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Abstract In this work we study possible connections
between B-meson anomalies and Kaon physics observables
in the context of combined solutions with the singlet and
triplet scalar leptoquarks S; and S3. By assuming a flavor
structure for the leptoquark couplings dictated by a mini-
mally broken U (2)° flavor symmetry we can make a sharp
connection between these two classes of observables. We
find that the bound on B(K+* — mTvv) from NA62 puts
already some tension in the model, while the present limits on
B(K; — wtu~)and u — econversioninnuclei can be sat-
urated. Relaxing instead the flavor assumption we study what
values for B(Kt — 7 Tvv), as well as for B(K; — 7%vv)
and B(K, s — wt ™), are viable compatibly with all other
phenomenological constraints.
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1 Introduction

The observed deviations from Standard Model (SM) pre-
dictions in semileptonic B-meson decays persist as some
of the most significant experimental hints for the presence
of possible New Physics (NP) beyond the SM at the TeV
scale. One set of deviations regards Lepton Flavor Univer-
sality (LFU) ratios of charged-current semileptonic B decays
between the third and lighter lepton families, R(D™) =
B(B — DWtv)/B(B — D®¢v) [1-11], with a com-
bined significance of approximately 3o [12]. Another set of
deviations from the SM are observed in LFU ratios between
second and first lepton families in neutral-current B decays,
Rgw = BB — K®utu™)/B(B — K®ete) [13-
17], as well as in By — ptu™, in angular observables of
the B — K*uTu~ process as well as in branching ratios
of other decay processes which involve the b — syt~
transition [18-23]. The global significance of these devi-
ations, obtained with very conservative estimates of SM
uncertainties, is 3.90 [24]. On the other hand, global fits
show that along the preferred directions in effective field
theory (EFT) space the pulls from the SM can be even up to
5 —"70 [25-31].

When attempting to address at the same time both sets
of anomalies, leptoquark (LQ) mediators are by far the pre-
ferred candidates. This is mainly due to the fact that, while
semileptonic operators required for the B-anomalies can be
induced at the tree-level, four-quark and four-lepton opera-
tors, that are strongly constrained by meson mixing or LFV,
are induced only at one loop and thus automatically sup-

pressed.
An interesting scenario for a combined explanation of the
anomalies involves the two scalar LQs S; = (3,1, 1/3)

and S35 = (3, 3,1/3) [32-42]. Interestingly enough, the
S1 couplings to right-handed fermions allow also an expla-
nation of the observed deviation in the muon anomalous
magnetic moment (g — 2),, [43-45]. As a possible ultra-
violet (UV) completion for this model, the two scalars
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could arise, together with the Higgs boson, as pseudo-
Nambu-Goldstone bosons from a new strongly coupled sec-
tor at the multi-TeV scale, which would also address the
hierarchy problem of the electroweak scale in a compos-
ite Higgs framework [34,41] (see also [46—48] for related
works).

The solution to B-anomalies involves NP couplings to
second and third generations of quarks and leptons, while
the couplings to first generation could in principle be very
small, which is also required by strong experimental con-
straints [49-53]. Nevertheless, the natural expectation is that
NP should couple to all generations, possibly with some fla-
vor structure dictated by a dynamical mechanism or a sym-
metry. In light of this, a question one can pose is: what are
the expected effects in Kaon physics and electron observ-
ables for models that address the B-anomalies? This is the
main question we aim at addressing with this paper, in the
context of S7+ S3 solutions. Analyses in the same spirit were
performed in Refs. [54,55], in an EFT context, and in Ref.
[56] for single leptoquarks and in connection with R(K *)
only. Specifically, the golden channels of rare Kaon decays,
Kt — mtvv and K, — 70w, are now actively being
investigated by the NA62 [57] and KOTO [58] experiments,
respectively, and substantial improvements are expected in
the future. Furthermore, an improvement by a few orders
of magnitude in sensitivity is expected for © — e conver-
sion experiments COMET and Mu2e [59-62] as well as in
u — 3e from the Mu3e experiment at PSI [63]. Can these
experiments expect to observe a signal, possible related to
the B-anomalies?

Our starting point is the analysis of how this setup can
address the B-anomalies (as well as the (g — 2),) performed
in Ref. [40]. In that work several scenarios were considered
and, for each of them, a global analysis was performed includ-
ing all the relevant observables computed at one-loop accu-
racy using the complete one-loop matching between the two
mediators and the SMEFT obtained in Ref. [64]. In particu-
lar, two scenarios able to address both sets of B-anomalies
were found:

e LH couplings. If the S; couplings to right-handed
fermions are zero, then both charged and neutral-current
B-anomalies can be addressed, while the muon magnetic
moment deviation cannot. It was also observed that the
preferred values of the couplings to second generation
was compatible with the structure hinted to by an approx-
imate U (2)° flavor symmetry [40] (see also [33,34]).

e All couplings. If, instead, all couplings are allowed,
then both the B-anomalies and the (g — 2), can be
addressed, but the coupling structure is not compatible
with the U (2)° flavor symmetry since a large coupling to
cRTR 1s required, with a small coupling to tgtg instead
[40].
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We extend our previous work by considering also Kaon and
D decays, as well as all processes sensitive to the © — e
lepton flavor violating (LFV) transition.

To find possible connections between B-anomalies and
Kaon physics we take two different approaches for the two
scenarios listed above. For the first scenario we impose from
the beginning a concrete assumption on the flavor structure,
in particular the U (2)° flavor symmetry [65-67] and perform
the first complete study of B-anomalies and Kaon physics
with S| and S3 within this context. The main feature of this
approximate symmetry is that strict relations between the
LQ coupling to first and second generations are predicted,
implying that Kaon decays become strictly connected with
B decays.

Our choice of the flavor symmetry is motivated by the
observation that the approximate U (2), x U (2) flavor sym-
metry, that acts on the light-generations of SM quarks and
leptons and is a subset of U (2)°, appears to provide a con-
sistent picture of all low-energy data. In fact, it was shown
in the general EFT context [33,68-71], as well as also in
concrete UV realizations [34,40,72-77], that not only it can
reproduce the observed hierarchies in the SM Yukawa sec-
tor, but also successfully control the strength of NP couplings
allowing for sufficiently large effects in processes involving
third-generation fermions. We mention that the flavor sym-
metry does not need to be a fundamental property of the UV
theory, but it could arise as an accidental low-energy sym-
metry.

For the second scenario, since no evident flavor structure
emerges from the B-anomalies fit when also right-handed
couplings are included, we let vary the couplings relevant
for K — mvv, while keeping the other couplings fixed to
the best-fit values required by the B-anomalies and muon
magnetic moment. In this way we can find the allowed values
for K — mvv that are compatible with the B-anomalies, in
this general setup.

The paper is structured as follows. In Sect. 2 we briefly
introduce the model, the setup, and the statistical tool used
for the analysis. In Sect. 3 we discuss the structure of the
LQ couplings predicted by the minimally broken U (2)> fla-
vor symmetry and study the results of the global fit in this
framework. Section 4 is instead devoted to the study of rare
Kaon decays and electron LFV processes in the general case
where the flavor assumption is lifted. We conclude in Sect. 5.
Details on the observables not discussed in [40] are collected
in Appendix A.

2 Setup
We consider in this work the two scalar LQs S| = (3, 1,1/3)

and S3 = (3, 3, 1/3), where the quantum numbers under the
SM gauge group SU(3), x SU2)r x U(1)y are indicated.
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The Lagrangian to be added to the SM one, assuming baryon
and lepton number conservation, is

L1 = |DuSI* + 1Dy S31* — M7 S|
—M3|S3> — Vig(S1, S3, H) +
+ (W10 T € o+ G B0 i) 1

+(3) i g% ey St 4+ he. 2.1)
where € = ioa, (A'F)ig, W) ig, A3)iy € C, and Vig
includes LQ self-couplings and interactions with the Higgs
boson, which are omitted since they are not relevant for the
phenomenology studied here. We denote SM quark and lep-
ton fields by g¢;, u;, d;, {4, and e,, while the Higgs dou-
blet is H. We adopt latin letters (i, j, k, ...) for quark fla-
vor indices and greek letters («, B, y, ...) for lepton flavor
indices. We work in the down-quark and charged-lepton mass
eigenstate basis, where

* 0 o
Qi = V,/lluL s EO{ = (V‘I;> ,
di e}

and V is the CKM matrix. We use the same conventions as
Refs. [40,64], to which we refer for further details.

Our goal is to study the phenomenology of the S| + S3
model extending the list of observables already accounted
for in Ref. [40] to all the other relevant Kaon, D-meson,
and electron LFV ones. We do this by employing the same
multistep procedure: the LQ model is matched at one-loop
level into the SMEFT [64], which is then matched into the
Low Energy EFT (LEFT) [78,79]; within any EFT the renor-
malization group evolution (RGE) is taken into account, as
well as the one-loop rational contributions within the LEFT,
in terms of whose coefficients the observables and pseudo-
observables are expressed (barring the case of observables
that are measured at the electroweak scale).

