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ABSTRACT: We perform a model-independent analysis of top-philic New Physics scenarios,
under the assumption that only effective operators involving top quarks are generated at
tree level. Within the SMEFT framework, we derive indirect constraints on Wilson Coeffi-
cients by combining a large set of low-energy observables: B-meson and kaon decays, meson
mixing observables, precision electroweak and Higgs measurements, anomalous magnetic
moments, lepton flavour violating processes, lepton flavour universality tests, and mea-
surements of the Cabibbo angle. We consider the renormalization group evolution of the
operators and use the one-loop matching of the SMEFT onto the LEFT. The global anal-
ysis is then used to perform one-parameter, two-parameter, and global fits, as well as
applications to explicit ultraviolet models. We find that the inclusion of measurements
from different physics sectors reveals a strong interplay and complementarity among the
observables. The resulting constraints are also compared to direct bounds provided by top
quark productions at the LHC.
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1 Introduction

The top quark plays a special role both in the Standard Model (SM) and beyond, due
to its large mass or, in other terms, to its O(1) Yukawa coupling to the Higgs. In the
SM, due to the GIM mechanism [1], it generates the dominant loop contribution in many
low-energy flavour-changing neutral-current (FCNC) processes. It also induces some of the
leading radiative corrections in the electroweak (EW) sector, it is the main driver of the
renormalization group evolution of the quartic Higgs coupling, and it is the main culprit
of the (meta-)stability of the Higgs potential. The top quark also generates the largest
corrections to the Higgs mass, therefore going beyond the SM it is a crucial actor in all
New Physics scenarios that aim at addressing the naturalness problem of the EW scale. For
instance, the so-called top partners are expected to be some of the lightest new particles
in such scenarios, both in supersymmetric (stops) and in composite Higgs (vectorlike top
partners) models. This expectation is reinforced by the fact that experimental constraints
from direct searches of these particles are generally weaker than for the partners of the
lighter quarks. Furthermore, due to the large top mass, its couplings to EW gauge bosons
are still not so strongly constrained and large new physics (NP) effects could still hide
there. Therefore, in many NP scenarios the new states couple most strongly to the top
quark. See ref. [2] for a recent review.

For all these reasons it is reasonable to assume that NP might be more strongly coupled
to the top quark than to the other fermions. If such NP is heavy, then at low energy its
effect can be described by effective operators that involve the top quark. In this work we
assume that at a UV scale A (we fix A = 1TeV for concreteness) only effective operators
involving the top quark are generated at the tree level and we study the indirect constraints
that can be obtained on the corresponding coefficients by considering the effects they have
on a large set of low energy observables, comparing these to the direct constraints that
have been obtained by studying top quark processes at the LHC.

We work in the Standard Model Effective Field Theory (SMEFT) and choose the

Warsaw basis [3] of dimension-six operators:!

(6)

G
> 0% 4. ... (1.1)

Lsverr = Lsm + Y

As stated above, we focus on top-quark operators, i.e. operators that among quarks involve
only the third generation quark doublet ¢® and right-handed top u3, assuming that all other
vanish. The lepton sector is instead left completely general, since we want to consider also
tests of lepton flavour universality (LFU) and lepton flavour violation (LFV). The set of
SMEFT operators is then reduced to the list in table 1. In the following, the superscripts
‘3’ for quark indices in SMEFT coefficients are omitted, as they are in the table. We work

(6)
with the rescaled coefficients C; = C]X—z in TeV~2 units.
While in the limit where only the top quark mass is considered the gauge and mass
bases are the same, we want to describe also the mixing with light generations via the

1'We assume baryon and lepton number conservation at the scale A.
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Table 1. The 19 dimension-six operators considered in this work. They can be split in four classes,
depending on the fields coupled to the Top quark. We keep the lepton flavour structure arbitrary.

Cabibbo-Kobayashi-Maskawa (CKM) matrix and therefore we must consider all quark
masses. In this case, the flavour basis at the scale A is in general different than the quark
mass bases, forcing us to make a flavour assumption at the high scale. Two common choices
in the literature are the up or down quark mass bases. If only the operators listed above
are considered, then the results of the fit will of course depend on this choice.? Since we
are assuming that new physics is mostly coupled to the top quark, it is logical to work in
the up-quark and charged-lepton mass basis, where ¢* = (u?, V}jd%), * =W, £9), and V
is the CKM matrix. This will induce CKM-suppressed operators involving first and second
generation left-handed down quarks.

We aim at deriving indirect constraints on all these operators by considering a large
set of low-energy observables in a global analysis. We include rare B-meson and kaon
decays, meson mixing observables, all the processes used to measure the Cabibbo angle,
anomalous magnetic moments of the electron and muon, lepton flavour universality tests
in charged-current lepton decays, charged lepton flavour-violating processes, and precision
electroweak and Higgs measurements. To obtain the dependence of these observables on

2One alternative could be to introduce a consistent flavour symmetry, for instance U(2), x U(2)y X
U(2)q [4-6], and symmetry-breaking spurions, and consider then also the operators suppressed by the
spurions, see e.g. ref. [7]. This would however increase greatly the number of coefficients to fit and goes
beyond the purpose of our work.



our SMEFT coefficients, we evolve them from the scale A down to the low-energy scale
relevant for each observable using the renormalization group evolution in the SMEFT and
in the low-energy effective field theory (LEFT), including the one-loop matching between
the two. Finally, we build a global likelihood and perform several fits on the coefficients of
top quark operators.

Several groups studied indirect constraints on top anomalous interactions or top quark
operators. Refs. [8-12] analyzed anomalous top couplings to W and Z bosons, and top
quark flavour violation, considering rare meson decays and electroweak precision data.
Dipole and scalar SMEFT operators with top quarks have been considered in refs. [13,
14], where indirect bounds from b — sy and electric dipole moments have been derived
after the RG evolution down to the low scale. More recently, ref. [15] performed a more
global analysis, where several top quark operators have been considered and the indirect
constraints from B-meson observables and Z — bb have been derived and compared with
direct limits from LHC. In our work we go beyond these previous analyses by considering
a much larger set of top quark operators (all the ones that involve top quarks) and by
substantially enlarging the scope of the observables considered.

The paper is structured as follows. In section 2 we present the setup of our analysis,
describing in general terms how we build the global likelihood. Section 3 contains an
overview of all the observables we take into account, divided into different classes. In
section 4 we employ the global likelihood to derive fits in some simplified scenarios and
discuss the results: one coefficient at a time, interesting pairs of coefficients, and a Gaussian
fit with all coefficients except those of semileptonic operators. To showcase some other
applications of our analysis, in section 5 we study two specific UV models that we match
to the SMEFT. The first contains a scalar leptoquark coupled only to the third generation
quark and lepton doublets. The second simplified model, inspired by the Cabibbo anomaly,
contains a scalar and a vector leptoquark. Finally, we conclude in section 6. Appendix A
contains details on all the observables included in our analysis.

