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1 Introduction

In the absence of the discoveries of new particles at the Large Hadron Collider (LHC),

the SMEFT provides an elegant framework to parameterize and quantify the effects of
NP in terms of SU(3). x SU(2)r, x U(1)y gauge invariant higher dimensional (d > 5)
operators [1, 2]. In SMEFT, the operators are constructed using the field content of the

Standard Model (SM). Excluding the flavour structures, there are in total 59 operators

which conserve the baryon number [1].



An interesting aspect of the SMEFT is its built-in gauge symmetry. This feature
often leads to an intriguing pattern of correlations among low energy observables due to
enforcement of the model independent relations between the Weak effective theory (WET)
operators at the EW scale, on matching with SMEFT [3-6]. At the 1-loop level, through
RG running, new effective operators can also be generated at the EW scale as a result of
operator mixing. For instance, the four-fermion SMEFT operators can mix with the 1/2¢2D
type operators which can contribute to the observables of different kinds. In this manner,
the running from A to the EW scale can induce additional correlations [7-12]. Therefore, in
an SMEFT analysis, considering such effects is very important in order to correctly predict
the low energy implications of new interactions introduced at the NP scale.

By now, the complete ADMs for SMEFT as well as WET are known at the 1-loop
level [13-17]. The recent results for ADMs in the SMEFT extended with right-handed
neutrino fields can be found in refs. [18-20]. Based on these calculations, the tools such as
wilson [21] and DsixTools [22, 23] have been developed. (See also ref. [24] for a discussion
on the analytic solutions to the SMEFT RGEs). Using these codes, it is possible to
include the RG running effects in the theoretical predictions which can be obtained using
flavio [25]. Several other packages [26-28] exist to facilitate the different kinds of tasks
for studying the phenomenology in the SMEFT framework. As far as the present work is
concerned, we have used flavio for the theoretical predictions and the RG running effects
have been taken care by using the wilson package.

In this work, we focus on a subset of SMEFT operators which contain both lepton and
quark fields currents:

(Livu L) Qe Q1) »

here, i,j,k,l denote the flavour indices. Such operators are known as the semileptonic
operators. It is well-known that, at tree-level, these operators enter into various semileptonic
decays of mesons. In this context, the operators which violate the quark flavour have been
extensively studied in the literature [8, 9, 29-36]. On the other hand, a generic flavour
structure of these operators is not yet fully explored. In particular, the quark flavour
conserving counterparts deserve more attention. A given NP model can generate both
flavour violating as well as conserving operators, therefore, it is essential to know what kind
of constraints apply on the later ones. One of the goals of the present work is to fill this
gap by identifying all possible low energy and EW scale observables, which can be used to
probe a generic flavour structure of the semileptonic operators. Concerning this matter,
the ref. [37] discusses the contribution of semileptonic operators to the EWP observables,
assuming flavour universality. Similarly, the refs. [7, 38|, pointed out the importance of
EWP and lepton flavour violating (LFV) constraints on the semileptonic operators needed
to resolve the B-anomalies. For more recent studies on this topic, see also refs. [30, 32, 39)].
Due to the reasons outlined above, we will restrict ourself to the flavour structures such
that there is no quark-flavour violation, to begin with, at the scale A. In other words,
the operators in which are interested are either flavour conserving in both currents or at
most they violate the lepton flavour at the NP scale. We will emphasize the importance
RG running from A to the EW scale, through which these operators can contribute to a



verity of observables at lower scales. In this regard, we will first isolate the most important
terms in the ADMs due to gauge couplings as well as Yukawas, i.e., the ones which are
phenomenologically relevant, given the current precision of the measurements.

The remainder of the paper is structured as follows. In section 2, we will discuss our
strategy, and in section 3, we discuss the SMEFT RG running of semileptonic operators. In
section 4, we will identify various observables which are relevant for the different flavour
structures of the operators under consideration. In section 5, we will discuss the sensitivities
to the NP scales A for various operators. Finally, we move on to the conclusions in section 6.
Additional material is collected in appendices A, B, and C.

2 General strategy

In SMEFT, the SM is extended with a series of higher dimensional effective operators
invariant under the full gauge symmetry of the SM. In general, the SMEFT Lagrangian
can be written as

LEhwrr= Y COut Y. (Ca0a+Ci0}) (2.1)
ol=0, Ol 40,

here, C, are known to be the Wilson coefficients. A complete list of SMEFT operators can
be found in refs. [1, 2]. In this work, we will focus on a subset, the four-fermion semileptonic

operators:
108 igmt = vl @ a) (2.2)
Ot = Cnr ) (@A" 7 q) | (2.3)
[Opijit = (L) (@ uy) (2.4)
[Oyalijki (Zi’mfj)(cim“dz) ) (2.5)
[Ocdliji = (€ivues) (dxy'dy) (2.6)
[Oculijir = (€vues) (ueyw), (2.7)
[Oqe]wkl = (qivugs)(ext'er), (2.8)

here, the flavour indices 1, j, k,[ can take values from 1 to 3 and ¢, u,d, ¢, e represent the
quark doublet, right-handed up-type quark, right-handed down-type quark, lepton doublet
and right-handed lepton fields, respectively. The down-type quarks are chosen to be in the
mass basis at the scale A. This corresponds to the Warsaw-down basis of the SMEFT [40].
For convenience, we divide the operators into three classes based on their flavour structure
at the scale A:

e AF = (0,0): the operators which do not violate quark! and lepton flavours,

!Since we work in the Warsaw-down basis, the Cabibbo-Kobayashi-Maskawa (CKM) rotations can give
rise to quark flavour violating operators in the up-sector, even at the scale A. Note that the CKM matrix
itself can be affected by NP [39, 41], however such effects are beyond the scope of present analyses. In
our analyses for numerics the CKM is obtained with wilson program using the input Vs = 0.2243, V,,p =
3.62 X 1073,V = 4.221 x 1072, = 1.27 at the Z-mass scale.



o AF = (1,0): the operators which do violate lepton flavour by one unit but do not
violate the quark flavour,

o AF = (i,1): the operators which do violate quark flavour by one unit but may or
may not violate the lepton flavour, i.e, ¢ =0 or 1.

Since, the AF = (7,1) type operators are already well studied in the literature, we will not
consider them here. On integrating out the new degrees of freedom at A, a unique tower of
SMEFT operators is generated. However, a priori it is not obvious to which observables these
operators can enter into at the lower energies. This is because of three reasons. Firstly, the
SU(2), invariance can lead to correlations between different type of observables. Secondly,
the pattern of mixing between different operators due to running from A to the EW scale
is very complex in nature. Often this leads to the appearance of new operators at the
EW scale, which can give rise to unpredictable correlations among low-energy observables.
Finally, the choice of the flavour basis at the NP scale is not invariant with respect to the
RG evolution. Therefore, it is extremely important to systematically analyze these effects
for all flavour structures of the operators of our interest. This will allow us to identify all
possible observables which are sensitive to these operators.

With these motivations, first we will identify the most sensitive observables which can
be used to probe the operators listed in (2.2)—-(2.8) for the following flavour combinations:

AF = (0,0) : 1111,1122, 1133, 2211, 2222, 2233, 3311, 3322, 3333 , (2.9)
AF = (1,0) : 1211,1222,1233,1311, 1322, 1333, 2311, 2322, 2333. (2.10)

Note that none of these flavour combinations are quark flavour violating. Next, we will
proceed in three steps: to begin with, we will study the operator mixing pattern due RG
evolution for the two classes of the flavour structures as shown in egs. (2.9)—(2.10). Based
on this, we will then identify all possible observables which can be used to constrain a given
operator directly (at tree-level) or through the operators to which it mixes into, through the
RG effects (at 1-loop level). Using this information, we will finally derive the lower bounds
on the scale of each semileptonic operator assuming the presence of a single operator at the
scale A.