In our global analysis for the two LQs we add the fol-
lowing observables to those observables already studied in
Ref. [40]: rare and LFV Kaon decays, e% /€k, rare D-meson
decays, b — d{f decays, u — e conversion in nuclei, and
the neutron EDM. In Tables 1, 2, 3, and 4, we show the com-
plete list of observables that we analyze, together with their
SM predictions and experimental bounds. In Appendix A we
collect details on the low-energy observables that were not
considered in Ref. [40], together with others which turn out
to set relevant constraints in the fit, such as limits from Z
couplings measurements and K — mvv, that we repeat for
sake of completeness. For all the observables, the full set of
one-loop corrections is considered in the numerical analysis.

We perform a x? fit, thus defining the likelihood as

2.2)

Oi )Un Mx — M 2
—2logﬁzx2(xx,Mx)=Z( ( 02) i)~

i 1

(2.3)

where O;(Ly, M,) is the expression of the observable as
function of the model parameters, u; its central measured
value, and o; the associated standard deviation. The corre-
lations between ACgb“ ® and Cg“i", as well as between Rp
and Rp+ are taken into account (see gray lines in the plots
of Fig. 1). In the analysis presented in this paper, 73 observ-
ables are taken into account, for which, within the SM, the
x2is stM = 104.0. In each scenario we first find the best-fit
point by minimizing the x2. We then perform a numerical
scan over the parameter space using a Markov Chain Monte
Carlo algorithm (Hastings-Metropolis), to select points that
are within the 68 or 95% CL from the best-fit point, with
final samples of size O(10%). These scans are used to obtain
preferred regions in parameter space or for selected pairs
of interesting observables by projecting the obtained points
onto the corresponding plane, which corresponds to profiling
over the parameters not plotted.

3 Scalar leptoquarks and U (2)° flavor symmetry

In the limit where only third generaton fermions are massive,
the SM enjoys the global flavor symmetry [65-67]

Gr=UQ2)yxUR)xUQR)yxUR)yxU@).. @G

Masses of the first two generations of fermions and their
mixing break this symmetry. In the quark sector the largest
breaking is of size € ~ y;|V;s| = 0.04 [71]. Formally, the
symmetry breaking terms in the Yukawa matrices can be
described in terms of spurions transforming under represen-
tations of G r. The minimal set of spurions that can reproduce
the observed masses and mixing angles is !

V,~ 211,11,

Ay~ (2,1,2,1,1),
A, ~(1,2,1,1,2).

Ve~(1,2,1,1,1),

Ag~(2,1,1,2,1), (3.2)

In terms of these spurions the SM Yukawa matrices can be
written as

Ay eV,
Yu(d)=yz(b)< L(l)() t(l) q),

A A%
Ye:yr<oexrle> s

withx; - are O(1) complex numbers, A’s are 2 x 2 matrices,
and V, ¢ are 2-component vectors.

(3.3)

1 Strictly speaking Vy is not required in the SM, since in absence of neu-
trino masses lepton mixing is unphysical. It is however usually added for
symmetry with the quark sector and, in our case, because it is needed in
order to address the R(K ) anomalies, which requires [V¢| ~ O(0.1)
[33,68].

@ Springer
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In the context of the B-anomalies, this flavor symmetry
was introduced as a possible explanation for the LFU break-
ing hints, that point to largest effects for t leptons, smaller for
muons, and even smaller for electrons. Furthermore, it was
observed in Refs. [33,34,40,68-71] that the LQ couplings to
second and third generations, required to fit the anomalies,
were consistent with the expectations given by this symme-
try. In this Section we study if, indeed, a complete imple-
mentation of U (2)° flavor symmetry for the S; and S3 scalar
LQs, including the couplings to first generation fermions, is
consistent with the observed anomalies.

In the same flavor basis used to write the Yukawa cou-
plings of Eq. (3.3), the S7 and S3 LQ couplings have the
following structure:

~1(3)L * T~1(3)L *
AOL 10 [ et Vo x Ve Va , (3.4)
£1(3)LV'}' i1(3)L
O(A VA V) 51RATVE
AR =)
#EViA; &R
by (0 0 ) (3.5)
~ R ~ ) .
0 xtl‘L’R

where 1'® and )‘}e are overall couplings, all x are O(1)
parameters, and in the last step in A'® we neglected all the
terms that give too small couplings to have a significant influ-
ence to our observables. In the following we can thus neglect
the presence of the !X couplings in the U (2)° scenario since
the trtr coupling does not affect in a relevant way the phe-
nomenology.

By diagonalizing the SM lepton and down-quark Yukawa
matrices one can put in relation some of the parameters in
Eq. (3.3) with observed masses and CKM elements, we refer
to Ref. [71] for a detailed discussion on this procedure. For
our purposes, the main result is that in this basis the quark
doublet spurion is fixed by the CKM up to an overall O(1)
factor, Vg = K4 (V)3, V,’;)T, while the size of the leptonic
doublet spurion V; = |V,| as well as the angle that rotates
left-handed electrons and muons, s, = sin 0., are free. The
same rotations that diagonalize the (lepton and down quark)
Yukawas also apply to the LQ couplings. The final result of
this procedure is the following structure for the LQ couplings
in the mass basis:

1 1
%5 VeVia 8 VieVia %4 Vi

13 13 13
ML =IO D5 ViVig 50D VeVis 1P Vi
TR x;<3> ve o1

(3.6)

All x'® parameters are expected to be O (1) complex num-
bers and we absorbed the O(1) coefficient in the 3-3 com-
ponent inside the definition of A!®_ It directly follows from

@ Springer

Eq. (3.6) that the flavor symmetry imposes some strict rela-
tions between families:

13)L

Al 13)L

1(3)L th
o )\' Vt )\il

_ Al(%)L

3.7
For the two LQs we thus remain with the two overall cou-
plings 2!, that we can always take to be positive, six O(1)
13) 13) _13)

complex parameters (x gl 2 Xqg X ), one small angle s,
that regulates the couplings to electrons compared to the
muon ones, and finally V, that sets the size of muon cou-
plings compared to tau ones. With the coupling structure of
Eq. (3.6) the two leptoquarks decay dominantly to third gen-
eration fermions, since couplings to lighter generations are
suppressed by the spurion factors.

Since S does not mediate d; — d jﬁ_aé g at tree level, its
contributions proportional to x L} and x ; ¢ are only very weakly
constrained. For this reason, to simplify the numerical scan
we fix them to be equal to 1.2

We provide here some simplified expressions for the most
relevant NP effects in this setup, deferring for details to
Appendix A:

ARDD) (1o P =X V)
—_— XV .
R(D™)gm 2M3
WBPA = x3* V)
_1.02—2” , (3.8)
2M3
32 |Ve ) 2xx3
Acr = _acthrr A~ T — i (39)
V2GpaVy M;
32 21,3 12
ACSIH = _pCtd mVisVia IVzlzlqu . (3.10)
V2G pa M3
112, 1% 312 ..3x%
[LVLL] ~ v 127 17xg N 1A71%xg ’ 3.11)
vd |y vosh $ 2M12 2M32

WP 32
LVLL] ~ VY, q ) 312
[ vd Vevrds td 'ts 2M12 + 2M32 ( )
1035g% ~ 0.59—1 v Ll (3.13)
S T Tev? M3}/ Tev?’ '
oL ViVia AP N VRl b
K~ 2 2 2
1287 M3 M3
|k1|2|k3|2|x1|2|x3|210 M2 M2
¥ ol 1yl 0eMSIME) (3.14)
M2 —M
3 1
where [L) dLL]WT 4y, A€ the Wilson coefficients (WCs) of

the low-energy operators (V;y,vo)(d Ly“d ) SgTZL
describes the deviation in the Z couplings to 7, and C }(
is the coefficient of the (E)/MPLd)2 operator. The leading
contribution to s — duu transitions has a phase fixed to be

2 We checked that, as expected, if left free these parameters have an
almost uniform distribution in the whole interval of interest [—5, 5].
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equal to the SM one, so no large effect in Kg — uu can
be expected. Analogously, also in s — dvv the NP coeffi-
cients have the same phase as in the SM, since the x coef-
ficients enter with the absolute value squared. This implies
that no cancellation between the two LQs can take place in
this channel and that we expect a tight correlation between
K; — 7%vand K+ — 7T vy, independently on the phases
of the couplings. Similar considerations apply for all s — d
transitions. On the other hand, non-trivial phases can appear
inb — s transitions and a mild cancellation can alleviate the
B — K™y bound [33]. Since real couplings are favored
by the B-anomalies and since in any case the phases in Kaon
physics observables are fixed by the U (2)’ flavor structure,
in our numerical analysis we only consider real values for all
parameters.