2 Methodology

Our goal is to constrain TeV-scale top-philic scenarios deriving bounds from a large set of
low-energy observables. The EFT approach represents a suitable framework for this task,
as it allows us to consistently study and keep track of the scale dependence of the operators
in a multi-step procedure. In practice, RGEs connect different energy scales within the
range of validity of the EFT, while matching procedures allow us to integrate out heavy
degrees of freedom, linking EFTs valid above or below the threshold.

The description of low energy observables below the electroweak scale relies on the
LEFT Lagrangian defined in ref. [16]:

Lrerr = LQED+QCD + 3 L0 + > L0, (2.1)

where the Higgs, W and Z bosons and the top quark have been integrated out, leaving the
QCD sector with only two up-type quarks. Higher-dimension non-renormalizable operators
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Figure 1. Sketch of the EFT analysis procedure adopted in this work. uig is the scale relevant to
the low energy observable under consideration.

are generated both by the SM heavy particles and by SMEFT contributions, again in a
model-independent EFT framework. The complete list of LEFT operators is provided in
table 15.

After having defined our set of top-quark operators at the UV scale A = 1TeV, as in
eq. (1.1), the matching to the whole set of observables is done through the following steps.

e We evolve the SMEFT coefficients C; from A down to the electroweak matching scale,
that we fix to pgw = Mz =~ 91.2 GeV. We perform this running procedure numerically
using the DSixTools package [17, 18], which implements the RG equations provided
in [19-21].

o As discussed in ref. [22], we combine the one-loop matching with one-loop RG evo-
lution. For the matching between the SMEFT and the LEFT we use the results
computed in ref. [23] and refer to its ancillary files for the complete expressions (see
also ref. [24]).

o The LEFT coefficients [25] are then evolved from the electroweak scale down to the
energy scales pig relevant to the specific experiment, e.g. pr = 4.2 GeV for B decays,
again using the DSixTools numerical routines.

e We express the low-energy observables in terms of the LEFT Wilson coefficients
generated by the previous steps.

The whole process is sketched in figure 1, where the main steps and the corresponding
energy scales are outlined. QCD effects are known to be relevant, especially at low energies,



and a resummation beyond the leading order is required. So, as an exception, we use the
five-loop QCD correction for quark Yukawas and the gauge coupling from refs. [26-28] and
the four-loop strong coupling beta function and quark mass anomalous dimension from
ref. [29]. These QCD corrections are implemented in DSixTools as well as the three-loop
SM RGEs from refs. [30-33].

The procedure depicted in figure 1 does not apply to the observables defined above/at
the EW scale, when running the SMEFT coefficients up to Ayy is the only necessary
step. In some cases, previous studies and results in the literature allowed us to partially or
completely skip some steps. These cases will be mentioned and discussed in the following.

Once we have expressed the low energy observables and pseudo-observables in terms
of SMEFT Wilson coefficients, we can build the log-likelihood:

—210gL(Cx) = X*(Ck) = D_(Oi(Cr) — ) (02);5" (O5(C) = 1), (2.2)
i,J

where O; are the observables, C} are the Wilson coefficients defined at the TeV scale, u; are
the experimental values and (02)2-31 the corresponding covariance matrix. The likelihood is
maximized by looking at the minimum of the chi-square, x2, so that the quantity Ax? =
x? — x3 allows to define the 68% or 95% CL regions. We use our global likelihood to
perform individual, pairwise and global fits on Wilson coefficients. In practice, we allow
only one, two or a subset of parameters in the global x?(C;) to vary and set to zero all the
remaining ones. Results and applications are discussed in sections 4 and 5.

3 Observables

The up quark basis we employ for the left-handed quark doublet makes several top quark
operators, such as the ones from table 1, contribute to FCNC di — di transitions even
at tree-level, only suppressed by V;;Vy; factors. Very strong bounds to such BSM contri-
butions can be obtained from rare B and K decays as well as meson mixing observables.
Operators with top quarks are also expected to give relevant contributions, via loop effects,
to anomalous magnetic moments of leptons, tau decays, electroweak precision data, Higgs
measurements and precision measurements entering in Cabibbo-angle analyses. Finally,
operators that violate lepton flavour are constrained by LFV tests in lepton and meson
decays. In the following subsections we provide some more details on these observables,
postponing more detailed discussions to appendix A.

3.1 B physics

SM-suppressed FCNC b — s transitions are powerful channels to probe new physics, in
particular in those observables for which the SM prediction is free from poorly-known
long-distance QCD effects. Among these, after the recent update by LHCb [34], the lepton
flavour universality (LFU) ratios Rx and Rk~ provide stringent constraints on NP coupled
to light leptons:

Ri[1.1,6] = 0.949 4 0.047 ,

(3.1)
Ri-+[1.1,6] = 1.027 £ 0.077.



Other powerful decay channels for testing new physics are the so-called golden-channel
decays, for which it can be useful to define the ratios with the SM predictions as

., _ B(B—= KWuw)
K = B(B — K(*)VE)SM ’

(3.2)

using the updated SM predictions from ref. [35]. Notably, the Belle-II experiment re-
cently presented the first evidence for a signal in the BT — K*vi channel: B(BT —
Kt ud)Bee_11 = (2.4 £ 0.570%) x 107° [36]. Once combined with previous upper limits,
this becomes B(B* — K vi)comp, = (1.4 £ 0.4) x 107°, to be compared with the SM
prediction, B(B* — K*vi)sy = (0.506 4 0.031) x 1075, The corresponding value for RY.
is reported in table 2. On the other hand, the strongest upper limit on the K* mode comes
from Belle, with RY%.. < 3.21 at 95%CL [37] after combining the different modes. Several
NP models affect these decay modes as a rescaling of the SM short-distance amplitude, that
involves only V' — A currents, in such a way that R} = R%.. In this case it is interesting
to combine the two modes, obtaining:

RY.(., =2.23+0.71, (3.3)

compatible with the SM value of 1 at 1.70. We emphasize that, since we are not assuming
lepton flavour number conservation, the inclusive sum on neutrino final states takes into
account LFV cases:
3
BB — K®vp)= 3" B(B— KWv,ps). (3.4)
a,f=1

We conclude the list of B decays by including Bs — Xy, the leptonic By — £{g decays as
well as semileptonic and leptonic LF'V modes. The complete list of B-physics observables
we consider is displayed table 2, together with measurements provided by the LHCb, Belle(-
IT) and BaBar experiments.

Theoretical predictions are extensively discussed in appendix A, where branching ratios
expressed in terms of low energy EFT coefficients are given. Here, we limit ourselves
to show, in table 3, a comprehensive sketch of SMEFT contributions to the observables
considered in the work. We briefly discuss WC'’s relevance and interplay in the rest of this
section.