3 Renormalization group running

In this section we discuss the RG running of the SMEFT semileptonic Wilson coefficients.
In general, the running is governed by the coupled differential equations

) = 1625 —50) o). (3.1)
with
C(p) = (Cr(p), Calp), - )" (3.2)

Here, p is the renormalization scale and 4 is the anomalous dimension matrix which is
function of the SM parameters such as gauge and Yukawa couplings. In the leading-log (LL)



approximation, the solution to these equations for running from scale A and p reads

i) = [i - 1612 In (ﬁ)} CA). (3.3)

In the following we analyze the RG running and operator mixing of various quark-flavour
conserving semileptonic operators (shown in egs. (2.2)—(2.8)) of our interest to various
other operators. These effects can potentially relate them to new observables generated at
1-loop level and hence allow us to put additional constraints. Using the ADMs calculated
in refs. [13-16] we find that, depending upon the flavour structures, the quark flavour
conserving semileptonic operators can mix with two types of operators. The first category
is the 12¢>D type operators:

[quu]l] =
[Omﬂij =

Here, I is the SU(2) index and D,, stands for the covariant derivative. Secondly, they also

0015 = (o' Dy $) (T 1), (3.4)
[Og?]ij = (¢li D<—£ o) (Lir'y1e5) (3.5)
(Opelis = (61 Dy 8)(@e;), (3.6)
OW15 = (611 Dy 6)(@"a;) (3.7)
0P = (81 DI )@ "qy) (35)

( ) (3.9)

( ) 3.10)

mix with the purely leptonic operators given by

[Opelijir = (Ciruly) G ) (3.11)
[Ocelijin = (Livuly)(Erner) , (3.12)
[Oceliji = (€ivue;)(exy*er). (3.13)

In addition, the AF = (0,0) type semileptonic operators can also mix with the four-
quark operators, however we do not find any significant constraints due to such an operator
mixing. In order to get the general picture, for our qualitative discussion, we will use the
LL solutions to the corresponding RG equations as given by eq. (3.3). However, for the
numerics, we sum the logs using full numerical solutions which have been obtained using
the wilson program [21].

3.1 Evolution of AF = (0,0) operators

The ADMs in the SMEFT depend on the gauge couplings as well the Yukawas. In this
section, we identify the phenomenologically important terms in the ADMs of AF = (0,0)
semileptonic operators.

3.1.1 Operator mixing due to gauge interactions

First, we discuss the operator mixing of the AF = (0,0) semileptonic operators due the
gauge couplings. The flavour combinations for these operators are specified in eq. (2.9).



Therefore, as an initial condition, at NP scale, only the Wilson coefficients of the operators
given in (2.2)-(2.8) are assumed to be non-zero. It turns out that, these operators can
mix with the 12¢? D-type operators, which are listed in egs. (3.4)—(3.10), through EW
interactions. Now we use the LL approximation to relate the Wilson coefficients of the
semileptonic operators at the scale A to the Wilson coefficients of 1)2¢2D operators which
get generated at the EW scale due to the operator mixing. We find

[C%]“ %912 0 3912 —%912 0 0 0 [Cé;)]iikk
[C¢>£ ] i 0 29% 0 0 0 0 [Ctgj)] iikk
[C¢e]ii 0 0 0 0 _%gl2 %gl2 %912 [Cfu]iikk
[Cé?}kk =L|-3¢> 0 0 0 0 0 —5a* [Coal i (3:.14)
[Cq(ifz)} kk 0 3¢5 0 0 0 [Cealsirs
[C¢d] kk 0 0 20 2 _%912 _%912 20 2 ’ [Ceu]iikk
[Coul 0 0 =30~ 0 0 =397 0 (Coe) kni

Strictly speaking on the l.h.s. we should have written the difference between the Wilson
coeflicients at the EW scale and their corresponding values at the scale A, i.e.,

C(pew) = Clpew) — C(A). (3.15)

However, since at the scale A we assume only the semileptonic operators to be non-zero,
we have C(A) = 0 and therefore 0C(piewy) = C(ptew). Also, we have expressed the loop
suppression factor and the log in terms of the quantity L, given by

1 Hew

In eq. (3.14), the g1 and go are the EW gauge couplings at the scale A. It is important to
note that for the first three (last four) elements on the Lh.s., only the repeated index k (7)
is summed over on the r.h.s. However, on the L.h.s. indices k£ and ¢ are not summed over
and can take values in the range 1-3. For simplicity, we do not show the self-mixing of the
operators. Interestingly, after the EW symmetry breaking, the 1)2¢2D operators are known
to give corrections to the W and Z boson couplings with quarks and leptons [42-45] (see
also more recent refs. [37, 39, 46-51]). Therefore, the quark-flavour conserving semileptonic
operators can be indirectly probed through EWP data.

In this context, one should also consider the operator [C,,] which enters into the

1221
muon decay, i.e., i — evv and hence affects the extraction of Fermi constant Gp. At the

EW scale the Wilson coefficient [C,,] 1991 Can be written as

[Ca] 1221 49%1’ [Céj)]”kk ) (3.17)

here the indices on the r.h.s. are summed over i = 11,22 and kk = 11,22, 33.

In addition, we find the mixing between [Cé;)] and [Cg') | to be phenomenologically

relevant. At the 1-loop level, this goes through the EW corrections. Therefore, the strength



of mixing is driven by the gauge coupling g». As before, solving the corresponding RGEs in
LL approximation, one finds

(1) _ 2 (1)
[CZE%)LZ'M“ =L < > 992) [Cf%)]"““’“ : (3.18)
(Coy Viinn 395~ Coy Vit
here, the repeated indices k£ and ¢ on the lL.h.s. as well as on the r.h.s. are not summed over.
Once again, we have suppressed the self-mixing (indicated by the entries with dashes) of
these operators and log term L is given by (3.16). The mixing of [C(l)]u‘kk with [C(S)]iikk

Lq lq
can induce new charged current transitions after EW symmetry breaking.

3.1.2 Operator mixing due to top-Yukawa interactions

In this subsection, we isolate phenomenologically important terms in the ADMs which
depend on the Yukawa interactions. In this regard, we will keep only the largest terms
involving the top-Yukawa coupling. Solving the RGEs in the LL approximation, we find

[Cq 733
591, 10 -10 0 ] s
€51, | ~6sL {0 -1 0 0 0 Coisss | - (3.19)
[CczbeL] 00 0 1 —1 [qu}ssw

[Ceu]i]’33

here, y; is the Yukawa coupling for the top-quark. In eq. (3.19), for AF = (0,0) operators the
flavour indices ¢ and j can be set equal. It is worth mentioning that for simplicity, we have
not included the non-standard effects due to running of the Yukawa couplings themselves,
which can lead to additional contributions to the quark-flavour violating semileptonic
operators at the EW scale. We will return to this point in section 4.1.2.

3.2 Evolution of AF = (1,0) operators

Now we consider the AF = (1,0) type semileptonic operators which violate the leptonic
flavour by one unit but conserve the quark flavour (see eq. (2.10)). Apart from the self-
mixing, these operators mix with the lepton flavour violating leptonic and 2¢>D type
operators, [C(ﬁ) ]z’j’ [Cé?] and [Cy ] ;; With @ # j, through the EW interactions. Once again,

ij
solving the RG equations in the LL approximation, we find,

(1)

[CM]U” _%912 & —%g12 %912 0 0 0 [Clg’)]ijkk
[Cée]z]ll —%‘912 0 —%‘912 %gl 0 0 0 [qu ]Z]kk
[Ceel s 0 0 0 0 20.® =301 =301 | | [Coulijun
[Ceel])iﬂl =Ll 0o 0 0 0 202 202 Lo | | (ol |- (320)
[Coe ]ij 22 0 317 -3¢ O 0 0 [Cealiiri
] 0 263 0 0 0 0 C.]

. 0 0 0 0 —2p% in% 2g° e
[Coely; 3 3 3 [Coel ris



here the repeated indices k on the r.h.s. is summed over the values 1 — 3, and ¢ # j holds on
the both sides. Also, the repeated index [ on the L.h.s. can take values in the range 1 — 3 but
it is not summed over. The logarithmic piece L is defined in equation (3.16). The operators
on the Lh.s. contribute to the LF'V W, Z boson couplings and leptonic decays. We will
come to this point later with more details. Note that, below the EW scale, the semileptonic
operators can mix into purely leptonic operators also through QED interaction [52, 53].

4 Observables induced at 1-loop level

Based on our discussions in the previous section, we are now in position to identify the
1-loop induced observables to which the semileptonic operators can contribute. We will see
how the SMEFT RG running can play an important role in this respect. As discussed before,
because of the complicated operator mixing pattern in SMEFT, the semileptonic operators
can contribute to observables of very different nature depending upon the operators with
which they mix, which can be read out from the Lh.s. of egs. (3.14), (3.17), (3.18), (3.19)
and (3.20). In order to get a general picture, we will present the expressions for the relevant
low energy dim-4 and dim-6 couplings in terms of semileptonic Wilson coefficients at the
high scale by employing the LL approximation. Eventually, we will sum the logs with the
help of numerical solutions.

4.1 Observables for AF = (0,0) operators

We have identified three categories of the observables which are relevant for AF = (0,0) type
operators. Those are the EWP observables, flavour violating B-decays and charged current
decays. In the following, we discuss how various semileptonic operators can contribute to
them through operator mixing.