3.1 Analysis and discussion

Using the global likelihood we find the best-fit point in
parameter space, allowing the x’s to vary in the range |x| < 5,
while A!® |V, > 0. Fixing M; = M3 = 1.1 TeV we get
X3 — Xiusi_e = 47.6, for:3

A =079, MB=~072, V,~0071, s, ~0,
Xy~ —=097, xp~ 16, X} ~36, xi~-20.

(3.15)

best-fit U(2)° :

We then perform a numerical scan on all the parameters in

Eq. (3.15), selecting only points witha Ax? = x? — Xt%est—ﬁt
corresponding to a 68% (green points) or 95% (yellow) con-
fidence level. The results are shown in Fig. 1, where we
project the points to several 2D planes. We also show 2o
constraints from single observables, obtained by fixing the
parameters not in the plot to the corresponding best-fit val-
ues, Eq. (3.15).* We observe from Fig. 1 (bottom-left) that
values Vy ~ 0.1 and |s.| < 0.02 are preferred. We can also
see that all the x’s can be of O(1), with no tendency towards
parametrically smaller or larger values, hence the structure
of the U (2)° symmetry is respected.

In Figs. 2 and 3 we show the values of particularly inter-
esting pairs of observables obtained with the same sets of
parameter-space points. From Fig. 2 we observe that, while
neutral-current B-anomalies can be addressed entirely, this
setup can enhance R(D®) only by < 7% of the SM size,
i.e. at the 20 level of the present combination. This situation

3 This puts the LQs above present LHC limits, see e.g. Ref. [38] for a
recent review. We note that the fit slightly worsens when the masses are
increased.

4 This procedure misses the correlations between the plotted parameters
and those that are fixed, that is however fully kept in the parameter scan.
For this reason the bounds shown in this way are useful mainly to gain
an understanding of the relevant observables in each plane.

should be compared with the result of the analogous sim-
ilar fit with S; and S3 with only couplings to left-handed
fermions shown in [40] (c.f. Fig. 5), where both anomalies
can be satisfied in a scenario where couplings to the sec-
ond generation quarks were compatible with a U (2)° flavor
structure, |Aslé3)L| ~ | Vis/ Vipl |)»ll,23)L |, but couplings to first
generation were set to zero.

Therefore, the reason for the inability of the U (2)°-
symmetric scenario to fully address charged-current anoma-
lies must be found in first-generation constraints, specifically
Kaon physics. Indeed, this can be seen in the first row of
Fig. 1, where we observe that the bounds from K™ — 7T vv,
Eq. (3.12), and €k (i.e. Im CII(), Eq. (3.14), in combination
with the constraints on A3 from Z — T, Eq. (3.13), don’t
allow the fit to enter the region preferred by R(D™), due
to the precise relations between couplings to the first and
the second generation, derived from the flavor structure, i.e.
Eq. (3.7).

Regarding Kaon physics observables, from Fig. 3 we see
that B(K™ — 7 Tvv) can take all values currently allowed
by the NA62 bound [57] (we show with vertical lines the best-
fit and the =10 intervals) and therefore any future update
on this observable will put further strong constraints on this
scenario. Furthermore, since the phase in s — dvv is fixed
by the corresponding CKM phase, Eq. (3.12), a correlation
between this mode and B(K; — 799v) is obtained, with
values ~ 10710 also for the latter.’> Therefore, even by the
end of stage-I the KOTO experiment won’t be able to reach
the sensitivity to test this model (brown horizontal dotted
line). However, the future sensitivity goals by NA62 (10%
[82]) and KOTO stage-II, or KLEVER, (20% [83,84]) would
be able to completely test this scenario (purple ellipse).

The model also predicts short-distance contributions to
B(Kp — pp) of the order of the present bound, although it
remains challenging to improve this constraint in the future
due to non-perturbative contributions to the long-distance
component. Also in this channel the phase of the NP WC is
fixed to the one of V;i V4, see Eq. (3.10). The Ks — up
mode is thus completely correlated with the K; decay and
the New Physics effect adds constructively to the SM short-
distance amplitude, the expected size is however below the
SM long-distance contribution of &~ 5 x 10~'2. The expected
relative effect in the tree-level transitions s — wuuv, and
d — upv, isof order 10~7 and 1072, respectively, excluding
possible signatures from these decays.

Finally, the rotation angle between electrons and muons,
Se, 1s constrained mainly by LFV u — e processes, the
strongest bound presently given by u — e conversion in
gold atoms, while the predicted effect in titanium is strictly

> The same correlation takes place also in Minimal Flavor Violation
setups, where also the phase of the relevant Wilson coefficient is fixed,
as was shown in Ref. [81].
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Fig. 1 Results of a parameter scan in the U (2)3 scenario. The green (yellow) points are within the 68% (95%) CL from the best-fit point (shown
in black). We also overlay 2o constraints from single observables, where other parameters are fixed to the best-fit point (3.15)

correlated in our model, with an approximate relation B(p —
e)au ~ 1.3B(u — e)1i. In Fig. 3 we show the correlation
with u — 3e, while the expected branching ratio for © — ey
is $ 0.5 x 10~13, thus below than the present precision.
These measurements are expected to improve substantially
in the future, reaching limits of the order of 10~ in yu — e
conversion in nuclei from COMET and Mu2e [59-62] or even
10~ '8 by the PRISM proposal, and also a level of 1071¢ in
. — 3e from the Mu3e experiment [63]. These will put
further constraints on the s, parameter, or a signal could be
observed if this mixing angle is large enough.

For what regards LFV in Kaon decays, given the largest
allowed values for s, and V, from present limits, we obtain

@ Springer

at most B(K; — pe) < 1071 and B(KT — ntpe) <
10-18.

4 General case with right-handed couplings

In this section we depart from the flavor symmetry assump-
tion and examine the fit of the 1 + S3 model in the general
case where all the couplings, including the right-handed ones,
are allowed. As investigated in Ref. [40], if the couplings are
a priori uncorrelated, there is enough freedom to accommo-
date both B-physics anomalies as well as the discrepancy in
the anomalous magnetic moment of the muon.
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Fig. 2 Results, for the B-anomalies, of the parameter scan in the U (2)° scenario shown in Fig. 1. The green (yellow) points are within the 68%
(95%) CL from the best-fit point (3.15). The gray lines describe different CL regions in the fit of the anomalies (see Appendix A for details)

Due to the high dimensionality of the parameter space,
it is computationally too expensive to perform a x> mini-
mization by random search techniques. For the purposes of
our discussion it suffices then to use the best-fit point of Eq.
(3.11) in Ref. [40]° in order to fix the relevant couplings and
let only the additional couplings vary. A further simplifica-
tion constitutes in switching off the couplings to electrons.
This choice is justified by the fact that the necessary suppres-
sion required to pass the stringent bounds from LFV y© — e
processes is of the same order in both the flavor-symmetry
motivated case and the general one.

Using the best-fit point from Ref. [40] assures that all the
anomalies are addressed within 1o (c.f. Fig. 5 therein). In
order to assess the viable values of B(K; — rrovv) and
B(K* — s vv) in this setup we perform a likelihood scan
of the complex couplings )»519)1‘ and )»CII(TS)L (see Eq. (A.10))
and keep only values that have a likelihood within the 68% or
95% CL from the best-fit point. The corresponding branch-
ing ratios are reported in the left plot of Fig. 4, from which
we observe that, compared to the U (2)° case, the viable val-
ues are significantly expanded. We also notice that the two
decays are induced by the same short distance operators and
are trivially related through isospin, leading to the so-called
Grossman-Nir bound [80]. The LQ interactions fall under a
category of models that may saturate the bound [87]. Yet this
is not entirely possible due to the constraints on the magni-
tude of the couplings to muons and electrons. Nevertheless,
we see that B(K; — 7%v) could potentially take values
that can be probed by the end of stage 1 of the KOTO exper-

6 A fit with the updated values for the various flavor constraints includ-
ing the new measurement of Rg does not result in any substantial vari-
ations.

iment. For other studies of correlations between the K+ and
the K modes see e.g. Refs. [54,81,88,89].

By letting vary the Ag’{; and )L?iﬁ complex couplings we
find that the short distance contribution to K — uu can
reach values of the order of the long-distance one, while
that to the K; mode saturate the theory-derived constraint
[85]. In the right plot of Fig. 4 we present the 68% and 95%
CL regions from the best-fit point in these two observables.
Considering the ~ 30% uncertainty on the SM prediction
for the Ks mode, we notice that a significant part of the
preferred region features NP effects that are distinguishable
from the SM ones. As a matter of fact, the future prospects
look promising, since the LHCb Upgrade II plans to exclude
branching fractions down to near the SM prediction [86] (see
dashed line in Fig. 4).

Regarding i — e transition in nuclei we expect a very
similar result to the one shown in Fig. 3, since even in that
case the observables saturate the present bounds and there
is additional freedom if the flavor symmetry assumption is
removed.