The semileptonic Cye and the combination (C’l(q1 ) 4 C'l(; )) contribute at tree level to
b(d) — slnlg processes, getting constrained by both rare meson By 4 — ¢o{g and semilep-
tonic B — K/l decays. Within these cases, the recent analysis of R (., provides strong
constraints on light lepton operators (see discussion in section 4.2 and figures therein) up
to the |C;| < 1072 TeV 2 level. These bounds on semileptonic current-current operators
are completed and complemented by dineutrino modes B — Kwvv, which are sensitive at
tree level to the combination (C’l(q1 ) _cW®

lq
In general, contributions from 4-quark operators arise in radiative corrections, from

) and to the Higgs-top operators Cg; and CS;.

both the one-loop matching and the RG evolution. Similarly, the up-type dipole oper-
ators Cyq,Cyp and Cy enter the one-loop matching expression for down-type dipoles,



Observable Experimental value Observable Experimental value
B — Xsy | (3.49£0.19) x 107 [38] B(Bs — ee) <11.2 x 107 [42]
RY, 2.77 4 0.79 [35, 36] B(Bs — pp) | (3.01£0.35) x 1077 [43]
RY.. 3.21 [35, 37] B(Bs — 7T) < 6.8 x 1073 [44]
Ril[1.1,6] 0.949 + 0.047 [34] B(B;s = ep) < 6.3 x 107" [45]
Ric+[1.1, 6] 1.027 £ 0.077 [34] B(Bs = pr) <4.2x107° [46]
B(B — Kep) <45 % 1075 [39] B(Bq — ee) < 3.0 x 1079 [42]
B(B — Ker) < 3.6 x 1075 [40] B(Ba— pp) | <26x1071 [43]
B(B — Kur) < 4.5 x 1075 [41] B(Ba = 77) < 2.1 %107 [44]
B(Bg — ep) < 1.3 x 1079 [45]
B(By — ut) < 1.4 x 107" [46]

Table 2. Experimental values for B-physics observables included in this work. Bounds are given
at 95% CL. In the last column, prospects of future precision are included.

Tree level matching | RG and 1-loop matching
5= Xs")/ 05111713)7 CUB? CuW7 CuG
v (1,3) B
Riee oy, ofbihed Cru: Cag™, Cpy'» CG0
K — v @ CIL. G Cuw
B — K¥ (g
BS,d — fozgﬂ 01(573)7a:8’ C((erﬁ CIO;B, 0602?7 C}_Ilé?))
K — Wfafg
K — fagﬁ
1,3),¢
Ry Cl(q M ou Cly

Table 3. Most relevant WC to B-physics observables. The operators that contribute at tree level
are displayed in the left column, while operators generated by radiative corrections are listed in the
right column. The indices take values «, =1,2,3 and ¢ = e, u. Transpose conjugate operators are

not listed since related to the already mentioned ones, e.g. C’l(ql)’ﬂ * = Cl(ql)’aﬁ -

contributing then to the B — X,y decays. Inclusive radiative decays and rare B — {,{g
)

to the EW precision tests (see figure (4)).

decays also constrain the C’gég coefficients, making B physics bounds almost comparable

Remarkably, the lack of direct limits on semileptonic dimension-six operators from top-
quark measurements, such as inclusive ¢t and single top productions, makes indirect bounds
from B mesons crucial in interpreting top-philic NP scenarios. At the same time, these
flavour observables provide competitive or stronger constraints on 4-quark and Higgs-top
operators, testing the robustness of global fits.



Observable

Experimental value

B(K*T — ntvw)

(1.1475:3,) x 10710 [47, 48]

B(Kp — mvp)

< 3.6 x 1079 [49]

B(Ks — utp™)

< 2.5 x 10710 [50]

B(Kr — ptp)sp

< 2.5 x 1079 [51]

B(Kp — pFeT) < 5.6 x 10712 [52]
B(Kp — nutp™) < 4.5 x 10710 [53]
B(Kp — mYte™) < 3.3 x 10710 [54]
B(Kp — 7%t u™) < 9.1 x 107 [55]

[56]

B(KT — ntetu™)

Table 4. Experimental values for kaon physics observables included in this work. Bounds are given
at 95% CL.

Observable | Experimental value SM prediction
€K (2.228 £0.011) x 1073 | (2.14£0.12) x 1073
A M, (17.765 £ 0.006) ps—' | (17.3540.94) ps~*
A My (0.5065 £ 0.0019) ps~! | (0.502 £ 0.031) ps~!

Table 5. Experimental values [38] and SM predictions [57] for meson mixing observables.

3.2 Kaon physics

Analogously to B physics, several operators in table 1 induce s — d transitions, driving
FCNC decays of kaons. The list of observables we considered in this work and the cor-
responding experimental measurements are reported in table 4, while more details can be
found in appendix A. The discussion for kaon physics follows the same lines as the one
above for B decays: the relevant coefficients constrained by each observables are reported
in table 3. Bounds on WC from rare kaon decays involving leptons are less relevant then
the corresponding ones of B mesons, mainly due to the strong constraints from Ry (.

and By — pp, while K — 7w gives competitive bounds on c\1/3),33

Iq , see the relevant

discussions in section 4.

3.3 AF =2

Meson mixing observables offer some of the most stringent constraints for several scenarios
of beyond the SM physics. Among the top quark operators we consider, 052’3) induce
tree-level contributions to these processes, while many more contribute at the loop level.
Model-independent expressions of new physics contributions to AF = 2 amplitudes in
terms of SMEFT coefficients have been derived in ref. [58]. The authors considered hadronic
matrix elements of the various LEFT operators at the low scale, the RG evolution to the
electroweak scale, the matching to SMEFT coefficients in the Warsaw basis (and the up

quark mass basis), and finally the SMEFT RG evolution up to a scale A = 5TeV. We



neglect the small mismatch in the RG evolution between this scale and the scale at which
we define our coefficients, 1 TeV, as this can be well included among the theory uncertainties
of working with the LL. RG evolution. For the predictions of the SM contribution to meson
mixing we use the results of ref. [57], specifically the values obtained with the exclusive V
measurements and the inclusive V,; one (so-called hybrid scenario). Finally, we take the
experimental values for ex, AM,, and AMy from the PDG combination [38]. In table 5 we
collect the values employed in our analysis, where experimental and theory uncertainties
are added in quadrature.

3.4 Cabibbo angle decays

Nuclear beta, baryon, pion, kaon decay and semileptonic tau decay data are also precise
new physics probes. Since the studied decay modes in the SM are suppressed by O (%2),
new physics contributions to the observables are only suppressed with respect to the SM by
@ (X—z) Taking into account the per-mil level precision reached in some of the observables,
potential new physics beyond the TeV scale is probed by these decays. Within the SM
picture, this sector is known to lead to some tensions, known as Cabibbo anomalies. It is
then interesting to incorporate it to the analysis and to check whether, within our BSM set-
up, constraints from other observables leave room for potential new physics explanations
of these anomalies.

We make use the global analysis to those observables made in ref. [59] in terms of
low-energy EFT coefficients €;, which updates the EFT analyses made in refs. [60, 61] and
incorporates hadronic tau decays. Consistently with the assumptions of that analysis, we
match the ¢ to the LEFT and then to the SMEFT at tree-level (see A.8). The leading
contributions induced by the studied top operators appear through leading logs in the
SMEFT running proportionally to the top Yukawa squared.

In our BSM set-up, the combined fit to this set of observables translates into O(TeV)
sensitivity to C’l(q3 )
by a nonzero C (3):2

lg
section 5.2 we discuss a UV model inspired by this anomaly. Currently, efforts in the area

. At least part of the Cabibbo tension can in principle be alleviated

2 value, which can play an important role in the unitarity relation. In

are focused in understanding whether the so-called Cabibbo anomalies are genuine new
physics hints or due to underestimated uncertainties. Overall one may not expect any
major improvement in the sensitivity to new physics with respect to the quoted precision
from this sector in the short term.