4.1.1 Electroweak precision observables

As indicated by eq. (3.14), the AF = (0, 0) semileptonic operators can mix with the 1)2¢?D
type operators due to electroweak interactions. In addition, this mixing also depends on the
top-Yukawa interactions, see e.g. eq. (3.19). Interestingly, after EW symmetry breaking the
latter operators give corrections to the Z and W boson couplings with the fermions. Using
the LL solutions to the RGEs, as presented before, we can express the NP contributions to
these couplings directly in terms of the Wilson coefficients of semileptonic operators at the
high scale A. In general, NP shifts in the neutral Z boson couplings with the fermions can
be parameterized as

LzD9z > vt [5(92)@1% + 5(9}%)@133} ViZy, (4.1)
P=u,d,e,vy,
here gz = —ga/ cosfy and Oy represents the weak-mixing angle. NP can enter into

5g;ﬁ( with X = L, R, through three difference sources. This can be understood from the
equation [49]
S . i
8(9%)i; = 09z (g¥™™)ij — Qy dsin® Oy 65 + 5(9?()?? ; (4.2)



here, the contributions in the first two and the last term can be thought of as indirect and
direct shifts to the Z boson couplings, respectively. In SMEFT, the tree-level expressions for
the quantities dgz, 6 sin? @y and § (g}p()ij can be found in appendix A. Also, Q represents
the electric charge and g%’SM =13 —Qy sin? Oy, g}é’SM =—Qy sin? Oy. Below we present
the 1-loop contributions to all these quantities due to semileptonic operators in the LL
approximation. Using the egs. (3.14) and (A.1)—(A.7) one can obtain the NP shifts in the

Z couplings with quarks:

(gt = L2 Lo (<6 = 1)~ Codos ) Vie (49
9L)kk = 3 U L VEm tq liimn e ¢q liimn qelmnii | "nk> :
2
u \dir g 1
6(9R)(Iik: = _§1U2L (_[ lgu)]ukk - [Céi)]“kk) ) (44)
2 2
ir g 1 g 3
5(9%)%k = _§1U2L <_ [Ctgq)}iikk + g% [Céq)]iikk - [qu]kkii> ) (4-5)
2
ir g
6(9%)21{? = _3102 (_ [CZd]iikk - [Ced} ukk) : (4'6)
Similarly, the shifts in the Z boson couplings with leptons are found to be
2 2
v\dir 9 1 39 3
5(9L)?i = _§1U2L ([Céq)]iikk - 97%2 [Céq)]iikk + 2[C£u] iikk [Céd]mgk>
1 3
— 6vy; L ([Clgq)]ii?ﬁ + [Clgq)]ii?):} - [Cfu]nsz) ) (4.7)
2 2
e \dir g 1 39 3
5(9L)?z’ = _311}2[’ ([Clgq)]n'kk + ?%2 [Céq)]iikk + Q[Cfu] iikk [Céd] mkk)
1 3
- 6U2yt2L ([Clgq)]ii?,g - [Ctgq)]mgg - [Cﬁu]iigg)) ) (4'8)
2
e \dir g
5(9}2)?1’ = _§1UQL (_ [Ced]iik;k + Q[Ceu]iikk + [qu] kk“)
— 6v’y/ L ([qu]szm - [CEU]ii?)S) : (4.9)

Here, v = 246 GeV is the vacuum expectation value and L is given by (3.16). Similarly, for
8gz and ¢ sin? By are found to be

3 3
597 = 3v*GPL ([C12)] 135 + [C6) ) s (4.10)
i 2
.2 _ sin"20w 5 o (3) (3)
6SIH HW = —m(i’l) ytL ([Cﬁq ]1133 + [qu ]2233) . (411)

On the basis of the above discussions, now we point out a few important observations:

« First, note that the RG induced EW corrections to gz and § sin? 6y due to [Clgs)]iz‘kk
for ii = 11,22 and kk = 11,22, 33, get canceled among [C5], . [CS3)],, and [Cyq] o1

This can be seen by inserting the LL contributions of [Cg’)]iikk from eqs. (3.17)

and (3.14) to the latter Wilson coefficients in egs. (A.8)—(A.9). However, this is no
longer true once the contribution due to the Yukawa couplings, as shown in eq. (3.19),
is included.



o Next, in general, the top-Yukawa dependent contributions, given in egs. (4.10)—(4.11),
are larger in size as compared to the direct EW corrections to the Z-couplings shown
in egs. (4.3)-(4.9). So, for the cases in which both effects exist simultaneously, the
former has a greater impact.

o Furthermore, it is evident from eq. (4.2) that the impact of the [CZ’)LZ% for ii = 11

or 22 on 6(g¥%)su through §gz and §sin?fy, is universal for all three families of
leptons and quarks. On the other hand the shifts §(g$ )%, §(g%)4" and 6(g% )4 also
experience effects due to the top-Yukawa interactions, which however are lepton
flavour dependent.

« Finally, the contributions of the semileptonic operators due to top-Yukawa effects
do not affect the Z boson couplings to quarks directly. This is however still possible
through dgz and 6 sin? 6y, but only for the case of [Cg’)hi% with 7 = 11, 22.

Next, we look at the impact of semileptonic operators on the W-boson couplings which can
be parameterized as

- TE AL ; g \dir ;. N e
Lw > oo (8(L)A" v Pre; + 8(e4) 3wy Prd;) WY + he. (4.12)

here the NP shifts are given as [49]

(4.13)

Using the LL solutions, we find the shifts § (elf)?iir in terms of the semileptonic operators
to be

ir 3 3

SeL)i" = QQSL[Clgq)]u‘kk - 6v2ny[C§q)Li33 7 (4.14)
ir 2 3

3(e )ik = gggLVkm CEY o (4.15)

We make the following observations for the RG induced shifts in the W couplings:

e The W couplings to both quarks and leptons are universally affected for all three
families by [Clgg)]n’szz for 4 = 11,22 through & sin? Ay

e The top-Yukawa effects do not give direct contributions to the W couplings.

e The leptonic couplings can be directly affected by [Cg)]iisg for i1 = 11, 22, 33 through

top-Yukawa interactions. This effect is however flavour dependent.

In order to quantify these effects, in appendix B we report tables for the numerical values
of the RG induced shifts in the Z and W couplings at the EW scale due to semileptonic
operators present at the NP scale A. To understand the relative importance of the
top-Yukawa and gauge interactions, we present two sets of numbers with and without
Yukawa RG running effects. It is evident that, whenever present, the top-Yukawa effects
always dominate.

~10 -



Now, given that the Z and W boson couplings are strongly constrained by the EWP
observables, this implies that the flavour conserving semileptonic AF = (0, 0) type operators
can be indirectly constrained by the EWP measurements. The following list of operators
can be constrained through this mechanism:

1 3
[Clgq)]ijkl ’ [Clgq)]ijkl ) [Ced] ijkl>? [Ceu]ijkl ) [Cfu} ijkl > [Cfd] ijkl? [qu] ijkl’ (4.16)

with
ijkl = 1111,1122,1133, 2211, 2222, 2233, 3311, 3322, 3333. (4.17)

In the next section, we will use the EWP measurements as constraints to derive the lower
bounds on the NP scales of the flavour conserving semileptonic operators in given eq. (4.16).
To this end, the list of EWP observables [54-60] used in our analysis are taken from
table 13 of ref. [39]. In addition, we have also included a recent measurement of the ratio
R (W = tv) = BW — 1v)/B(W — pv) [61].

4.1.2 B meson decays

Throughout the analyses, we have used Warsaw-down basis at the high scale. In this
basis, to begin with the down-type quark and lepton mass matrices are diagonal, whereas,
the up-type quark matrix takes the form Vidiag(yy,ye, v¢). Here, V represents the CKM
matrix. However, due to the RG running of the Yukawa matrices, this choice of basis is not
preserved with respect to running from A to the EW scale. As a result, one has to perform
back-rotation to the original (Warsaw-down) basis at the EW scale. This process can
generate flavour violating semileptonic operators from their flavour conserving counterparts
at the scale A [9, 10, 21, 62]. The part of the WET Lagrangian that describes the b — s ¢~
processes can be written as

aGr

Lot = —VaVis C,0, + C.OL) ,
ff \/§7r thVi a§10( aYa )
Ogir) = [ Prbllei(1s)es] s Oylho) = [vuPrbllein* (15)e;)- (4.18)

We can match them to the corresponding SMEFT Wilson coefficients as [63]:

i _ T v ) (3)
CQJ,NP = &m ([Céq ]ij23 + [Céq ]ij23 + [qu} 232’j) ’
T v (1) (3)
Cl%,NP = thbV{; ([ qe} 23i5 [ g ]ij23 - [Clq sz:z) )
2
9,JNP = am <[C€d]ij23 + [Ced] ij23) '

2
1ij T v

10,NP — 5m ([Ced]ij23 - [Céd]ijzs) : (4.19)

Here, 15 = pp, ee. We find that, through back-rotation, the following semileptonic operators
can contribute to b — s¢*¢~ observables:

1
cty)

q ]ijkl’ [Ced] ijkl’ [Cra] ijkl [qu] klij ’ (4-20)
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with
1,7, k, 1 =1122,1133,2222,2233. (4.21)
To constrain these operators we have used the measurements for LFUV observable such

as Ry(» [64-70] and Q45 = Pﬁg — P{’s [71, 72]. However, the full b — s¢¢~ data set can
give rise to stronger constraints [73, 74].