5 Conclusions

The observed anomalies in B decays can potentially be
addressed in LQ scenarios. While couplings to first genera-
tion of fermions are not required to describe these deviations,
and could therefore be set to zero in a bottom-up approach,
the typical expectation from UV models is that all couplings
should be generated. In this work we study the impact that LQ
couplings to first generation fermions can have on Kaon and
electron LFV observables, in scenarios that aim at addressing
the B-anomalies.
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Fig. 3 Results, for rare Kaon decays and ;© — e conversion processes,
of the parameter scan in the U (2)> scenario shown in Fig. 1. The green
(yellow) points are within the 68% (95%) CL from the best-fit point. In
the upper plot, the gray region is excluded by the Grossman-Nir bound
[80], the red solid and dashed lines represent the present measurement

Correlations between couplings to different generations,
and therefore between B and Kaon decays, can be obtained
only if the flavor structure is specified. In this work we con-
sider the approximate U (2)° flavor symmetry, that is moti-
vated from the observed SM fermions mass hierarchies and
also predicts a pattern of deviations in B decays consistent
with the observed one. With this assumption, the LQ coupling
to left-handed d quarks are fixed to be equal to those to left-

@ Springer

B(u - 3e)x 10"

from NAG62, the dotted brown line the sensitivity prospect for KOTO
after stage-I, while the dotted purple one the final sensitivity expected
from NA62 and KOTO (stage-II). In the lower plot the red lines describe
the present 95% CL bound (see Appendix A for details)

handed s quarks times the small CKM factor V;4/ Vi (see
Eq. (3.7)). This structure correlates strongly Kaon physics
with B decays. After performing a global likelihood analysis
of a large set of observables in this scenario, we find that the
S14 83 LQs can address the R(D™) anomalies only atthe 20
level. The most important observables preventing a success-
ful fitare B(K+T — mTvv), ek, and the Z couplings to 7. We
thus expect future improved measurements of K+ — 7 tvv
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and )‘flﬁ relevant for the K7 s — pp decays (right). The rest of the
couplings are fixed to the best-fit point couplings in Eq. (3.11) of Ref.
[40] and compatibility with the global fit is retained at 68% (green)
and 95% (yellow) CL. On the left plot, the gray region is excluded by

Fig. 4 Allowed region obtained by varying the couplings )L;S)L

)Ltli(f)L,relevant for the B — Kvv decays (left), and the couplings A

from NAG62 to further test this scenario. The LQ couplings to
electrons, instead, are constrained mainly by the limits from
[ — e transition in nuclei and u — 3e decay, that will be
improved by several orders of magnitude in the near future.

Going beyond the flavor symmetric scenario, we also stud-
ied the allowed values for B(KT — nTw), B(K; —
novv), and K7 /s — wT i~ in the general case where no
flavor structure is imposed. We find that, in this setup, val-
ues of B(K; — 7%v) and B(Ks — ™) that could be
potentially probed by KOTO stage-1 or LHCb, respectively,
are allowed.

The B-anomalies are expected to receive further experi-
mental inputs in the next few years by LHCb, Belle-11, as well
as CMS and ATLAS experiments. However, even assuming
these will be confirmed, in order to understand the flavor
structure of the underlying New Physics the connection to
Kaon physics and to observables sensitive to electron cou-
plings will be crucial.
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A Analysis of observables and pseudo-observables
Al K; — 7n%vand K+ — vy

The relevant parton level processes s — dvyvg are described
by the effective four-fermion Lagrangian

4GFr «
Ldsvv " 0 Vis Z GO,
i

_ A.l
eff Dﬁ4n (A.D

with the following A F = 1 operators

Oisaﬁ = (d_V/LPLS) (Dayﬂ(l - VS)VB) )

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

320 Page 10 of 24

Eur. Phys. J. C

(2022) 82:320

Table 1 Observables from B
and D meson decays. Upper
limits correspond to 95%CL.
The correlations between
AC;b"“” and C;"i", as well as
between Rp and Rp+ are taken
into account

Table 2 D meson and Kaon
physics observables with the
corresponding SM predictions
and experimental bounds. Upper
limits correspond to 95% CL

@ Springer

Observable SM prediction Experimental bounds
b — s{¢ observables [40]
AcyH 0 —0.43+0.09 [90]
C191niv 0 —0.48+0.24 [90]

b — ct(£)v observables
Rp

0.299+0.003 [12]

[40]

0.34£0.02740.013 [12]

Rp+ 0.258+0.005 [12] 0.295+0.011£0.008 [12]
PrD* —0.4884+0.018 [91] —0.38+0.51£0.24+0.018 [7]
Fr 0.470£0.012 [91] 0.60£0.084+0.038+0.012 [92]
B(BF — tTv) 2.3% < 10% (95% CL) [93]
Rg/e 1 0.978+0.035 [94,95]
b — svvand s — dvv [40]
Ry 1[96] < 4.7[97]
Ry 1[96] < 3.2[97]
b — dpupand b — dee Appendix A.5

B(B® — )
BBt = ntup)
B(BY — ee)
B(BT — ntee)

(1.060.09) x 10710 [98,99]
(2.04+0.21) x 1078 [98,99]
(2.48+0.21) x 10715 [98,99]
(2.04+0.24) x 1078 [98,99]

(1.1£1.4) x 10719 [100,101]
(1.8340.24) x 1078 [100,101]

<83 x 1078 [58]
<8x 1078 58]

B LFV decays

[40]

B(By — t*uF) 0 < 1.4 x 1073 [102]
B(B; — t*u¥) 0 < 4.2 %1073 [102]
BBt — Ktr—ut) 0 < 5.4 x107° [103]
BBt — Ktrtu) 0 < 3.3 x 1072 [103]
< 4.5 x 1072 [104]

Observable SM prediction Experimental bounds

D leptonic decay
B(Ds — tv)
B(D® — )
BDT — ntuw)

(5.169+0.004) x 1072 [105]
~ 10711 [106]
010712 [108]

[40] and Appendix A.4
(5.48+0.23) x 1072 [58]
< 7.6 x 1072 [107]

< 7.4 %1078 [109]

Rare Kaon decays (vv)
B(KT — ntvv)

B(KL — 7%v)

8.64 x 1071 [89]
3.4 x 1071 [89]

Appendix A.1
(11.044.0) x 10711 [110]
<3.6x 1072 [111]

Rare Kaon decays (¢££)
B(KL — uu)sp
B(Ks — pp)
B(Kp — 7%up)
B(Kp — ﬂoee)

8.4 x 10710 [112]

(5.18+1.5) x 10712 [85,113,114]
(1.5+£0.3) x 10~1 [116]
(32703 x 1071 [118]

Appendix A.3 and A.2
<2.5x 1072 [85]
<25%10710[115]
<45%x 10710117
<2.8x10710[119]

LFV in Kaon decays
B(K1 — ue)
B(KT = ntu=et)
B(KT — nte u™)

Appendix A.3 and A.2
< 4.7 x 10712 [120]
<79 x 1071 [121]
<1.5x 1071 [122]

CP-violation

€y /€K

(15+7) x 1074 [123]

Appendix A.8
(16.642.3) x 107* [58]




Eur. Phys. J. C (2022) 82:320

Page 11 0of 24 320

Table 3 Meson-mixing and

leptonic observables and EDMs, Observable SM prediction Experimental bounds
with their SM predictions and AF = 2 processes [40]
experimental bounds. Upper
limits correspond to 95%CL BY — EO: ICE;dI 0 < 9.1 x 1077 TeV~2 [124,125]
B —B: ICp, | 0 <2.0 x 1075 TeV~2 [124,125]
KO — K" Re[CL] 0 < 8.0 x 1077 TeV=2 [124,125]
KO- K Im[CL] 0 < 3.0 x 1072 TeV=2 [124,125]
D" — D": Re[C))] 0 < 3.6 x 1077 TeV~2 [124,125]
DY — D" Im[C}] 0 <22 x 1078 TeV—2 [124,125]
DO — D" Re[C?)] 0 <3.2x 1078 TeV—2 [124,125]
DO — D" Im[C?)] 0 < 1.2 x 107 TeV—2 [124,125]
DO — D" Re[C3)] 0 <27 x 1077 TeV=2 [124,125]
DO — D" Im[C3)] 0 < 1.1 x 1078 TeV~2 [124,125]
LFU in t decays [40]
180/ gel? 1 1.00360.0028 [126]
gz /gul? 1 1.002240.0030 [126]
lge/gel? 1 1.00580.0030 [126]
LFV observables [40]
B(t — ue) 0 < 1.00 x 1077 [127]
B(t — 31) 0 <2.5x 1078 128]
B(t — uy) 0 <52 x1078[129]
B(t — ey) 0 <3.9x 1078 [129]
B(u — ey) 0 < 5.0 x 10713 [130]
B(u — 3e) 0 <12 x10712[131]
B 0 < 5.1 x 10712 [132]
B 0 <83 x 10713 [133]
EDMs [40]
|d,| < 107*e-cm [134,135] <13x107®e-cm [136]
d,| <107 ¢ - cm [135] <19%x10"¥e.cm[137]
d, <107 e cm [135] (1.15+1.70) x 10~ ¢ - cm [40]
d, < 10733 ¢ cm [138] < 2.1 x 1072 . cm [139]
Anomalous [40]