3.5 Magnetic moments and LFU in 7 decays

The anomalous magnetic moments of electrons and muons, ay = (g¢ — 2)/2, are among the
most precisely measured quantities in experimental physics,

a®P = (11596521807.3 £2.8) x 107'3,

10 (3.5)
aSP = (11659205.9 £ 2.2) x 10710,

Remarkably, the theoretical precision of the corresponding SM predictions is similar, mak-
ing them stringent SM tests. In practice, some tensions in the associated evaluations using



Experimental value
f=c¢e C=p
Aay (2.8 4+ 7.4) x 10713 | (20.0 £8.4) x 10710
gr/ge—1 | (27£1.4) x1073 | (0.9+£1.4) x 1073

Observable

Table 6. BSM contributions to anomalous magnetic moment of the leptons, Aa; = a;* — a?M,

and LFU in 7 decays [62], g-/g¢ — 1. The correlation between the g,/g. and the g, /g, values is of
a 51 %.

different inputs slightly limit the current precision. Namely, as pointed out in ref. [63], the
value of agM is sensitive to the input value of the fine-structure constant, aqep, and the two
most precise determinations, based on Cesium and Rubidium atomic recoils [64, 65], differ
by more than 5¢. Similarly, the SM leading-order hadronic vacuum polarization (HVP)
prediction quoted in the muon g — 2 Theory White Paper (WP) [66-86], which constitutes
u , is 20 below the lattice BMW value [87] and

new results on related observables [87-100] suggest that the source of the difference may go
M

the dominant source of uncertainty for a>

beyond a mere statistical fluctuation. We then take the weighted average of the a>™ result

obtained from aQED and aQED and the weighted average of the aEM one using a}f\é&%&

and ai\xﬁl‘o as inputs, but adding half their differences as additional sources of systematic

P _ SM

uncertainties. The corresponding values of Aay = a;” are compiled in table 6.

The main way to generate an extra ay, contribution in our BSM set-up is through the
124
O(S)r

lequ
operator associated to the anomalous magnetic moment. The process has been recently

studied within the LEFT-SMEFT framework in ref. [63]. Using the results from that
reference, running up to A = 1 TeV and keeping only the studied operators we find, in TeV

operator, since top-antitop annihilation will generate, through mixing, the dipole

units,

Aae = 48 x 107801 ¢ 71 % 10711 01!

lequ lequ (36)
Aa, = 1.0 x 1077 C222 4 1.5 x 1078 ¢ 12

Thus, barrlng some bizarre cancellation mechanism, | l(3q)u11’ >10"*TeV~2 and |Cl

1073 TeV~2 at A = 1 TeV can already be excluded by current g-2 measurements.

equ |N

Ratios of leptonic decays of 7 and u provide very clean tests of lepton flavor univer-
sality [62, 101]. Deviation from the SM predictions are often parameterized by ratios of
effective charges, g¢/ge, which in the SM limit are equal to 1, and whose experimental
values are given in table 6. In the LEFT one has

I _1=2 <LV;€L — LVL€L> :

peeps THpT
) (3.7)

gr v V,LL V,LL

——1=—(L7e —Le ,

9u 2 peep TeeT
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Observable Experimental limit Observable Experimental limit
By — ey) 5.0 x 10713 [102] B(t — ertn™) 2.7 x 1078 [108]
B(p — 3e) 1.2 x 10712 [103] B(r —eKTK™) | 4.1 x1078 [108]
B(pAu— eAu) | 8.3 x 10713 [104] B(t — ) 5.0 x 1078 [109]
B(t — e) 3.9 x 1078 [105) B(t — 3p) 2.5 x 1078 [106]
B(T — 3e) 3.2 x 1078 [106] B(t — pee) 2.1 x 1078 [106]
B(t — e i) 3.2 x 1078 [106] B(r — pm?) 1.3 x 1077 [110]
B(r — en?) 9.5 x 1078 [107] B(T — un) 7.7 x 1078 [107]
B(T — en) 1.1 x 1077 [107] B(t — un') 1.5 x 1077 [107]
B(t — en') 1.9 x 10~7 [107] B(r — puntr) | 2.5 x 1078 [108]
B(r — puKTK™) | 5.2x 1078 [108]

Table 7. Current 95% CL limits on studied LFV branching ratios.

where v & 246 GeV. In our set-up this translates, for A = 1 TeV, into

I 1=0.0038(C — o,
0 O (38)
o 1=00038 (G0 - 6P,

m

where the Cj, coefficients are in TeV~2 units.

3.6 Charged Lepton Flavor-Violating decay modes

Experimental searches of neutrinoless lepton flavor-violating decay modes of leptons are
suitable to test potential BSM scenarios at energy scales beyond the reach of searches at
high-energy colliders.

The very stringent limits on y — ey, u — 3e transitions and @ — e conversion in nuclei,
currently coming respectively from MEG at PSI and SINDRUM [102-104], constitute a
BSM probe of scales of up to Agsy ~ 102 — 104 TeV [111]. They were studied within the
LEFT in ref. [112]. For our specific SMEFT set-up, the corresponding limits translate
into limits on linear combinations of Wilson coefficients involving semileptonic operators
that violate lepton flavour. They are the only operators that at the same time contain the
needed BSM LFV insertion and satisfy the assumed top-philic condition. If only one (but
any) parameter is switched on, one is able to constrain it at the |C;| < 107* TeV 2 level.
Studies at PSI, MEG II [113], Mu2e [114] and Mu3e [115], are expected to significantly
improve these limits in the near future. We compile the present bounds in table 7.

While the EFT description at the SMEFT-LEFT level of the tau decays is qualita-
tively equivalent, leading to bounds on Wilson coefficients to the same kind of semilep-
tonic operators for our case, the underlying LFV studies are different [116-119]. With
the existing and future probes one does not expect to test new physics much higher than
Apsm ~ 10TeV [111]. However, many more potential decay channels can be experimen-
tally accessed, as a consequence of a tau mass that is large enough to produce hadrons.

- 11 -
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Figure 2. Sensitivity of the different 7 — e decay modes (similar hierarchy is observed for the
7 — p ones) to the different studied Wilson coefficients using the current experimental bounds.
Red, blue and purple lines correspond, respectively, to upper bounds to the coefficient below 0.4,
4 %1072 and 4 x 10~* (TeV units), assuming one parameter is present at a time.

In this sense, if charged LFV were discovered in the tau sector, the information from the
different decay channels would unlock the full power of the EFT approach to stringently
discriminate among different BSM scenarios, by having direct experimental access to the
values of the different Wilson Coefficients. In the meantime we can use the existing limits
to set bounds on different combinations of them. Current limits, coming from Belle and
BaBar [38], are expected to be improved by Belle-IT [120]. In figure 2 the sensitivity of the
different decay modes to the different studied operators is shown.