4.1.3 Charged current decays

The (V —A) x (V —A) type charged-current (c.c) interactions in low energy WET are given
by effective Lagrangian

G = [ChiguVigm (i Pre;)(diyuPow) + hec.. (422)

V;C%J]ijkl can be matched with the SMEFT operator

[Clgg)]ijkl' Now at 1-loop level, using (3.18), one can express [C;/ede Jijir in terms of high
(1)

scale Wilson coefficient [CZ;

After the EW symmetry breaking, [C

]ijkl due to its mixing with [Cé;’)]l.jkl. We find

(Citii = 6g3L[CLy)]

vedu

(V) (4.23)

ijkm

Here, the CKM elements (V1),,,; are needed to rotate the up-quark states to the mass basis.

The above equation indicates that through EW corrections the singlet operator [Clg)]ijkl

can lead to charged current transitions at the low energy. In the following we will look at
several charged current processes which can be affected through this mechanism.

K meson decays: at the quark level, the charged-current K decays involve the transition
s — uev. Therefore, these decays are driven by the WET operator (leyﬂPLel)(czzfy“PLul).
Now, using eq. (4.23), we note that this operator can be generated at the 1-loop level from
the high scale SMEFT Wilson coefficient [Cé;) ]

11227 1.e.,

V,LL * 1 % 1 * 1
[Cuedu ]1121 X (Vud [Ctgq)}nm + Vus [Ctgq)]np + Vb [Clgq)]lmg) : (4'24)

Therefore, at the low-energy, [Clg;)]nm

K+ — mwev, and KT — (U decays.

can lead to effects in the Kj — wer, Kg — mev,

7 — Kv and 7 — 7wv decays: the 7 — Kv and 7 — 7v decays involve 7 — usv
and T — udv transitions, respectively. At the low energy these are governed by the WET
operators (173’)/MPL63)(J2’}/MPLU1) and (ﬂgfyuPLeg)(Jyy“PLul). However, at the EW scale

1) and [C 2)

these operators can be generated from high scale Wilson coefficients [leq ] 3399

J3311
respectively (see (4.23)), because

V,LL * 1 * 1 * 1

(i Tsgan o (VialCly ) sgan + Vs [C6 L gz + Vi €63 L) - (4.25)
V,LL * 1 * 1 * 1

[Cuedu ]3311 X (Vud [Clgq)]ggn + Vus [Clgq)}gglg + ub [Clgq)]3313) . (4‘26)

Therefore, one can use hadronic 7 decays to constrain the SMEFT operators on the r.h.s.
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Observable Experimental value | Observable Experimental value
B(Kp — meb) (40.55 £ 0.11) x 1072 | B(Kg — meir) (7.04 4+0.08) x 104
B(K* — mer) (5.07+0.04) x 1072 | R, (KT — ¢p) (2.488+0.009) x 1075
B(t — Kv) (6.96 +0.10) x 1072 | B(1 — 7v) (10.82 4 0.05) x 1072
B(r — ev) (1.2344 + 0.0023 £ 0.0019) x 10~*

Table 1. The experimental measured values for the charged current K, = and 7 decays [76, 77].

7w — ev and nuclear 8 decays: the nuclear S-decay and m — ev are controlled by the
WET operator (17, Pre1)(diy*Pruy). From (4.23), clearly at the EW scale this operator

can be generated from [Cé;)] 111, because
V,LL « (o1 « (1 « (1
[Cyedu ]1111 X (Vud [Clgq)}un + Vus [Ctgq)]ulg + Vup [Clgq)]um) : (4'27)

To summarize, we have found that the following list of high scale coefficients can contribute
to various charged current decays at low energy:

(1) (1) (1) (1)
[qu ]1122 ) [qu ]3322> [Cﬁq ]3311 ) [Cﬁq }1111' (4'28)

Note that the Wilson coefficient [Cég)]ijkl also give rise to tree-level contributions to the
charged current decays. The experimental measurements for various charged current decays
are shown in table 1. In addition, the measurements for the 5-decays are taken from the
ref. [75].

Note that for the charged current operators, in principle the three-body 7 decays such
as the Belle spectrum for the process 7= — Kgm~ v, also apply [78, 79]. But as shown in
ref. [80] these decays give rise to similar constraints as 7~ — Kv decay.

4.1.4 Correlations

Since a single operator can contribute to several different kinds of observables through
RG running, it would be interesting to see how these are correlated to each other. For

(1)

instance, the operator [Céq

Similarly, [Cé;)] 1129 contributes to EWP observables, b — s£*£~, as well as charged current
(3)

K processes. Take another example of the operator [Cé v

]1111 can contribute to 8 decay as well as EWP observables.

11111> Which in addition to 3 decay
also contributes to m — ev process at tree level. In figure 1, we show correlations between

: : : (1) (1) (1) (3)
constraints due to various observables in the [ng li [ng 1119 and [qu li [ng lin
planes in left and right panels respectively. Clearly, in order to get a complete picture about
the constrains on a given operator, it is very important to take into account all RG induced

observables.

4.2 Observables for AF = (1,0) operators

Next, we move on to the semileptonic operators which violate the lepton flavour by one
unit and conserve the quark flavour at the scale A. In this case, depending upon the Dirac
and flavour structures, both tree-level as well as the 1-loop generated LFV observables
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1111 [ 111

are found to be important. The 1-loop generated processes are ¢; — Kj@ and Z — Ziﬂj
LFV decays. These processes are found to be relevant for all AF = (1,0) operators under
consideration. In addition, the AF = (1,0) semileptonic operators can also contribute to
7 — Pl for P =m,¢ and 7 — pf processes at the tree-level.

4.2.1 Z — Ziﬁj decays

The tree-level SMEFT contributions to the LEV Z boson couplings due to 1)2¢%D operators
are given in eqs. (A.1)—(A.7). At the 1-loop level, the semileptonic AF = (1,0) operators
can mix with these 1)2¢?D-type operators, as shown in the egs. (3.20) and (3.19). As a
result the AF = (1,0) semileptonic operators can be constrained by the Z — Ziﬁj LFV
decays. The current experimental limits on these decays are given in table 2.

4.2.2 T — 3¢ and p — 3e decays

In WET, the LFV processes such as 7 — 3¢ and u — 3e are governed by purely leptonic
operators, as given by the effective Lagrangian:

LLP = [CY i n (Ev" Prej)(@Pryuer)
+ [CY R0 (e Prej)(ervuPrer)
+ [C iy (@y* Pred)(€ivuPre;)

+ [CXG’RR]Z‘J'” (éi’y“PRej)(équRel) + h.c.. (4.29)

Here, the superscript indicates that such operators are generated only at the 1-loop
level and are set to zero at the NP scale. In SMEFT, at tree-level the corresponding
four fermion leptonic operators are [Cy] kD [Cfe]z‘jkp and [Cee]ijkl which are defined in
egs. (3.11)—(3.13). In addition to this, the SMEFT can also contribute through 2¢?D
type operators after integrating out the Z boson. Such contributions arise by combining
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the LFV effective Z boson vertices due to SMEFT with the flavour conserving Z boson
interactions in the SM [81]. The AF = (1,0) semileptonic operators can give rise to both
effects through operator mixing. From eq. (3.20), one can find that, at the 1-loop level
through the EW interactions, the contributing four-fermion SMEFT operators can be
directly generated from the semileptonic operators. In addition, the ¥2¢>D operators get
contributions through both the gauge (3.20) as well as the top-Yukawa interactions (3.19).
In the LL approximation, combining the four fermion and ¥?¢?D type contributions, we
can express the contributing WET Wilson coefficients at the EW scale directly in terms of
SMEFT Wilson coefficients of the semileptonic operators at A:

93 1 393 (3
[Ce‘éLL]z]ll - 31L (—[Céq)]ijkk g = [C( )]ijk - 2[C£u]ijkk + [CZd] ijkk)

