text, see Eq. (3):

Amyg: 1:2:04:5:2,

lex|: 1:40:10:100:30 (B2)
with respect to bounds on the Wilson coefficient C; (i) (for
instance, the bound on |C4(By))| is about 5 times stronger
than the bound on |C;(B)|); bounds on the latter are

IC,(B)] < (1x10° TeV)2,
IC(B,)| < (3 x 10> TeV)2,

Im{C,(K)}| < (2 x 10* TeV)~2. (B3)
The running effects between the NP scale Ayp and the EW
scale ugw = p, are the concern of the main text. Although
short-distance QCD effects below the EW scale are being
included for NP, we are not including QCD effects above
the EW scale, which are suppressed by a relatively small
strong coupling.

A final comment is in order: in kaon meson mixing we
employ the value of k. encoding nonlocal effects of up-
quarks calculated in Ref. [97], compatible with Ref. [116],
and assume that possible NP contamination therein is
small; an exploratory lattice QCD study of this nonpertur-
bative effect has been made in Ref. [117]. The possibility of
NP in direct CP violation in the kaon system is discussed in
the main text.
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