3.7 Electroweak and Higgs data

Electroweak precision data (Z and W decays) and Higgs measurements provide strong
indirect constraints on new physics involving the top quark, via loop effects. The authors of
ref. [121] performed a global SMEFT analysis of Z and W pole data, WW pair production
data at LEP2, and Higgs signal strength measurements from ATLAS and CMS. SMEFT
contribution in the Warsaw basis are included at the tree-level except for observables that
are loop-generated in the SM (such as h — v, Z~v and gg — h), in which case one-loop
contributions are included as well. For our numerical analysis we use updated results for
the global fit (including correlations), kindly provided by the authors of ref. [121]. The
constraints on LFV Z couplings to charged leptons are taken from the fit in ref. [122], while
those the LFV couplings to neutrinos are constrained via the measurement of the effective
number of neutrinos N, updated in ref. [123]. The fit is performed in terms of specific
combinations of Wilson coefficients of the Warsaw basis evaluated at the weak scale shown
in table 8. Their definition is reported in appendix A.9.

We interpret the resulting likelihood for SMEFT coefficients as evaluated at the EW
scale (we fix it at My for concreteness), and then include the RG evolution up to 1TeV
to obtain the final likelihood for our analysis, in terms of the coefficients of the operators

- 12 —



Cw de, Co0 Cgg Coyry Css Cay
097 s 1697 Nas (095 0s 1697 Taa  [095 a0 (097 aa  [097“]aa
(Curlzs  [Camlzs  [Cerlaa  [Cemlzs  [Cul

Table 8. List of Wilson coefficients used in the fit of ref. [121]. The ones with capital C' are already
in the Warsaw basis, while the definition of the others is reported in appendix A.9.

1221

listed in table 1. The coefficients that provide relevant constraints to our analysis are listed
here, together with the TeV-scale coefficients that contribute the most to each one:

EW /Higgs coeff. TeV-scale coefficient
0978 +—  Cup, Cuw,Cru, Cg)), O, CLL,
o9t Cup. Cuw. Cru, CF), 0<3) “
094 +—  Cup, Cuw. Chu, Cy)”, CL CY,
5970 CYP, Cnu, O, L
0gZ  +—  CY). Chu, CY, Cup, Cuw, ... &8
Cyy  —  Cup, Cuw, Cuc
cgg — Cua
Cenlaa —  Clp®
[Curflss ¢ Cum, Cug, Cy), CSL8), .

3.8 Direct bounds from LHC

SMEFT interpretations of top quark production and decay measurements at LHC have
been discussed in several works [12, 14, 124-137], providing direct bounds on 4-quark,
dipole and Higgs-top operators.

The analysis by the SMEFiIT collaboration [130] includes observables from the LHC
Run-II dataset and studies connections with Higgs and diboson data. The SMEFiT fitting
framework has been released as a Python open source package [135]. We exploit the flex-
ibility of this toolbox to perform a SMEFT analysis of Higgs, top quark and electroweak
production data (see section 3 of ref. [130] for details) including our operators of table 1,
with exception of the semi-leptonic ones. The resulting constraints are reported in ap-
pendix A.10. In the next section we compare these with the indirect constraints derived
from our global analysis.

4 Global analysis

The observables described in the previous section, except for the direct constraints from
LHC of section 3.8, are used to build the log-likelihood as in eq. (2.2). This provides global
indirect constraints on top quark operators, that we can compare with the direct ones from
measurements at LHC. In the following we present examples of fits derived using our global
likelihood. For simplicity we assume all Wilson coefficients to be real in the following.

~13 -



Wilson | Global fit [TeV~2] | Dominant

i) | (—1.9+£23)x 1073 | AM,

i) | (=2.0£1.0) x 1071 | By — pup

ci (1.3+£1.0) x 1071 | AM,

| (—17£44) x 1071 | AM,

Cuu | (=3.0£1.7)x 107 | 6979,

Oy | (182£8.9) x 1078 | By — up

Ch) | (59+45)x 1072 | 6979,
Cru | (-4.3£23)x 1072 | 6979,
Cup | (=0.6£2.0) x 1072 Cyy
Cuc | (0.1 £2.0) x 1072 Cag
Cu | (=03£5.2) x 1071 | Cumass
Cuw (0.0£3.1) x 1072 Cyy

Table 9. Combined fit for one at a time Wilson coefficients for nonleptonic operators. The dominant
observable giving the most precise bound is also displayed.

4.1 One-parameter fits

First, we perform one-parameter fits setting all the Wilson coefficients to zero except for
one. While such one-parameter set-up is not a realistic low-energy description of typical
UV scenarios, it can provide meaningful information about the new physics scale that can
be probed if that operator is generated. It also provides a way to compare the sensitivity
of different observables or, alternatively, which observables/sectors one should look at first
if a specific operator is induced by the studied UV model.

The results associated to the different operators, respectively nonleptonic, semileptonic
lepton-flavor conserving and semileptonic lepton-flavor violating, are shown in tables 9, 10
and 11, together with which (isolated) single observable currently gives the most precise
determination of the associated Wilson coefficient. We have defined Ci(;t ) = C‘i(q1 ) 4 C’i(;)
for i = H,q,l. As shown in section 3, these linear combinations are typically the ones
appearing at leading order in the most constraining observables.

We study next the complementarity of the indirect bounds with the direct LHC ones.
In figure 3 we show the results of the individual fits for Higgs-Top, Dipoles and Four Quarks
operators, together with corresponding bounds derived through the SMEFiT fitting frame-
work. We stress that, exclusively in this plot, Wilson coefficients are displayed according
to the SMEFIT basis (lower case cap), whose expression in terms of the Warsaw basis can
be found in table 14.

A few comments are in order concerning the comparison of these bounds. The com-

binations involving the coefficients Cé;/ % are constrained up to the 1072 level, due to the
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Wilson | Global fit [TeV~2] Dominant Wilson | Global fit [TeV=2] | Dominant
R (24 +35) x 1073 R cl (5.0 +£8.1) x 1072 | AgZey,
O | (~4.0£3.4) x 1073 Ry c22 (4.6 £22) x 1071 | AgZey,
oY (12+£44) x 107! 9:/9: 3 | (—23+£25)x 1071 | AgZes
oM | (101 £7.7) x 1072 RY..., CUMt | (04£1.0)x 1072 | (g 2).
) | (~7.4£7.0) x 1072 RY..., Ol | (18+£1.6)x 1072 | Coprae
L% | (—221£9.6) x 1072 | Ry, O3 1 (8.0£9.1) x 1072 | Cenrss

Ci | (-17£7.0)x 1072 | 6g79, ORI | (—0.6+£1.5)x 1070 | (g9—2).