Magnetic moments

ae — a(fM
SM

a, —ay

ar — an

+2.3 x 10713 [140,141]
+43 x 10711 [45]
+3.9 x 1078 [140]

(—8.9+3.6) x 10713 [142]
(279+76) x 10~ [43,45]
(=2.1£1.7) x 1077 [143]

OB = (dy, Prs) (Pay™ (1 = ys)vp) . (A.2)

The relations between the WCs of the operators above and
the LEFT ones (in the basis of Ref. [78]) are given by

[CL]dsaﬁ = Nus Z[L\‘,/,}LL]aﬂds ’
aff

[CRldsap = Nas Y Ly lapas -
op

(A.3)

where Ngz = (\/EGFO{ ;ZZVts/n)_l. Within the SM, the
K — mvv decays are among the cleanest observables to
determine the mixing between the top quark and the light
generations as generated at loop level, as well as the mag-
nitude of CP-violating (CPV) effects in the quark sector.
The coefficients of the relevant four-fermion interaction are
[89,149,150]

C*d VCS

1 (X N 1%
512/1/ t iaVis

[CLl g =

X?) Sap
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[CrlgNs =0 (A4)

with X, = 1.481, X¢ = X! = 1.053 x 1072, and X7 =
0.711 x 107.

In scenarios beyond the SM, these observables are highly
sensitive to new sources of both CPC and CPV flavor mixing.
In our case, at tree-level only Cy, is not vanishing. While at
loop level a contribution to Cg is generated (and included
in the numerical analysis), it is suppressed by small down-
quarks Yukawa couplings, and thus it is negligible. The lead-
ing contributions to the WCs at m, scale, in terms of the UV
parameters, are

1Lx4 1L 3L%43L
(CLla = Ny )‘dot*)‘sﬂ )‘da*)“sﬂ
sof ' am? 2m2

3L%x43L
11 m? 2 (*ba Mip
L 2avE ViV 2 [ 22
+167{2 12 1)2 |: td ISl tbl M%
—3(3 +2log(M?/m?))

)\IL*}\‘IL }"3[‘*)\31‘
X<< do kB T da kﬁ)vmv;}<C

2M? 2M3
ILxy 1L 3L#43L
o ko AT
oM? 2M32 ’d ’
[CR]dsozﬁ ~0. (AS)

In the Cr =~ 0 approximation, the branching ratios for the
Kt — wtvvand K; — 7% decays can be expressed in
terms of the SM branching ratios, via a rescaling of the SM
C. coefficient, in the following way

B(KT — 7Tvv)

2
[CL]dsocﬁ

=B(KT = 7T v.0.)sm
v 2 [CLIM,

o,f=1,2

50(/3 +

[CLlasas
[CLIZs
2

, (A.6)

+B(KT = 7 vv)sm Z
a=1,2

2
[CLlas3a

[Crlas33
[CLI5M,

1+
[CLI5M,

B(K; — 7o)

1
=B(K; — novv)SM 3

<| 2

<5aﬁ +
o,f=1,2

2
Im[N},'[C1ases]
N ‘
a;,z (Im[Nd;l [CLISM ])

2
I[N, [Cp1asap]
Im[N;'[CLISM ]

ds33
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Table 4 Limits on the deviations in Z boson couplings to fermions
from LEP I and from Drell-Yan high-energy tails at LHC. Uncertain-
ties shown for the Z boson couplings include both experimental and
theoretical errors, neglecting the experimental correlations

Observable Experimental bounds

Z boson couplings Appendix A.7

8¢k, (0.3£1.1)1073 [144]
sgf, (0.241.3)1073 [144]
8g7, (—0.1140.61)1073 [144]
8g%, (0.66£0.65)1072 [144]
sgf, (2.9£1.6)1073 [144]
8gZ, (—3.3+5.1)1077 [144]
N, 2.9963+0.0074 [145]
Drell-Yan

o(pp — wuo) [146,147]

o(pp—> tTt7) [147,148]

I[N [CLlassal |
+ —1 SM
Im[N, [CL]js]

2
Im[N;[C
oy ml "_sl[ L];’;Zﬂ (A7)
Im[N; [CLlggs]
where [89,150]
B(KT = nv,ve)sm = 3.06 x 10711
B(Kt = ntvv)em = 2.52 x 10711 (A.8)

B(K; — 7%v)sm = 3.4 x 10711,

The experimental bounds from NA62 [57] and KOTO [58]
(see also [151]) are

B(KT — wwv) = (106739 x 10711,

(A.9)
B(K; — 7%v) <3.57 x 1072 (95%CL) .

NAG62 expects to reach a final sensitivity of about 10% of
the SM K™ — mTvv breaching ratio [82], while KOTO
expects a future 95%CL upper limit for B(K; — 7%vv) of
about 1.8 x 1071 at the end of stage-I. A proposed KOTO
upgrade (stage-1I) [83] or the KLEVER proposal at CERN
[84] would be able to reach a final 20% sensitivity of the SM
rate.

Assuming that the contribution in v, is the dominant one
we get the following approximate numerical expressions
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10'°B(Kt — 7 Fvv)

1L#q 1L
~ 0.61 +0.25 1+ (1.58 — i0.51) —4L >
[Vial|Vis|my
3L, 3L 2
+(1.45 —i0.47)—4 ’
|th||Vts|m3
IOIOB(KL — novv)
1L#q 1L
dt }‘st
~023+0.11{1—1Im 5.4—2
[Via || Vis|my

3L%4 3L
dt )‘rr

2
)
H49—T Ty )
[Via|[Vis|m3

where m; = M; /TeV.

(A.10)

A2 Kpes) — ppand Ky — 7000

The standard notation for the effective operators relevant to
the s — d€T €~ rare processes is

4GF o
_2E 2 NCgo;,
ﬁ4ns2WlZ o

HEEE S (A.11)

where the C; are evaluated at m; scale and the operators O;
are defined as

O = Gya PLryd)(Ey°0) |
00" = GraPLiyd)(Ty*yst) .
O = (5 Preyd)(L0)
O = GPrayd) (Eyst) . (A.12)

The expressions for the WCs of the above operators in terms
of the LEFT ones are

, Nt V.LR V.LL
caity = =5 (L3 e 1L V)

—1
V,.RR V,.LR
Cates = =5 (10 M eesa+ LY essa)

N71
sdel d S,RR S,RL
Csipy = ; ([Led leesa[L,y ]Zzsd) s

N,
ey = =5 (o M eesa= L3 Vo) - A1)

4Gr _a
2 sl In the Standard Model, the only non
vanishing coefficients are [112]

3t = —Cia% = (VEVeaYnie + ViEViaY (1) - (A14)

where Ny =

with Yy, = 3 x 107* and Y (x;) = 0.94. In our analysis,
the above coefficients are computed at one-loop level. The
short-distance contributions to the branching ratios for the
leptonic K7 — pp and Kg — pp decays are given by

B(Ky, — u ' )sp

2,42 2 2
_ S Gt | Amy
32n3mKs€V ma

2
2
m
(m%( - 4mi) (Re (ng““ - C?d““> K )
+m (Re (ot +Cii = i) om,,
2 2
d d m
+Re (i — gyt K )
mg + mgy

B(Ks — utn)sp

22,2 2
_ ks [ Gpe” | Am
32713m1(s;44, m3,

2
2
2 2 sdup rsd mi
(m W ( s s mg +md>

i (1m (Cllhy + Clo = Cii™) 2m,

2
sd i rsd i m%(

+Im (cP —cl )—mﬁmd) (A.15)
To these one should add the SM long-distance contribu-
tion, dominated by the intermediate K; s — y*y* —
wt ™ process. Calculating this in the SM proves to be
very challenging (see e.g. Refs. [85,114]) and while for the
K s mode the long-distance component can be estimated to
about ~ 30% accuracy, Bip = B(Ks — u u)p =
(5.18+1.50) x 10~!2 [114], for the K; mode the situa-
tion is worsened by the unknown sign of the amplitude
A(KL — yy).

For the rare semileptonic K, decays, we neglect the con-
tributions from operators that are not generated at tree-level,
which are also the ones not interfering with the SM interac-
tion. Therefore, we apply a rescaling, with respect to SM, of
the left-handed coefficient ng“ — Cfg“

B(Ky — 7uTp™) = Bk — 7%t u)sm

dutu~  asdutpm )\ 2
Im[CS T H _ sdnt
X(1+ [Cg 10 |

sdutpu~ sdutpu~
Im(Cy g™ —Crosm |

B(K — noe+e_) = B(K; — 7T06+e_)SM

_ _ 2
' Im[csde+e _ CigeJre ]
x + Im[csdeJre* _ Csde*e*] ’
9,.SM 10,SM
(A.16)

where the SM WCs are as in Eq. A.14 and

BK; — 7% )sm = (1.5+£0.3) x 10711 [116] ,
B(Kp — nlete)sm=(3.2T0Hx 107" [118]. (A.17)

@ Springer
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We evaluate these observables at one-loop level; however, in
most of the regions of the parameter space, the tree-level con-
tribution is dominant. At the tree-level, the branching frac-
tions as a function of the model parameters are

B(Kr — w7 )sp
~ 8.4 x 10710

)\’3L* )"3Ld 2
% [1=1.50 % 10* Re | 3+~ 1 ,
( [ M3/ TeV?