2 (160 55— C9) 13— (Cauliysg) 05 (430)
(CE = 2 (—[0fD) e — 200t + el
+ 2 (163533 = (€6 ) i3 — [Coul ya3) 95 (4.31)
[CeVeLR]llij = 239%L ([Cétli)]ijkk - 2[CGU]ijkk - [CQE]kkij)
+Z ([Céi)}ggij - [Ceu]ijgg) g™, (4.32)
CERR] s = 2L (]~ s = Caely)
2 (1] gy — [l ) 95 (4.33)

with the factor Z = [31}2 L] { ] Here L is the log term defined in (3.16). Numerically,

the comparison of the influence of the gauge and Yukawa interactions on the WET Wilson
coefficients on the Lh.s. is presented in table 13 in appendix B.4. We find that the following
set of Wilson coefficients can be constrained through this mechanism:

1) (3)
[Czq ]ijkl ) [Céq ]ijkl ’ [Ced] ijkl’ [Ceu]ijkl ’ [Cfu} ijkl >’ [Cﬁd]ijkl ) [qu] Kklij ° (4-34)
with
17kl = 1211,1222,1233,1311, 1322, 1333, 2311, 2322, 2333. (4.35)

The experimental limits used for the LF'V decays of 7 and u leptons are collected in table 2

4.2.3 1T — pl, T — P(¢, 7)L decays

In the WET, the hadronic decays 7 — P{ for P = m, ¢ and 7 — p¢ can be described by the
effective Lagrangian

LT = [ (€ Preg) (i Prdy) + [CHH 1 (e Preg) (v, Prua)
+ (€™ i (7" Prej) (kv Prd) + [CEMT), 1y (87" Prej) (@, Prun)
+ [Co ] kkij(czk’Y“PLdk)(éi’mPRej) [CXeLR]nij@wupLul)(éi’mPRej)
[ [Cei ]

ijkk(éw"PRej)(Jk%Pde) + ij11 (€Y Prej) (U1, Prua).

(4.36)
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Here, the indices kk = 11 for 7 — 7, 7 — pf and 22 for 7 — ¢£. In addition to the tree-level
contributions, the semileptonic operators in SMEFT can also contribute to these operators
through top-Yukawa loops. Adding the both contributions, in the LL approximation, at
the EW scale we obtain:

(€23 Y = [CE Viguae + 163

+ Z (163 = (€D s — [Cou) ) 8™ (4.37)
[CEE ] 1 = Vim [ €4 — [c“)]ijmn] vl

+ Z 1653 — (€D 55 — [Ceud i) 0™ (4.38)
(3 i = [Ced) i + 2 [0 i35 = (€633 — [Ceu i) 98 (4.39)
CHE s = [Coud iy + 2 [1C6)) s — (€] 3 — [Cau) 5] 9™ (4.40)
3 ) iy = [Cacl s + 2 [[Cael gy — [Coul 3] 92 (4.41)
(L 111 = Vim [Coel pang Vil + 2 [[Cacl iy — [Ceud yza) 95 (4.42)
(o e = [Cedl s + Z [[Cacl gy — [Ceul yza) 95 (4.43)
)y = [Cead iy + 2 [ [Cael gy — [Ceul 3] 05 (4.44)

Here, the CKM elements V;; on the r.h.s. are needed to rotate the up-quarks from the
Warsaw-down to the mass basis for matching them with the WET Wilson coefficients on

the Lh.s. The quantity Z = [3v2y? L] [ } Numerically, the relative influence of the WET
and SMEFT running can be found in table 14. The following set of Wilson coefficients can

be constrained through this mechanism:

[C(l)

(3)
lq ]ijkl ) [Céq ]ijkl ) [Ced] ijkl’ [Ceu]i]’kl ) [Céu} ijkl’ [Céd] ijkl’ [qu] klij > (4‘45)

with
17kl = 1211,1222,1233,1311, 1322, 1333, 2311, 2322, 2333. (4.46)

Note that the operators involving ui, dd and s5 contribute at tree-level, whereas the
operators involving the third generation contribute to these processes only at the 1-loop
level. Naively, the former contributions are expected to dominate, but we will give a
counterexample in the next subsection. The experimental limits on the corresponding LFV
decays are shown in table 2

4.2.4 Correlations

Since, the semileptonic operators can contribute to the LE'V processes at tree-level as well
as at the 1-loop, it would be interesting to see the relative importance of the loop-level vs.

tree-level LFV effects. For example, the Wilson coefficient [Clg;) could in principle give a

]1311
tree level contribution to 7 — Pe and 7 — pe processes. However, due to SU(2);, invariance,
the WET Wilson coefficients with ua and dd flavours get equal contributions on matching
with [Cé;)

]1311. As a result, its net effect zero, because the wa and dd Wilson coefficients
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Figure 2. The correlations between various LFV observables in the [Cé;)] 1311 [Cé;)] 1333 Plane
(left) and in [cg)]lgn ~ [Cru) |39, Plane (right).

Observable Experimental value | Observable Experimental value
B(Z — et uT) <T75x1077 [82] | B(Z — e*7T) < 5.0 x 1076 [83]
B(Z — ptrT) < 6.5 x 1076 [83]

B(t— — e ete) <27x1078[84] | B(r— — p putp) < 2.1 x 1078 [84]
B(r— — e putu) <2.7x1078 [84] | B(r~ — p~ete) < 1.8 x 1078 [84]
B(rm = pu"etu) <1.7x1078[84] | B(t— — e pute) < 1.5 x 1078 [84]
By~ — e ete”) < 1.0x 10712 [85]

B(T — épu) <84 x 1078 [86] | B(T — ¢e) < 3.1 x 1078 [86]
B(r — pp) <1.2x 1078 [86] | B(T — pe) < 1.8 x 1078 [86]
B(r — mp) <1.1x 1077 [86] | B(r — me) < 8.8 x107% [80]

Table 2. The experimental upper limits on the LFV decays of Z-boson, 7 and u leptons. Note only
the strongest limits are shown and the upper bounds correspond to 90% CL for the Z decays and at
90% CL for all other decays.

enter with opposite sign in the branching ratios (see e.g. egs. (55) and (61) of ref. [39]).

) q)] 1311 can still contribute at the 1-loop level through the EW corrections.

On the other hand, the Wilson coefficient [Cé;)] 1333

to these LFV processes, but it can contribute at 1-loop to 7 — 3e, 7 — eu™ ™ as well as

However, [C (1

can not give tree-level contribution

T — pe and T — Pe processes. Interestingly, this loop induced effect on the ua and dd
WET coefficients is not equal but depends on the SM couplings gi’SM and gZ’SM and hence
it is not canceled in the branching ratios of our interest (see egs. (4.37) and (4.38)). In
addition to VLL, the VLR (again with unequal sizes for the ua and dd coefficients) WET

operators are also generated at the 1-loop level. In figure 2 (left), the loose constraints
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1
on [Céq)] 1311

same figure, we show the impact of LFV constraints in the plane of [Cé;)]

as compared to [Cé;)] 1333 confirm these findings. On the right panel of the

1311 204 [Cpy] 39
Wilson coefficients. In this case, since both operators contribute at the 1-loop level, they

are found to be constrained at the similar level.

5 Sensitivities to the NP scale A

On the basis of our discussion about the RG running and the various low energy and the
EW scale observables identified in the previous sections, now we are in position to look at
the highest possible scales for each operator that can be probed using these observables. In
eq. (2.1), the Wilson coefficients are defined to be dimensionful quantities. However, these
can be written in terms of the dimensionless parameters [cx] il defined by
(Cx] g = X (5.1)

Assuming the presence of a single operator at the scale A, we perform combined fits for
each dimensionless parameter [cx]i;r, using all measurements relevant for a given operator.
From this we obtain the quantity A/,/[cx];;, using the central values of [cx];jx from the
fits. This gives us a rough estimate of the scales that can be probed for each operator.