CF | (~43£18)x 107" | dg¥%, R | | 2% | (-19.3+8.1) x 107 | (g—2),

c3s (05+2.4) x 1071 | AgZs, 2R3 | (~7.0+£7.8)x 107" | Cepras

il (—0.743.9) x 1072 Ri-

2 | (12149.2)x 1073 | B, = up

33 (224+24)x 107! 869853

Table 10. Combined fit for one at a time Wilson coefficients for semileptonic lepton-flavor-
conserving operators. For reference, we also display the single observable giving the most precise

bound.
—e T— T—e
Wilson s a

Limit Dominant Limit Dominant Limit Dominant
O 39x1070 | posey [5.0x107° | oy [44%x107° | 7 ey
C'l(elq)u 3.6 x107° | p—3e,ey || 27x1072 | 7= py 24x1072 | T ey
Cl(;) 6.7x107° | pAu = eAu || 6.8 x 1072 | 7 — unr || 7.0x 1072 | 7 = emn
C'l(ql) 40%x107° | pAu = eAu || 98 x 1072 | 7 — prr || 1L.Ox 1071 | 7 = emn
Clu 4.0x107° | pAu—eAu | 1.0x 107 | 7 = purr | L1 x 1071 | 7 — enn
Cey 3.6 x107° | pAu—eAu || 1.9x 1071 | 7 — pee | 2.1 x 1071 T — 3e
Cpe || 3.6x107° | pAu — eAu || 22x 1071 | 7= pee | 21x 1071 | 7— 3e

Table 11. Upper limits (68% CL) in TeV~2 for the different LFV Wilson coefficients. Family
superscripts are omitted (in the working approximation bounds on Cl(e1 (;i)’” and Cl(e1 (;i)"] * are found

to be the same). For reference we also display the single observable giving the most precise bound.
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Figure 3. Comparison of the indirect constraints derived in this work and the direct bounds
obtained through the SMEFiIT toolbox. We display the 95% CL bounds for Wilson coefficients in
the SMEFIT basis and notation (see table 14 for their expression in terms of the Warsaw basis).

AF = 2 meson mixing observables that strongly constrain their sum. This result remark-
ably improves the bounds derived by the ATLAS and CMS direct measurements of top
quark cross-sections by 2-3 orders of magnitude. An improvement is also clear for the
combinations of the Higgs-Top operators 0253) and Cpy, (cpt), mostly constrained in this
analysis by the electroweak and Higgs observables discussed in section 3.7. The Cya (ci)
coefficient represents the only exception to the general improvement trend observed in al-
most all the cases. However, as discussed in ref. [130], the numerical fit of C\ ¢ performed
through the SMEFiIT routine seems to be unstable, so that we do not consider this direct

bound reliable (see section 5.3 of ref. [130] for an extended discussion).

4.2 Two-parameters fits

In this section we carry out two-parameter fits, i.e. two Wilson coefficients at a time are
allowed to vary under the assumption that they are generated at the same scale, while all
the others are set to zero. These analyses can provide useful information on the interplay
between pairs of coefficients, highlighting what are the most constrained combinations
and giving thus intuition on their correlations. This is also the first step towards a UV
interpretation, as WC’s allowed regions can be contrasted with the relations predicted by
specific UV scenarios. Among all the possible pairs we only show some interesting cases,
e.g. when the importance of combining different sectors is highlighted and/or when the
pair can be interesting from a NP perspective.

The results of two-parameters fits are illustrated in figures 4-9. We display the 68%CL
regions obtained when different subsets of data are taken as input and the 68% and 95%CL
regions resulting from the whole set of observables. In order to better understand the
underlying phenomenology, in some plots we also show single-observable 1o contours. In
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Figure 5. Semileptonic C’l(: ) vs C’l(q_ ) coefficients involving electrons and muons.

this way, we can investigate the constraining power of each sector /observable on coefficients
pairs.

To start with, in figure 4 we show the allowed regions for the C’grq) and C (_q) coefficients.
Noteworthy, constraints from the B sector, mostly due to leptonic B — £¢ and radiative
decays, are competitive to the EW and Higgs bounds, resulting in a (slightly more than)
20 deviation from the SM prediction. This pull is mostly due to the Z boson coupling to
right-handed electrons, §g4¢ = (—7.3 £ 4.4) x 1073 [121], as we show in the plot with the
dot-dashed green line marking the 1o bound. In the right panel, as an example of dipole
operators, we show the Cyy vs Cyp plane. As expected, a strong constraint is set on the
photon direction, whose main responsible is the c,, coefficient discussed in section 3.7.
The dominant constraints on the orthogonal direction are set again by the electroweak
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Figure 6. Left panel: semileptonic C’l(;_ ) vs Cl(q_ ) coefficients involving tau leptons. Bounds from
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Figure 7. Here we show the semileptonic coefficients Ci,, vs. Cy. for electrons (left) and muons
(right).

sector, as a combined effect of the deviations in the Z boson coupling to leptons and other
(pseudo-)observables.

In figure 5 and the left panel of figure 6, we show the two-parameters fits for the
Cl(+/ _)7aa
q
forming SMEFT analysis using various datasets, exploiting the complementarity between

coefficients. The existence of flat directions points out the importance of per-

different physics sectors to constraint the EFT space. Focussing on B-physics, the strong

Cl(;)’aa, with @ = 1,2, can be ascribed to the R«

bound on the positive combinations
measurements. In addition, the recently announced measurement of R%-, with a pull from

the SM, drives the allowed region for the negative combination, splitting the allowed band
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Figure 8. Two-parameters fit for the LFV semileptonic coefficients C’l(q+ 1/2_ ) and Cl(;_ 2/3_ ). The

stronger constraints come from the LFV decay modes of tau lepton.

in two regions depending on the interference with the SM. Interestingly, in case of elec-
trons and muons (figure 5) the deviation in R% could be compatible with the Cabibbo
angle anomaly but is in some tension with the bounds from EW precision data, which
drives the global fit towards the SM. In case of tau leptons (figure 6), instead, the looser
EW bounds and the vanishing contribution to Ry allow the global analysis to overlap with
the preferred region from RY. This feature is visible also in the right panel of figure 6,
where we display the allowed regions in the plane C’l(q_ )33 us C33. The semileptonic coeffi-

cients C’l(q1 3133 Wil be further discussed in section 5, where the scenario of a single scalar
leptoquark S coupling tau leptons and top quarks is explored. In figure 7 we show the fit
in the plane of Cy, vs. Cye for both electrons (left panel) and muons (right panel). In both
cases the global fit shows an interesting interplay of B and EW physics.

In figure 8, we show the pairwise fits on the LFV coefficients C’l(;f 1/2_) and C’l(;r 2/3_). In the
first case, the global fit is controlled entirely by the pAu — eAu measurement, as expected
from table 11. In the second case, the sensitivity of the coefficients is mostly driven by the
tau LFV decays discussed in section 3.6. However, LF'V decay modes of B and K mesons,
as well bounds on LFV Z decays, can improve the constraints. This discussion also ?p/pl)ies

iy

to the C’l(;r 1/37) coefficients, whose bounds are very similar to the ones derived for C; .23

Regarding four-quark operators, it is clear from the left panel of figure 9 that the
combinations C(g(—; ) and ng_ ) are the relevant degrees of freedom in the EFT space. In
particular, the sum is severely constrained by meson oscillations, while the orthogonal
combination is mainly constrained by By, — pu*pu~, kaon decays and EW and Higgs ob-
servables. In the right panel we display the C(gi) Vs Cé;r) pair. We illustrate the effect of
the 6g}Z;{e measurement, responsible again for the main discrepancy in the EW sector. The
resulting allowed region shows a tension from the SM value within of slightly more than

two sigmas.
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Figure 9. Left panel: four-quarks C’é,l])+(3) Vs Cq(é)f(g) coeflicients. AF = 2 processes constraint
the C’é;) combination up to the 10~ level. The difference is constrained by the other sectors. Right
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4.3 Gaussian fit with no semileptonic operators

Plots pose a limitation in only allowing fits to pairs of coefficients. There are two main pos-
sibilities to go beyond that: providing the complete likelihood or employing the Gaussian
approximation around the global maximum of the likelihood to derive a multi-dimensional
fit. While the former solution is more general, it is not a fit and the complexity of our
analysis make the resulting numerical function unwieldy to publish in a paper.? Therefore,
in this work we opt to perform a multi-dimensional Gaussian fit.