B(Ks — ™)
~ Bip + 1.86 x 1071

)\3L* )\3L 2
x (14423 x10* 1m | 23201
M2/ TeV

B(Ky — 7utu)
~ (1.54+0.3) x 107!

33L* 53L 2
x (14423 x 10* 1m [ 232 20 1)
M2/ Tev

B(K; — 7lte)

~ (3215 x 1071

2
)&’)L* )\‘3L
x (1442310 m | 22 )
M3/ TeV
The experimental bounds, at 95% CL, on the studied Kaon

branching fractions, whose expressions in the model are
shown in the previous equations, are the following

(A.18)

B(KL — p 7 )sp $2.5x 1077 [85],
B(Kg — utp™) <2.5x 1071001157,
BK; — 7%utu™) <45 x 107101177,
B(K; — 7%Te ) <2.8x 10710 [119].

(A.19)

A.3 LFV in Kaon decays

The LFV Kaon decays are absent in SM; thus any non zero
value for the K; — e branching ratio would be a signal of
NP. In terms of LEFT coefficients in the San Diego basis [78],
the branching ratios for the two leptonic channels K; —
w”e+ and K; — e~ ™ decays are given by (see also Ref.
[152]):

B(Kp — p"eh)
. 2
B fKLf,%mei <1 mi)

2

1287 Comk

| (et et 6 o 0)

m2 x |2
K <[L53RR]e/l.ds _ [Lj;iRL]e“ds + (s < d))

B my (mg +mg)
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+ ' ([LZL}RR];Le.&'d _ [Lc\i/e,LR]sdp.e + (S N d))

2
my ( S,RRpesd S,RLuesd

— & (LY — L nesd 4 (s < d )

(s 4 ) [L,; "] [L,; "] ( )

B(Kp — ute)

2 2 2\2
TKLmeKmu <1 mu)

1287 my

1

% ‘ ([L;/d,LR]Mexd _ [L;/d,LL]p,esd + (5o d))
m%{ S.RRuesd S,RLuesd ?
+ mu(ms + md) <[Le;i ]#e“ B [Lm} ]M” + (S g d))

I ([L;/d,RR]Mesd _ [L‘\i/éLR]sd;w +(s o d))

2

mg S,RRepds S,RLqepds *
L> uds _ry > I S d
7;1( : D ([ b [L,; "] + (< ))

1

(A.20)

where we approximated m,, >> m..Inour analysis, the LEFT
coefficients are computed at one-loop level. However, in the
relevant parameter space the tree-level contribution from S3
exchange is dominant. In this approximation we have

B(Kp — u e~ B(Kp — ute)
3L#y3L | 43Lx43L |2
A’du*)\‘j‘e + )\‘S,I.L*)“dg

2
m3

~ 2.5 x 1072

)

(A.21)

where m3 = M3/TeV. The experimental bound, at 95% CL,
on this LFV Kaon branching fraction is [120]

BK; — preT) <47 x 10712, (A.22)

The contributions to LFV Kaon decays K+ — 7t u~e™
and K+ — e~ ut canbe described following Refs. [152,
153]. For simplicity, and since these will not be the most
constraining observables in our model, we keep only the tree-

level contribution from the S3 exchange:
3L%,3L |2
du “se

2
ms3

B(KT = atpu~et)~1.1x 1073

(A.23)
30%,3L |2
de "sp
2
ms

B(KT > ate ut)~1.1x1073

The recent NA62 constraint on the first decay is B(K T —
atu—et) < 6.6 x 10711 at 90% CL [121]. The best bound
on the second decay mode is instead still from KTeV at BNL:
B(Kt - nte ut) < 1.3 x 10711 at 90% CL [122].

A.4 Rare D-meson decays

While in general charm physics suffers from large uncer-
tainties in the theory predictions, some channels offer good
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sensitivity to NP [106, 108, 154]. Particularly relevant to our
setup are the D° — ¢*t¢~ and Dt — wT¢T¢~ decays,
which probe the FCNC ¢ — uf™ ¢~ transition. These can
be described by the following effective Hamiltonian at the
e = m scale:

. 4GF o
Heutt ~ _ o C0; +ClO C:O; A.24
eff \/i A Z ( + Z ( )
i#T,T5 i=T,T5
with
04" = (aya PLye)@y®t), O} = (iya PLiryo) @y ys0)
“’) = (@PryO)(20) , ‘“ = (@ Pgeryc)(Lyst) -
oé’) = "< (Uouy Pryc) F™Y Og) = " (0 T Prey)Ga

OZT(TS) = 3 (ii0u0) (Lo (5)0) .
(A.25)

In the SM the only short-distance contributions arise along
the C7 and Cg coefficients (see e.g. [106] and references
therein), while long-distance contributions are very challeng-
ing to evaluate due to m. ~ Aqcp and can reliably be com-
puted only on the lattice. The purely leptonic decays are dom-
inated by the long-distance contribution D° — y*p* —
€7 ¢~ , which gives a branching ratio estimated to be of order
~ 1071, On the other hand the present experimental con-
straints at 95%CL are still larger by several orders of magni-
tude:

B(D? - ete™) <79 x 1078,
BD’ > utu™)<62x1077,

BD® - uFeT) <13 x 1078, (A.26)

For this reason, when setting limits on NP one can thus safely
neglect the SM contribution, writing the branching ratio as:

B(D° - ptu)

Gra?m, fF, 4m? 2\
e Py g ‘c —ct
64m°mglp Mo

2mym
uhte ([ Hu w
2 (CIO_CIO)
Mmoo

n w
+lch -+

2
} , (A.27)

where fpo &~ 206.7MeV, mpo ~ 1864.83MeV, tp0 ~
4.101 x 10713

Also in the semileptonic decay D* — 7 +£1¢~ one can
neglect the SM contribution, given the present experimental
accuracy. The 95%CL limit on the muonic channel gives the
constraint [106,108]:

L3ICT 12+ L3ICET 12 + el 1P 4+ 2.61C6 ™2
+2.7ICKT 12+ 0.41CH 12 + 0.4(CHS )
+03Re[Ch e+ L1Re[Cliep™]

+2.6Re[CiChT | +06Re [CC | <1, (A28)

where C;r = C; +C;. In terms of the LEFT coefficients at the
m, scale, the C;’s are given by:

Cg 2./\/ <[L ]ucll + ]lluc) )
cu
cl o — V LR VL
10 = (Lo R ucee — (LY  Veeue )
1
Cg/ = 2N <[ ]E@uc + [Leu ]Muc) ,
cu
1
Cio = N ([Leu leeue — Muc) ,
1 e
C7 = ,
7 Ncu mc[ uy]uc
1 e
Ch = L 15,
! -/\[Lu mc[ uy]cu
CS = CP 2./\/ [ ]@@MC ’
cu
1
Cg‘ =—Cp= N '[LS RR]UC,, )
1
Off = o (L hovue +1LLF )
cu
1
Cffs = 5 (16" et = 1L V) - (A29)
cu

where NV, = 45{ =
keep all the one-loop contributions to these coefficients aris-
ing from the two LQs (including one-loop matching and
RGE), for illustrative purposes we report here only the tree-
level contributions, which are expected to give the dominant

terms. In this limit, the only non-vanishing coefficients are:

)\’.IL*)\’]‘L A(SL*)\?)L
0 4 12 14 14
g;uczw,-vg;< B iyl I

While in our numerical analysis we

Vv 0

e = 035 (A.30)

El

S,RR1(0) T,RR+(0) Mg hef
[Le’ ]Eéuc = _4[L€L; ]Muc = _Vuiz—]wlz :

A5 b— dpp and b — dee decays

We consider the leptonic branching ratios

BB’ > utu™), BB—>ete), (A31)

and the semileptonic ones
BB —atutu),

BBt - aTete).  (A32)

At partonic level, these processes are induced by the same

low-energy operators as b — duu and b — dee, respec-
tively. Among these operators, the ones that in our framework
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can arise at tree-level are
0P = (dyy PLr)b) (Ey*0)
Ot = (dye Prir)b) Ly yst) .

where £ = p, e. The expressions for the WCs of the above
operators in terms of the LEFT ones are

(A.33)

N—l
Cool = =4 ([L:,/,;LR]dheei[LZ(}LL]Mdh) . (A.34)

where Ny, = % i Vg Vib.