Note that in a given NP model, more than one operators can be simultaneously present
which could change this simplified picture of single operator dominance. However, the goal
of present work is to systematically analyze the low energy implications of each operator
separately i.e, to identify the most sensitive observables and assess their potential to
constrain the individual operators. In figures 3—9, we show the central values for the lower
bounds on the quantity A/,/[cx];;, (expressed in the units of TeV) for various Wilson
coefficients under consideration. In the left and right panels, the results for AF = (0,0)
and AF = (1,0) operators are shown, respectively. Based on these results, we can now
make following important observations:

o The lower bounds on AF = (0,0) operators vary between O(TeV) to O(10TeV),
whereas the lower bounds on the AF' = (1, 0) operators go all the way up to O(100TeV),
much beyond the present reach of the LHC.

e Due to more stringent experimental limits on the branching ratio for the process
@ — 3e as compared to the 7 LFV modes, the AF = (1,0) operators involving the
1254 flavour indices are very strongly constrained. As shown, the current lower bounds
on such operators are always above the ballpark of 10 TeV.

e Among 12jj operators, the ones having jj = 33 are more strongly constrained as
compared the operators with j5 = 11 or 22. This can be attributed to the fact
that the former operators can mix strongly with the AF = (1,0) operators [Célg)]m,
)
[ ol ]127
impact of the top-Yukawa is shown in table 13 and eq. (3.19). Clearly, the Wilson
coefficients [CM]Z.].33 and [C,,]

and [C¢e} 1o through top-Yukawa interactions. In this regard, the numerical

1233 are exceptions here, because they do not mix with

the contributing operators through top-Yukawa interactions.
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Figure 3. The figure shows the sensitivity of semileptonic operators to the high scale A normalized

with dimensionless parameters [cg;) as defined in eq. (5.1).
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Figure 4. Same as in figure 3 except for [céi)]ij -

e Since the operators with the indices 1357, 2357 contribute even at tree-level to the
LFV processes such as 7 — P{¢ and 7 — pf for jj = 11 or 22, as a result these
operators are in general more strongly constrained as compared to operators with 1333
or 2333 flavour indices. This is due to the reason that the latter operators contribute
only at the 1-loop to such processes or to purely leptonic LF'V modes. However, in
certain cases like [Cé;) 113330 [

to the top-Yukawa can dominate over the tree-level effects.

1
Céq)]%gg, [Crul 1335 a0d [Cpy]5ass, the 1-loop effects due

 Except for [C,,] and [C,,], the AF = (0,0) operators involving 33 for ii = 11,22
or 33 have the strongest bounds, because they contribute to the Z and W boson
couplings through the top-Yukawa.

o Finally, among AF = (0,0) operators, [Cy,] iij; and IC., iij; are found to be loosely
constrained. In most cases, the lower bound on NP scale lies around O(1TeV) or
below. This is again due to the fact that these operators do not exhibit the operator

mixing due to large top-Yukawa coupling.
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Figure 7. Same as in figure 3 except for [ced];;5,;-
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Figure 9. Same as in figure 3 except for [qu]ijkl‘
In appendix C, we also provide the best-fit values along with 1o errors for the dimen-
sionless Wilson coefficients.

6 Conclusions and outlook

The SMEFT provides a convenient framework for parameterizing the NP effects beyond
the SM. It is well known that the semileptonic operators which violate the quark flavour
lead to effects in the flavour violating decays of B and K mesons at low energy, which
give rise to stringent constraints. In the view of current anomalies in the B-decays, the
semileptonic operators are of great interest in general. However, it is important to probe
the generic flavour structure of such operators. In particular, often the quark and lepton
flavour conserving operators and the ones which violate only the lepton flavour are also
generated in the NP models. To probe such operators it is important to know the type of
observables to which these operators contribute.

In the present paper, we address this issue. We identify the low energy and the EW
scale observables which can be used to probe a generic flavour structure of the semileptonic
operators. However, in order to correctly predict the low energy behaviour of these operators,
it is necessary to know the operator mixing pattern due to running from NP scale to the EW
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scale and then below. To this end, by scrutinizing the ADMs due to the electroweak gauge
as well as the Yukawas interactions one can find that such operators can mix with purely
leptonic and 12¢%D-type operators in the SMEFT. The former operators can contribute to
the LF'V decays of leptons, whereas the latter ones in addition also give corrections to the
gauge boson couplings at the EW scale.

Therefore, first we have identified the phenomenologically relevant terms in the ADMs
and then taking into account the WET and SMEFT RG running effects, we identified
a list of observables which can be used to constrain the semileptonic operators having a
generic flavour structure. We show that, through SMEFT RG running effects at the 1-loop
level, the semileptonic operators can contribute to a variety of observables such as EWP
observables, flavour violating decays of B and K-mesons — involving neutral as well as
charged current transitions, the LF'V decays of leptons as well as the LFV Z-boson decays.
The main findings of the present study can be summarized as follows:

The semileptonic operators with flavour indices iijj for i¢, 55 = 11,22 or 33 contribute
to the EWP observables at the 1-loop level. We have identified two different types of
contributions in this context (1) the operator mixing with 12¢2D operators through gauge
interactions affect the W and Z boson vertices at the EW scale. Then, through the top-
Yukawa interactions, there are additional contributions from the operators involving third

. . 1 3
generation in the quark current, i.e., [Céq)]ii%, [Céq)]ii%, [Couliizgs [Couliing a0d [Coel ani (2)

3 3
( )]1133 and [Clgq)}2233

The W and Z boson vertices also receive corrections from [Ceq operators
via shifts in the dg and dsin? fyy. We present the relative impact of the running due to

the gauge and top-Yukawas on the W/Z couplings at the EW scale due to semileptonic
operators at A. In addition, the quark flavour conserving operators such as, [Cé;)]ijkl,
[Ced]ijk;l’ [Cfd]z‘jkl’ and [qu]ijkl with ijkl = 1122,1133,2222,2233 can be constrained by
b — st~ processes through the back-rotation effect. We have shown that the Wilson
coefficients [Cé;)]ijkl with ijkl = 1122, 3322, 3311, or 1111 can contribute to various
charged current processes via operator mixing with [Cg’)]ijkl. This effects goes through the
EW corrections.

The semileptonic operators which violate the lepton flavour, while conserving the quark
flavour can contribute to the LFV decays of 7 and p leptons. Some of the semileptonic
operators contribute at tree-level to 7 — Pf¢ and 7 — pf processes. On the other hand,
purely leptonic LFV decays such as 7 — 3p and p — 3e etc., are generated only at the
1-loop level. Again this happens through operator mixing which depends on the gauge
as well as Yukawa interactions. In this regard, we find that depending upon the flavour
structures the Yukawas play an important in constraining such operators. We have also
studied the relative impact of RG running due to various sources on the contributing WET
operators at the low scale. These results are presented in table 13 for purely leptonic WET
operators and in tables 14 for semileptonic WET operators.

Finally, using the latest measurements, we derived lower bounds on the cut-off scale
A for each semileptonic operator under consideration. We observe that depending upon
the flavour structure, the RG induced constraints can lead to sensitivities to very high NP
scales varying between O(1TeV) to O(100TeV). Finally, for a fixed value of A = 3TeV, we

also provide allowed ranges for the semileptonic Wilson coefficients.
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Note added. While finalizing our paper we notice ref. [87] on arXiv which presented a
study of the LF'V decays through Z-flavour violation in the context of future colliders. The
discussion on the LFV decays partly overlaps with the present work. However, the aim of
the current study is not limited to the LF'V modes but is to analyze both flavour conserving
as well as the flavour violating processes to which semileptonic operators can contribute at
tree-level or through operator mixing.
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A Tree-level shifts in the dim-4 gauge boson couplings

For completeness, in this section we collect formulae for the tree-level shifts due to SMEFT
in the dim-4 Z and W boson couplings at the EW scale. For this purpose we closely follow
ref. [49]. The shifts in the Z boson couplings 5(9}2)# (see eq. (4.1) for definition) get
tree-level contributions due to ¥?¢?D-type operators in the SMEFT. At the EW scale for
the quarks these are given by

2

u\dir v
(1) = 5 Vi (€5 = €5 ],00) Vi (A1)
2
u \dir v
5(9R)?j = _E [C(bu} ij? (A2)
2
dydir Y (1) ®3)
6(97)ij" = Y ([Cqsq Jij + [Coq LJ) ; (A.3)
2
ir v
SR = _E[C(ﬁd]ij' (A.4)
Similarly, for the leptons we have
2
v\dir v 1 3
5(9L)?j = _? ([Cq(bf)]z] - [Céé)]w) ) <A5)
2
e \dir v 1 3
S(gn) = =5 ([e5d),; + €6 ]y;) - (A.6)
2
e \dir v
5(91{)% = _? [C¢e]i]" (A'7)

The CKM elements appearing in the expressions for § (g%)%ir

down basis choice for the SMEFT operators. In addition, the shifts in the parameters gz

are needed due to our Warsaw-

and sin Ay are given by

v (3 3 [Cyf]
592 = _5 ([Céw)}n + [Céﬁ)]zz - % ) (A'S)

and
2

: 2
.9 _ vsin® 20y (3) (3)
5sm 0W_4C08291/I/<[C¢£}11+[C¢e

C
o) g
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Coupling(mz) Gauge Couplings Yukawa Couplings
€ Tz () = 1
d(gz)1n — 2.28
(g1 )22 — 2.28
0(g8)1 — ~1.68
0(91 )22 — ~1.68
5(9%)33 —4.02 —5.67
5(g )i 3.58 220.63
(914 - —2.87
5(9}‘2)11 — 1.19
6(g5)22 — 1.19
(9%) Kk — -1.79

Table 3. The shifts in the Z boson couplings with fermions i.e., §(g¥)i; x 10° at u ~ 91 GeV
due to semileptonic Wilson coefficient [Ctg;)]ii% (A) = 1TeV~2 at A = 1TeV. Here ii = 11 or 22,
jj =11,22,33 # i and kk = 11,22,33. In the second and third column, the RG running due to
gauge interactions only and gauge + Yukawa interactions is shown, respectively. Note, only the
non-zero entries are shown.