We consider all the operators in table 1 except the semileptonic ones:*
N . + —
C=(CP, 08, Cuu, €W, CE),CH) CL), Oty Cutt, Cuc, Cuw, Cu) - (4.1)

The best-fit point improves the x? from the SM value by Ax? = X3y — Xfest_gic ~ 10.9.
This comes mostly from the EW-Higgs sector, however it is a result in mild improvements
in several observables rather than a resolution of a specific large anomaly. The fit presents
some almost flat directions, which imply correlations among some coeflicients very close to
41. For this reason, we report the result in terms of the eigenvectors of the Hessian matrix
around the best-fit minimum:

2 (Ki — px,)?

2 2y—1 2
X~ = Xpest—sit + (Ci — pey) (0 )ij (Cj — MC]-) = Xbest—fit T o2 . (4.2)
K;

The results for the best-fit values p g, and uncertainties o, are reported in table 12, while

3However, we can provide it in electronic form upon request.

4 An analogous Gaussian fit including also semileptonic operators does not provide a physically meaning-
ful result. This is due to the non-Gaussianities, that become very important in light of the mild deviations
from the SM expectation present in some observables. In this case, performing a Gaussian expansion around
the global minimum provides a bad approximation to the full likelihood.
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Coefficient | Gaussian fit [TeV 2] | Coefficient | Gaussian fit [TeV 2]
K, 0.0019 £ 0.0023 Ky 0.56 £0.79
K, 0.0169 + 0.0083 Ky 0.80 £ 0.88
K3 —0.001 £ 0.015 Koy -0.8£1.3
Ky —0.017 £ 0.021 Ko -1.1+1.7
K 0.044 + 0.029 K 205+ 12
K —0.26 £0.38 Ky —14+15

Table 12. Result of our multidimensional gaussian fit of non-leptonic coefficients, in terms of the
eigenvectors of the Hessian matrix.

the rotation matrix from these coefficients to our C; is given by K = UkcC, with

—1. 0. 0. —0.016 —0.004 —0.004 0.021 0. 0. 0. 0. 0.
—0.005 —0.089 —0.015 0.058 0. 0.984 —0.005 —0.117 0. —0.009 0.044 0.062
0.004 0.011 -0.039 0.018 -—0.001 -0.1 0.145 —0.28 0.015 —0.494 0.447 0.667
—0.007 —-0.013 0.09 —-0.053 —0.003 0.081 -0.316 0.64 0.024 —0.673 —0.125 —0.059
0.005 0.007 —0.074 0.042 -—0.002 —0.025 0.258 -—0.525 0.025 -—0.549 —0.213 -0.55
U — —0.004 —0.042 0.025 0.068 0.006 —0.004 —0.128 0.084 0.006 0.022 0.853 —0.492 (4 3)
KC —0.006 —0.138 0.078 0.197 0.959 —0.017 0.091 0.047 -0.065 —0.007 —0.017 0.008 ‘
0.002 —-0.35 —0.006 0.647 —0.25 -—0.029 0.543 0.317 0.014 0. —0.013 0.006
0.005 0.008 0.029 -—0.139 0.077 0.017 0.147 0.061 0.973 0.037 0.017 —0.003
0.023 0.225 0.075 —0.564 0.052 0.092 0.685 0.293 —0.215 —0.003 0.096 —0.058
0.006 —0.863 0.263 —0.408 —0.057 —0.062 —0.037 —0.099 —0.041 0. —0.01 0.005
—0.003 0.232 0.95 0.158 —0.071 0.012 0.007 -0.117 0.005 0. —0.012 0.007

The last two coefficients, K11 and K9, correspond to two flat directions with only very
weak constraints from our observables, given approximately by:

K11 ~ —0.86C.,) + 0.26C\y — 0.41C§) — 0.10CH, + . . .,

X (4.4)
Kig ~ +0.23CS,) 4 0.95Cu, + 0.16C{) — 0.12Cy + ... .

Using the naive power counting of ref. [138], one may estimate the allowed EFT

hyper-volume spanned by the studied non-leptonic Wilson coefficients as Vgpr ~
6

3 8
750 (%@) ((TZZ{);) ((TZZ{;; ), assuming A = 1 TeV. From table 12, experimental constraints

restrict the potential SMEFT hyperspace to a very tiny fraction of its volume, ~ 10731,

5 Applications for UV models

In this section we apply our global analysis to two UV scenarios of New Physics at the
TeV scale, coupled mainly to the top quark. The first is a simple minimal extension of
the SM by one scalar leptoquark S; ~ (3,1),; /3 coupled only to the third generation
quark and lepton doublets. The second scenario is an application guided by the Cabibbo
anomaly, it includes the scalar leptoquark Ss ~ (3,3),, /3 as well as the vector leptoquark

U1 ~Y (3,1)+2/3.
5.1 Single leptoquark Sy

Let us consider the scalar leptoquark S; ~ (3,1),; /3, coupled only to the third generation
of quark and lepton SU(2)., doublets:

LD Aer (jgi02l3 S1+he., (51)
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Figure 10. Present constraints on the S; leptoquark model, coupled only to third generation quark

and lepton doublets. The green (yellow) region is preferred at 1o (20) by RY..,, while the gray

region is excluded at 95%CL from direct searches at LHC. The region above each line is excluded
at 95%CL by the corresponding observable, or by our global analysis (blue line).

where ¢3 = (tr, thdi), ls = (vr, 1) and o; are the Pauli matrices. While the recent
interest in this leptoquark stems from its ability to address the R(D®™)) and (g — 2),
anomalies, our setup will not address either of those since in our case S; doesn’t couple to
the charm nor the muon. Indeed, our goal is only to showcase a simple application of the
global analysis.

Matching at tree level this Lagrangian to the SMEFT gives [139, 140]

2
(133 _ _ (333 _ | N7
C’lq =—C " = ae (5.2)
S1
For precision studies of such scenarios, however, the tree level matching is not suffi-
cient since one-loop contributions can be important for some observables, as discussed in
refs. [141-146]. For our goal it is sufficient to add the leading contributions to four-quark
operators, which induce contributions to meson-mixing observables. From the complete
one-loop matching of this scalar leptoquark to SMEFT, done in ref. [147], we extract the
relevant contribution: A
At
cl) =B — 17l
2
4 4 25672 M 5,

These coefficients are generated at the Mg, scale, that we assume to be near 1 TeV, so that

(5.3)

we neglect the RG evolution between Mg, and 1TeV.