In our model, the tree-level generated effective vertices
lead to left-handed four-fermion interactions with Cgbe ¢ =
—C 52 000 which are the ones that interfere with the SM pro-
cesses. The effective Lagrangian for these processes also con-

tains scalar (Og)dbu) and pseudoscalar ((’)g)dba) semilep-

tonic operators, as well as dipoles ((’)g/)db) and other two
vector four-fermion operators (O{)‘fll’gf). However, their con-
tributions to the b — dup(ee) transitions is negligible in the
S1+ S3 model with respect to the one coming from the oper-
ators in Eq. (A.33). Therefore, we take into account only the
C[?M , and C}lgg , contributions to the considered B-mesons
decays, including however, in the numerical analysis, also
the one-loop corrections to these coefficients. The branching

ratios are given then by,

BB — ¢—¢1)
) 2
= B(B; — g_[i_)SM 1+ la(’)bélf/l s
Cabee (A35)
BBt — ztete) '
o _clo 2
= BB - a0t ) |1 + bl —dbll |
Cdbl( - Cdbllé
where [155]
9,SM 10,SM
Coe = —Coi =42 (A.36)
The SM predictions are [98,99],
BB = up)sm = (1.06+0.09) x 10717,
BBt - 7t u)sm = (2.044+0.21) x 1078 A3

B(BY — ee)sm = (2.48+0.21) x 10717,
B(BT — nte eM)gm = (2.0440.24) x 1078 .

The branching ratios are measured for the case of the muons
[100,101],

B(B® — pup)exp = (1.1£1.4) x 10710,
BBY — 1t ™ u M )exp = (1.8340.24) x 1078, (A-38)
while for the electrons only upper bounds exists so far [58],

B(B® — ee)exp < 8.3 X 1078,

(A.39)
BBY — nte ey <8 x 1078

@ Springer

Numerically, at tree-level, we get:

BB —¢¢t)  BB'—ateeh)
B(BO — ¢—ttH)sm  B(BT — mtl—€T)sm
)\‘3L 3L
~ |14 13923 —bdl (A.40)
M3/ TeV

A.6 p—e conversion in nuclei

Searches for u—e conversion in nuclei yield competitive LFV
constraints on LQ interactions coupling light quarks to elec-
trons and muons. The relevant observable is the branching
ratio

[conversion

BR, = , (A41)

r capture

where I'conversion denotes the rate of conversion of a muon
captured by the 1s nucleus A to an electron A — e + A
and Icaprure the normalising rate uA — v, + A.

The current upper bounds are

BR(Y <43 x107"%  and

BRAY <7x 107" (90% CL), (A.42)

as set by experiments on titanium [132] and gold tar-
gets [133], respectively. The COMET (JPARC) [59] and
MuZ2e (Fermilab) [60—62] experiments are expected to reach
the 10710 sensitivity, while the PRISM proposal at JPARC
aims at the 1078 Jevel.

Numerical calculations of the relevant transition matrix
elements in the different nuclei [156] yield the following
formula for the conversion rates

Lconversion
= 2G% |A%D + g% + g VP 4 (o)
+2g(Ld&)V(")
HGS g + G + G5 g5 S

2
HGY™ A + G Y + 6l

+(L < R). (A.43)

The numerical factors that are the same for both nuclei are
GyP = GY" = 51, G¢P = Gy = 43, and
G(Ss’p) = Gg’") = 2.5 [157] and the ones that are different
are presented in Table 5. The various expressions containing
WCs are given in the LEFT basis by

@ _ V2
LV GF

<q>_£

RV_GF

V.LL V.LR
<[Leq lengg +[Lge ]qqeu> ;

V.RR V.LR
<[Leq lengq +[L¢g ]euqq> ;
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Table 5 Data relevant for the # — e conversion in nuclei [156]

Nucleus D[107°GeV] VP [107°GeV] V[1079GeV]
Ti4s 9.91 4.54 5.37
Auly’ 21.68 11.17 16.75
SP[1079GeV] SM[1072GeV) Ceapure[ 108571
Ti$ 4.22 4.99 2.59
Auld” 704 10.53 13.07
@ _ Q [LS:RE] 4 [LSRL
LS — g eq lengq eq lenqq) >
F
(@) _ ﬁ [LS RR] + [LS RL]
RS — GF neqq weqq )
A — ﬁe (L]
L = 4GFm;L eylpe »
ﬁe
Ag = (A.44)

*
4G gy e e

In the model these receive both tree-level and loop contribu-
tions and, since the tree-level ones are typically suppressed
by small couplings to 1st generation, loop effects are impor-
tant and the expressions are quite cumbersome. Expanding
numerically these coefficients, the terms with largest numer-

ical pre-factor are (m; = M;/ TeV):
VEV )LIL*)L}L V* "&L*A3L
~ ui "uj™ie Mip ui "ujMie
gZV ~ 0.065 3 + 0.060 3 A
mi m3
)L3L* )LSL
d(s) ~ d(s)e”™d(s)pu
g7y ~ 012 TIK
m3
lR*klR (s
~ ue “up S) o
SRy ~ 0.062———+..., gpy =0,
my
% 1L%4 1R (s
177 u S
g~ -0t g g ~0,
my
Vi kg b
~ " ds) .
gﬁs ~=0ll———+..., gpg ~0,
my
3Ly IR
AL % 0055251 (1 4 1ogm?) + ...
my
1L 1R%
AR ~ 0.055-2< (1 + logm?) + ... . (A.45)

my

A.7 Z boson couplings

The couplings of the Z boson have been measured very pre-
cisely at LEP 1. At one-loop, the LQ model generates contri-
butions to these very well measured quantities, which pose
strong constraints on the model. The RGE-induced contribu-
tions in models aimed at addressing the B-anomalies have

first been studied in Refs. [158-160]. Here we include the
effect of finite corrections from the one-loop matching.

The pseudo-observables corresponding to the effective
couplings of the Z boson to fermions, gi, are defined from

the residues of the Z pole in the eTe™ — ¥ scattering
amplitude (see e.g. [144] and references therein). In gen-
eral, both in the SM and in the SMEFT, radiative corrections
induce absorptive parts to these pseudo-observables, which
are therefore complex parameters. In the standard approach,
used also by LEP to set limits on BSM contributions to the
pole couplings, absorptive parts from the SM are included
in the SM prediction, while it is assumed that BSM con-
tributions are real, by defining real effective couplings as
g7 = Re(G7) [144].7 This is justified by the fact that absorp-
tive parts due to BSM corrections are typically much smaller
than the corresponding real parts and below the experimental
sensitivity (we also show this explicitly numerically below).

One can extract the SM contribution to the effective cou-
plings as gw [gv,]SM + Sgw, where in the SM at tree-level

one has [g ]SM e = 55 (T3 | — Qys?). The measurements
of these pseudo -observables and the predictions for the SM
contributions can be found in [144]. Also often used is the
effective number of neutrino species at the Z peak, which
depends on the couplings to neutrinos as

Ny=)"

af

2
(687 1ap

Sup + [, ZM 7PV | (A.46)

where [gvz 1M =~ 0.502. The latest update on the extraction
of N, from LEP data is given in [145]. We collect in Table 4
the limits used in our fit.

Working at one-loop accuracy, there are two possible con-
tributions to these pseudo-observables in our setup: tree-level
contributions from the SMEFT operators (which include one-
loop matching from the UV model at a scale M and RGE
from M to the scale p)® and one-loop matrix elements for
Z — Y from the tree-level generated semileptonic opera-
tors. The result is:

(387, lup ~ — v’ Re | 2 [C“*”]“’( )

Ne (-390 7S
+]67T2[ ]ozﬂuIL (ulamz M)

[8gZ lup ~ — v Re —[cHe]“)(u)

N¢ 0
+1e [Ceu]g,;,,IMS(ul, m?, u)}

7 When working at leading-order, the Z-pole coupings pseudo-
observables can be put in correspondence to these effective Lagrangian
couplings: Lepr = — E1g71:j Zu iy ¥ ).

8 There might be some indirect contributions via modifications to G,
but are negligible in our model.

@ Springer



320 Page 18 of 24

Eur. Phys. J. C (2022) 82:320

[(ngz]aﬂ%—szel: [C(l 3)](1)( )

143),(0
2[C( N IS i u«)}

(8% 1ij ~ — % Re [[C<1+3)]<1>( )]
2

(83, 1 ~ = 5 Re | VaVlChi, N ) |
2
Bg )iy ~ = 5 Re [ [Caullj m2)] .
z v? M
(88, Jiy ~ = 5 Re|[Crall} m2) . (A47)

where p is the scale at which the operators are evaluated,
C(lﬁ) c“)ic;”, and we included only one-loop matrix
elements from up-type quark loops, since the top quark gives
the dominant effect and we want to also describe the effect
of possible large couplings to cg. The expressions for the
one-loop matching of the SMEFT operators to the LQ model
can be found in [64]. The loop functions are given by

TRy 1
IS i, ¢ ) = §[sq2(1 —3s3) — 6m% (1+6s7)

_3(

DiscB(q?, mu, . mu,)

— g +32md +q )sg)

2
+3(—3mii +q2 - 3q se)log ") ] ,

7 5
2I£4S(uiaq2’/‘) _§|:q Sp +mu 2- 4s0)

+ (mul (2mu’ —l—qz)s )

xDiscB(g? My, My;)

2 2.2 MZ
+(mu,- —q S@)lOg 2 :| )
miy,
/0202 — am?
DiscB(g?, m, m) = Y44~
q
2m? — g% + /g% (q% — 4m?)
x log
2m?