The W boson couplings can be analogously parameterized as

3(ef)dr = v?[c)]. (A.10)
3(e]) M = v2Vim[C], . (A.11)

Since, we are interested to study the effects of only the semileptonic operators on
the EWP observables, we have ignored additional corrections due to [Cy4p] and [Cpy 5]
operators [49]. In this regard, we have checked that these operators can not be generated
from semileptonic operators via operator mixing.

B RG induced shifts in the dim-4 and dim-6 operators

Depending upon the scale and the interactions involved, there are three types of RGEs,
i.e., due to the gauge and Yukawa interactions in the SMEFT and due to QCD+QED
interactions in the WET. In this section, we analyze the relative impact of three different
types of RG runnings on the dim-4 and dim-6 operators which contribute to the EWP
observables and the LF'V processes at the low energy.

B.1 Dim-4 Z boson couplings

In table 3-10, we show the Z and W boson gauge couplings at the EW scale for a given
semileptonic operator introduced at the high scale.
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Yukawa Couplings

Coupling(mz) Gauge Couplings
[qu }3333(A) 1

§(g%)s3 —4.04

5(9% )33 3.54

—4.27
222.69

Table 4. Same as in table 3 except for [CZ)]

3333( )

Coupling(mz) Gauge Couplings Yukawa Couplings
[C s (M) = 1
5(g%)11 — —181.11
5(g%)22 — —181.11
(g9 )11 — 147.73
5(9%)a2 — 147.73
5(9%)33 12.86 160.61
(95 )is 38.66 17.72
5(9%) — 214.52
6(gR)1n — —66.79
5(g%)20 — —66.79
5(g%) kk — 33.40
5(9%) ki — 100.19

Table 5. Same as in table 3 except for [Cés)]i

i3

L(A) with ii = 11 or 22.

Coupling(mz) Gauge Couplings

Yukawa Couplings

(
[Céq }3333(A) 1

5
5

9%)33 12.93
9% )33 38.76

12.61
—197.61

Table 6. Same as in table 3 except for [lej)]

3333 (A)

Coupling(mz) Gauge Couplings Yukawa Couplings
[Cfu] 3133 (A) 1
0(9%)ii 7.85 —208.36

Table 7. Same as in table 3 except for [Ceu]i
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Coupling(myz) Gauge Couplings Yukawa Couplings
[Céd} 4133 (A) 1
595 )ii ~3.95 ~3.89
5(g%)33 —3.92 —3.92

Table 8. Same as in table 3 except for [C,,] 133 (A) with 4 = 11,22 or 33.

Coupling(mz) Gauge Couplings Yukawa Couplings
[Ceuljizs(A) =1

5(9%)ii 7.81 —211.10
Table 9. Same as in table 3 except for [C,,,] si33(A) with 43 = 11,22 or 33.
Coupling(mz) Gauge Couplings Yukawa Couplings
1
[Cée)]ggii(A) =1
5(9%)33 —3.91 —4.13
5(9%)1'1' 3.87 220.04

Table 10. Same as in table 3 except for [qu} (A) with it = 11,22 or 33.

331

Coupling(myy) Gauge Couplings Yukawa Couplings
[CF ] s () = 1

8(eD) — —328.37

8(% )22 — —328.37

5(e% )i ~77.31 52.11

5(e9)j; — —328.37

Table 11. The shifts in the W boson couplings i.e., §(¢} )i x 10° to fermions at yu ~ 91 GeV
due to semileptonic operator [C(gj)]ii%(A) = 1TeV~=2 at A = 1TeV. Here ii = 11 or 22, and
jj =11,22,33 # ii. In the second and third column the RG running due to gauge only and gauge +
Yukawa interactions is included, respectively. Note, only the non-zero entries are shown.

B.2 Dim-4 W boson couplings

In table 11 and 12 we show impact of RG running due to Yukawas on the W couplings to
fermions at the EW scale.

B.3 Leptonic dim-6 WET operators

In table 13, we present the numerical values for the leptonic WET Wilson coefficients by
setting the SMEFT Wilson coefficients to 1 TeV~2 at A = 1TeV. In order to study the roles
played by different kinds of RG effects, we present three kind of numbers, (1) with only WET
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Coupling(myy) Gauge Couplings Yukawa Couplings

3
[Clgq)} 3333(A) =1

5(e%)33 —77.46 381.44

Table 12. Same as in table 11 except for [Céj)}3333(/\).

(QED+QCD) running, (2) WET + SMEFT running due to gauge interactions, and (3)
the full WET+ SMEFT gauge + Yukawa running. As we can see, except for [Cpy], 4., and
(C.y] 1333» the top-Yukawa effects always play an important role for the operators involving

third generation quarks.

B.4 Semileptonic dim-6 WET operators

In table 14, we present the low energy semileptonic WET Wilson coeflicients by setting
various semileptonic SMEFT Wilson coefficients, involving the third generation of quarks,
equal to 1 TeV~=2 at A = 1TeV. Again, in order to study the roles played by different kinds
of RG running, we have presented three kind of numbers. As found in the case of WET
and [Ced]

leptonic operators, except for the Wilson coefficients [Cy,] the top-Yukawa

1333 1333’

always plays an important role.

C Bounds on the Wilson coeflicients

In this section, we report the allowed ranges for the semileptonic Wilson coefficients [c X]ijkl
which are defined in (5.1). Considering various 1-loop induced constraints, as discussed
in section 4, the allowed values of the dimensionless parameters [cx];;r are obtained by
performing the fits. The results are presented in tables 15-21. The uncertainties are also
indicated at 1o level. In all cases, the cut-off scale A is set to 3 TeV.
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Coefficent QCD+QED Gauge Couplings Yukawa Couplings
ey s (A) = 1

[CYLL 013 3.41 5.48 5.48

[CYLE] 150 3.41 5.64 5.63
[C£;>]1333(A> =1

[CEE s —3.40 —1.49 ~35.25

[CYER] 1500 —3.40 ~1.33 36.98
[Cé;”hsu(A) =1

[CYLE 013 —10.24 —15.91 15.91

[CH 1300 ~10.24 —16.66 16.66
[Cés)hg:ﬁs(/\) =1

[CYEL] 15 —3.42 —8.42 47.68

[CYE 1300 —3.42 —9.17 ~929.10
[Couizii(A) =1

[CYLLY 013 6.83 10.37 10.37

[CH R 1300 6.83 10.67 10.67
[Ceul1333(A) =1

[CH  ens — 3.60 ~39.64

[CYLE] 30 — 3.90 —39.08
[Ceahizii(A) =1

[CYLE] 013 —3.14 —5.24 5.24

[CYLE] 30 —3.14 —5.39 5.39
[Cedliz3s(A) =1

[CE s —3.14 —5.24 5.23

[CH R 1300 —3.14 —5.39 5.40
[Ceul1z1(A) =1

[CYER s 6.83 10.88 ~10.88

[CYRE] 15 6.83 10.88 —10.88
[Ceul333(A) =1

(CHE o3 — 3.94 —35.65

[CYRE] 15 — 3.94 —35.65
[Cealizii(A) =1

[CYLE) 415 —3.14 —5.33 5.33

[CYRR], 4 —3.14 —5.33 5.33
[Cedl1333(A) =1

[CY R s -3.14 —5.33 —5.32

[CYRR) )4 —3.14 —5.33 —5.32
[Coeliznn(A) =1

[CE e 341 5.35 ~5.35

[CYRR], 4 3.41 5.35 —5.35
[Cgel1333(A) =1

[CYLE] 15 —34 —1.44 —37.66

[CYRE] 15 —3.400 —1.44 —37.66

Table 13. The impact of semileptonic operators on the low energy purely leptonic AF = (1,0)
Wilson coefficients (in 1072 TeV~2 units) at o = 2 GeV is shown. The second column refers to
the values with only WET (QED+QCD) running, the third column refers to the WET + SMEFT
running due to gauge interactions, and the fourth column refers to the full WET+ SMEFT gauge
+ Yukawa running. Here, the indices ¢/ = 11, 22, or 33 and A = 1TeV. The SMEFT Wilson
coefficients are set to 1 (in TeV 2 units) at A.

~ 98 —



Coefficent QCD+QED Gauge Couplings Yukawa Couplings
€8y Tnass(A) = 1
[C s ~1.13 —0.47 —59.92
[Ci g -1.13 —0.46 12.11
[CYE 1511 2.28 0.92 49.59
[CLE s 2.27 0.97 —23.60
(i asa(A) = 1
[C;;’LL]BJ‘;‘ —1.14 —2.63 67.29
[Ci g —1.14 -3.02 —9.50
[CYE 1311 2.27 6.44 —60.48
[CLE s 2.28 5.91 18.38
[Crul1333(A) =1
[C1 sy — 1.24 —58.33
[CY 1355 — 1.27 12.77
[CYE 1311 — —2.56 47.26
[CEFan — —2.43 —24.76
[Cralizzz(A) =1
[CY 1355 114 177 1.75
[CAEITY 114 178 1.78
[CZLLL]BH 2.28 3.57 —3.56
[CYER] 131 2.28 3.51 —3.51
[Ceul1333(A) =1
[C 13 — 1.28 —60.47
(CH s — 1.25 12.50
[Coe s — —2.48 46.25
[CE 131 — —2.62 —25.80
[Ceal1333(A) =1
[Ch 1 —1.14 ~1.76 ~1.75
(O] 1355 ~1.14 ~1.75 ~1.75
[CY:ER] 443 2.28 3.48 3.47
[CZLRR]BH 2.28 3.55 3.56
[Cael1333(A) =1
[C s 113 0.49 ~60.48
(O 355 ~1.13 ~0.51 11.62
[CY-LR] 113 2.28 1.04 47.08
[CY )30 2.27 0.96 —23.86

Table 14. The impact of semileptonic operators on the low energy semileptonic AF = (1,0) Wilson
coefficients (in 1079 TevV—2 units) at pew = 2 GeV is shown. The second column refers to the values
with only WET (QED+QCD) running, the third column refers to WET + SMEFT running due
to gauge interactions, and the fourth column refers to the full WET+ SMEFT gauge 4+ Yukawa
running. Here the indices jj = 11 or 22 and A = 1TeV. The SMEFT Wilson coefficients are set to 1
(in TeV~2 units) at the high scale.
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Gy Qrvua
AF = (0,0) AF = (1,0)

1111 (=1.37+£1.15).10° 1211 (1.64 4+0.62).10~2
1122 (6.94 4 1.68).10° 1222 (1.63 £ 0.62).102
1133 (—=7.424+3.71).107Y 1233 (2.4240.91).1073
2211 (8.77+6.07).10" 1311  (3.99 + 1.03).10°
2222 (—6.32+£1.46).10° 1322 (7.48 £2.74).1072
2233 (2.8540.62).10° 1333 (8.64 £ 1.73).10 ¢
3311 (—2.68 £1.82).10' 2311  (3.16 +0.91).10°

).

).

3322 (—4.9143.36).100 2322 (1.19+£0.46).10~!
3333 (—0.1941.36).10° 2333 (6.93 £1.64).10~!

Table 15. Allowed values of the Wilson coefficients [cl(;)}ij Kl based on the constraints discussed in
the main text.

LA T Qe ™
AF = (0,0) AF = (1,0)
1111 (1.84+3.44).1072 1211 (5.754+2.15).1073
1122 (2.08 £1.85).1071 1222 (5.754+2.14).1073
1133 (—~1.4940.39).10° 1233 (2.074+0.77).1073
2211 (7.41+5.86).10° 1311 (3.99 & 1.31).1072

( )-
( )-
( )-
( )-
2222 (—2.17+1.76).107" 1322 (7.56 & 2.74).102
( )-
( )-
( )-
( )-

2233 (4.014+2.53).1071 1333 (6.86 &+ 1.43).10¢
3311 (8.7345.04).1071 2311 (3.13 £1.09).10~2
3322 (1.71 £ 1.01).10° 2322 (1.28 £ 0.44).10~*
3333 (—0.10£1.07).10° 2333 (5.40 & 1.30).107*

Table 16. Same as in table 15, except for Wilson coefficient [cl(;’)Lj Bl
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Gyl dgy,dy

AF = (0,0)

AF = (1,0)

1111
1122
1133
2211
2222
2233
3311
3322
3333

(—1.49 4 2.26).10!

(2.47 £ 1.59).10!
(—4.09 + 1.63).10"
(—8.99 + 5.58).10!
(—7.04 4 2.16).10!

(4.34 4 2.12).10!
(—0.22 £ 6.83).10"
(—0.24 + 6.83).10"
(—1.54 +6.89).10"

1211
1222
1233
1311
1322
1333
2311
2322
2333

(1.76 £ 0.67).102
(1.76 + 0.67).1072
(2.24 4 0.84).102
(7.80 £ 2.73).102
(6.94 & 2.59).102

(7.77 £1.94).10°
(6.36 & 2.25).102
(1.18 £0.43).1071

(6.29 £ 1.65).10°

Table 17. Same as in table 15, except for Wilson coefficient [cl d] e

Ciry™ Lty Yy
AF = (0,0) AF = (1,0)
1111 (0.60 £1.15).10' 1211 (9.01 £ 3.38).1073
1122 (0.60 £1.15).10' 1222 (9.01+3.38).1073
1133 (4.234+4.46).1071 1233 (2.53+0.95).1073
2211 (4.0242.80).10" 1311 (8.28 +2.89).1072
2222 (4.0542.80).10" 1322  (3.42+0.84).10°
2233 (—3.704+0.93).10° 1333 (9.54 +1.88).107!
3311 (—0.5243.44).101 2311 (6.45 4-2.50).1072
3322 (—0.484+3.44).101 2322  (2.72£0.74).10°
3333 (0.39 4 1.44).10° 2333 (7.69 £ 1.79).107!

Table 18. Same as in table 15, except for Wilson coefficient [Czu] ikl
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eivtejdpyud,
AF = (0,0) AF = (1,0)
1111 (1.75£2.83).101 1211 (1.80 £ 0.68).102
1122 (1.5543.00).10' 1222 (1.80 £ 0.68).102
1133 (2.15£3.03).101 1233 (2.27 £0.86).102
2211 (9.50 +£7.27).10" 1311 (7.89 4 2.90).10~2
2222 (6.65 4 5.43).101 1322 (7.18 +2.77).1072
2233 (3.044+5.43).10" 1333  (7.69 £ 2.05).10°
3311 (—7.8848.08).10" 2311 (6.57 4 2.35).1072
3322 (—7.9248.08).10' 2322 (1.194+0.46).10~!
3333 (—9.744+8.16).101 2333  (6.15 £ 1.56).10°

Table 19. Same as in table 15, except for Wilson coefficient [ced]

et e upyuu

AF = (0,0)

AF = (1,0)

1111
1122
1133
2211
2222
2233
3311
3322
3333

(—0.78 £1.35).10"
(—0.78 4+ 1.35).101
(2.63 £5.32).107!
(—4.43 £3.51).10"
(—4.39 4 3.50).10!
(2.06 & 1.30).10°
(4.26 4 4.02).10!
(4.31 £ 4.01).10!
(—1.44 +1.57).10°

1211
1222
1233
1311
1322
1333
2311
2322
2333

(8.71 4+ 3.31).1073
(8.71 4+ 3.31).1073
(2.42 +£0.91).1073
(7.73 £2.61).1072

(3.30 £ 0.84).10°
(9.41 4 1.84).101
(6.39 & 2.18).102

(2.65 £ 0.66).10°
(7.76 £ 1.67).1071

Table 20. Same as in table 15, except for Wilson coefficient [c,, ]

vt aeryper
AF = (0,0) AF = (1,0)

1111 (—-1.98+£2.76).10% 1112 (1.8240.68).1072
2211 (—2.93+£0.44).10' 2212 (1.83+£0.68).1072
3311 (—2.8645.26).107' 3312 (2.53 £0.94).1073
1122 (-8.69+7.11).10" 1113 (8.26 %+ 2.96). 10 1
2222 (5.22 +4.87).10° 2213 (6.90 & 2.68).10~

3322  (—2.04+1.16).10° 3313 (8.85+1.78).10!
1133 (8.87 £8.13).101 1123 (6.82 £2.47).107¢
2233 (7.40 £ 7.39).101 2223 (1.16 £ 0.44).10*
3333 (1.32 £ 1.52).10° 3323 (7.30 £ 1.67).10 ¢

Table 21. Same as in table 15, except for Wilson coefficient [c

~32 -
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