(A.48)

As expected, the dependence on the arbitrary scale u
cancels between the logarithm inside the I ,r integrals
and the RGE terms present inside the one-loop coeffi-
cients [C]1(11). We note that in case of light quarks, the
logarithm inside the DiscB function combines with the
log 112/ mﬁi terms to give &~ log u?/ mzz, as expected. Numer-

1.5TeV) = 0.102 +
= —0.23 — i0.10 while

ically, one has Ii‘TS(c, m%, pu =
i0.044, IMS(c,m%, u = 1.5 TeV)
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ILm(tvaZallL =15 TCV) = —1.91 and I%T(t,m%,ﬂ —
1.5 TeV) = 1.83. Furthermore, in the limit q2 — 0,

e
1.5Tev2 )~

(A.49)

2 2
M3 2.0, 1) ~ 5 log’:—z =i1.951og<
Z

From this is clear that the contributions from top loops
(purely real) are a factor of ~ 10 larger than contributions
from charm (that generates also absorptive terms).

When all contributions are included, and normalizing LQ
masses to 1 TeV by defining m; = M;/ TeV, numerical
expressions are:

( 2L)2
3

L2

+0.59( )
ml
33Ly2

+011( o)

10°8g7,, ~0.80—%—(1 + 0.35log m3)

(1+0.39logm?)

)JLZ
—010( )

m3 ml

(n 13;L)2

(A.50)

10%5g7 ~1.31--2%(1 4 0.37 log m3)

()2

()\AIL)Z
+0.11—=2%— )

+0.11
ml my
3L, 3L
—0.16- 22 4
m%
)LlR 2
~ —067( )
m]
2 lR 2
( ) +0030( Wz)
ml my
()\1L)2 + (AIL)Z
%—0.044—2 +...,
my
()\IR)Z + ()“15)2

5
mi

(A51)
10%5g7 (14 0.37logm?)

+ 0.059

+..., (AS52)

10%8g/, (A.53)

10°5g7, ~ —0.014 (A.54)

where the dots represent smaller, thus negligible, contribu-
tions given the present experimental sensitivity.

A8 €y /ek

The observable € /e is strongly suppressed within the SM,
not only due to the CKM hierarchy but also to an accidental
SM low-energy property (the so-called Al = 1/2rule). Con-
sequently this observable is a particularly sensitive probe of
non-standard sources of both CP and flavor symmetry break-
ing. The experimental world average [58] reads

(k /€K ) oy = (16.6%2.3) x 1074, (A.55)



Eur. Phys. J. C (2022) 82:320

Page 19 0f 24 320

The main difficulty in making predictions for € /e resides
with the theory side. The uncertainty on the SM calculation
is plagued by long-distance effects on the hadronic matrix
elements of the relevant operators. The value we use in the
present work is taken from [123]

(ek/€x)gy ~ (15£7) x 1074, (A.56)

and it is also in good overall agreement with other recent
results [161,162].

The master formula [163] for the NP contribution is given
by

=Y Pi(tew)Im [Cilptew) — Ci(ptew)]

i

(EK/EK

(A.57)

In Table 6 we list all the relevant operators Q; that are non-
vanishing in our framework, together with their WCs C; and
the respective P; values. The relations between these WCs
and the LEFT ones are given by

u VI1,LL VI,LR
CVLL = [L ]uiu"sd ’ CVLR = [Ldu ]Yduiui >
~ 1

ul V8,LLy . .

CVLL = E[Lud ]u'u’sd ’
i 1

W Lovsiry V.LL,

vir = FLa Jsdutui - Clr =Ly Vaaiar -

d’ VI1,LR o
Cyrr= [de lsaaiai »

Clp =LY gasai - (A.58)
where u’ can be the u or ¢ quark and d'thed,sorb quark.
The C; are the WCs of the corresponding chirality-flipped
operators obtained by interchanging P; < Pg. Keeping

only the terms with the largest numerical pre-factors in our

model, we find the approximate expression (m; = M;/ TeV):
(ek/ex)xp
624047+ DY) = 03000 + AT
mi
L (O3 + 045)? — 205 En ) logm7
+10 -
mi
¢ LIS + 03I (1 + logm3)
+10°8 ¢ (”2) gy (As9)
m
3

A.9 Neutron EDM

Electric dipole moments (EDMs) can be strong probes of
CP-violating effects in leptoquark scenarios [164,165]. We
discussed lepton EDMs constraints for S and S3 in [40] and
focus here on the neutron EDM. EDMs are CP-odd observ-
ables whose measurements can set bounds on the imaginary

Table 6 The operators corresponding to the WCs entering the master
formula for NP effects in Eq. (A.57) (and are non-vanishing in the
S1 + S3 framework) and the respective P; values

0 P,
0Y,, = G yuPrd)@ y" PLu’) —3.340.8
O g = ' yuPrd)) @ y* Pru) — 124411
04, = G'yuPLdl) @y PLu’) 1112
QY g = 'y PLd?) (@ y* Pru') —4304+40
0%, = Gy Prd)(dly" PLd)) 1.840.5
04, r = Gy PLd)(d y" Prd’) 117411
0%, g = ' PLd")(d’ Prd) 204420
QY = Gy Prd) G y" Prs) 0.1£0.1
OV g = Gy PLd) (7 y* Prs’) —0.1740.04
Q% g = (' Prd")(/ Prs) —0.440.1
01 = 'y PLd) (& y" Prel) 0.540.1
01k = G'yuPrLd)(@ y* Prel) 0.840.1
05, = Gy PLdl)(@y" Prc) 0.740.1
05 g = G'yuPLd?) (@ y" Pre’) 1.3+0.2
0y, = G yuPLd) (B y  PLbY) 0.33+£0.03
0% x = G'yuPLd) (BT y" Prb)) —0.2240.03
0y, = G yuPLdl)(BIy" PLb) 0.320.1
0% x = GlyuPLd)) B/ y" Prb') 0.440.1

parts of the model parameters. Neutron EDM, in particular,
receives contributions from the short range QCD interac-
tions involving the EDMs d,; and chromo-EDMs (cEDMs)

ciq of the light quarks (#, d and s) that are valence quarks

of the nucleon. These (c)EDMs are defined by the following

Lagrangian

(c)EDM -df{ = v -qu ~ _Qva a

L =—17q0 ysqF,w—lzqo T%5q Gy, -
(A.60)

The quark dipole moments can be expressed in terms of the

LEFT WCs

dy = —1Im (2[Lyy Luu (1GeV))
dy = —1Im 2[Lucluu(1GeV))
dg = —1m (2[Lay1aa(1GeV)) ,
= —1Im (2[L4Glaa(1GeV)) ,
s = —1Im (2[Lgy 155 (1GeV)) ,
dy = —Im (2[Lgglss (1GeV)) |

Q_‘Q.o

(A.61)

where 1GeV is the neutron mass scale. One should notice,
however, that in our model there is not any imaginary part
for the Ly, ac) coefficients, as a consequence of the fact that
the S1 LQ is not coupled to right-handed down quarks. In
principle, the neutron EDM receives a contribution from the
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CP-odd gluon Weinberg operator (O;) as well. However,
in our model this operator arises at two-loops level.

The neutron EDM can be expressed in terms of the quark
(c)EMDs as follows

d = v
w2
_ v

V2

( 4G g+ G 4y + B dy + B dy + B ds)

(BAC du+ B17 du) - (A.62)

where the 8 V" are the hadronic matrix elements and in the
second line we have taken into account the fact that in our
model the down quark dipoles are vanishing. For the cEDMs
the ﬁg Y factors are estimated using QCD sum rules and
they are B4¢ = —2:1):3 x 107*¢ fm and B9¢ = —41“?:% X
10~%efm [166,167]; one can notice that there are currently
affected by a large uncertainty, bigger than 50%. The con-
tributions from the strange quark cEDM are cancelled if a
Peccei-Quinn mechanism is used to remove the contribu-
tion from the QCD 6-term [168]. The ;" matrix elements
are evaluated with lattice QCD [169-172] and their most

; v Uy _ +0.011 v pdy
recent estimates are _J_Eﬂ" = —0.204"5010 —75,3” =

+0.78440.028 and —\L@,B;;y = —0.0027£0.0016.
The experimental bound, on the absolute value of the neu-
tron EDM, at 90% CL is [139]

|da| < 1.8 x 107%%¢ - cm . (A.63)

In our analysis, for simplicity we take into account the central
values for the hadronic matrix elements. We find that EDMs
give negligible contributions in constraining the model once
the other observables entering the fit are taken into account.
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