The constraints from the global analysis, as well as from the most relevant observables,
in the plane of the Ay coupling vs. the leptoquark mass, are shown in figure 10. The shaded
gray region is excluded by ATLAS from leptoquark pair-production searches [148]. The
regions preferred at 1o and 20 by the RY.(,) combination, eq. (3.3), are show in green and
yellow, respectively. Interestingly, the intermediate white region is disfavored at the 95%CL
by Ry
below the 20 level. We observe an interesting interplay of constraints from different classes

y due to the negative interference with the SM, which suppresses the branching ratio
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of observables: electroweak precision data and 7 physics, meson mixing, B and kaon rare
decays, as well as direct searches from LHC.

5.2 Two leptoquarks for the Cabibbo anomaly?

In this section we illustrate how our combined likelihood may also be used to check whether
experimental results in tension with the SM predictions can be partially accommodated
in top-philic extensions (and which ones), taking into account the restrictions imposed by
experimental results in other sectors. Here we focus on the longstanding tensions within
the SM involving the determination of the inputs of the first row of the CKM matrix,
known as Cabibbo anomalies.

Regardless of whether nonzero values are allowed or not for the remaining Wilson
coefficients, the likelihood of the Cabibbo angle observables displays a 3o preference for
a nonzero value of Cl(;)’m at A =1TeV,

[Cl(;’))Q?]Cabibbo _ (019 + 006) TeV72 . (54)

(3),ac

Let us first develop on where this preferred nonzero value comes from. Clq induces

an unusually large Cgl) ** at the EW scale, due to a mixing that involves a double top
Yukawa insertion. The leading log approximation, which one may expect to give a first
approximation for A > TeV, is displayed in eq. (A.39). After EWSB C’(g) induces, at
tree level, a re-scaling of the corresponding lepton charged current vertices, modifying the
ratios of muon, beta and kaon decays. As a consequence, the corresponding apparent

unitarity relation is®

Ackat = Vo + [VES]? -1~ —202 (Vua2C51™ — Vas (O — CgP — 1)
2
o222 | Nem Auv (3),22, 5 2
~ —2v CHl [2 2 A%tvl MZ ] A VClq (AUV) . (55)

Experimentally Aoy is known beyond the per-mil level and gives the main pull behind
the result of eq. (5.4).

If we set all the parameters to zero except for Cl(; )22 for the EW /Higgs likelihood, we
also obtain a slight preference for nonzero values, but with the opposite sign,

(O BW/Higes — (0,11 + 0.06) TeV 2. (5.6)

This is to be expected, since it is well known that explaining Acky through increasing
the muon decay matrix element is in tension with fits in other EWPOs, e.g. see refs. [149—
151]. We may yet respect CKM unitarity and decrease the muon decay rate with respect
to the SM expectation by breaking LFU, with 0 < 0(3) 22 0(3) " Let us then allow
for nonzero values at the TeV scale for Cl(;’ )9 for the ﬁrst two lepton families and also

for the corresponding C’l(q1 )’aa, typically induced in UV models by the same couplings.

The minimum x? follows the expected pattern, plus a preference for C’l(ql)’11 ~ Cl(; )

5V has a completely negligible numerical role in this relation.
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Figure 11. Allowed regions (95% CL) for the studied leptoquark couplings (see text) from the
Cabibbo and the EW Higgs sector and combined, in black. Masses are in TeV units. The preferred
nonzero values can be ruled out from B-physics and K-physics observables, unless one defines the
top-philic set up in the down-quark basis.

and C’l(q1 )22 SC’l(; )22 Both these relations and the obtained signs happen to match the
couplings induced by top-philic U; and S3 leptoquarks coupled, respectively, to the first
and the second lepton family,

LD )\Ul 637ull Uf + )\53 (jg’iO'QO'aZQ Sg + h.C., (57)
giving [139, 140]
31 _ A, |2 @22 |As,|?
Clq i 2M5vl 9 lq - 4M§3 9 (58)

plus the relations with C’l(ql ) above. Imposing them as strict equalities one finds, in this
two-parameter scenario,

O = (=019 £ 0.06) Tov =2, 12 = (0.14 £ 0.04) TeV 2. (5.9)

With respect to the SM, this minimum has a Ax? = 8.0 preference for the Cabibbo sector
and a Ax? = 5.7 for the EW /Higgs one.

It is only when adding constraints from B and K physics observables when this scenario
becomes strongly disfavored. In a generic top-philic set-up defined in any specific flavor
basis in which C’l(ql A are induced, FCNCs are generated when rotating to the mass basis.
In the down sector FCNCs are very strongly constrained by the processes studied in this
work, as we have explicitly shown when defining the top-philic condition in the up quark
basis. Indeed we show in figure 11 how including those constraints we can rule out this,
and practically any, top-philic explanation to the Cabibbo anomaly.

Let us finish this section by remarking that there is, however, a possible way out to the
strong constraints on FCNCs coming from K and B physics. Assuming that there exists
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some, admittedly bizarre from our infra-red perspective, mechanism in the UV theory to
select a top-philic set-up in the only basis where this operator does not induce tree-level
FCNCs in the down sector, i.e. the down-quark basis, the previous constraints from K and
B physics do not hold, while the constraints on Cabibbo angle and EW /Higgs would give,
in a first approximation, the same results, since the leading mechanism to modify the SM,
through modifying lepton vertices, is largely independent on quark-basis rotation. In that
scenario, this leptoquark model may still be a feasible (partial) solution to the Cabibbo
anomaly. Complementary constraints on the space of parameters may come from D — D
mixing (since FCNCs are yet induced in the up sector) and direct leptoquark searches,
bounding the possible masses from below. Further studying this scenario is, however, well
beyond the goals and the scope of this work.

6 Conclusions

This paper provides a global analysis of indirect constraints on SMEFT operators involv-
ing the top quark. In fact, several motivated UV scenarios predict new physics coupled
mostly with the top. Our global analysis combines a large number of observables that
do not involve directly the top quark. These include: B, K and 7 decays, meson mixing
observables, magnetic moments of leptons, measurements of the Cabibbo angle, EW pre-
cision measurements, Higgs physics, and LFV tests. Top quark operators contribute to
these observables either at the tree-level via the SU(2), connection with left-handed down
quarks or via loop effects. Assuming that top quark operators are generated at the 1TeV
scale, we evolve them down to the scale relevant for each observable using the relevant RG
and matching equations. The result of this process is a global likelihood expressed in terms
of the high-scale Wilson coefficients.

Using this likelihood we derive global indirect constraints on single coefficients, com-
paring the result with the bounds obtained from LHC analysis of processes involving top
quarks. In all cases we find that the indirect constraints are stronger than the direct ones,
often by several orders of magnitude. We then perform several 2D fits to study interest-
ing correlations among coefficients and the complementarity between different observables,
that showcase the importance of performing such global analyses. We also perform a multi-
dimensional Gaussian fit of all the coefficients of non-leptonic operators, that can be useful
to identify the directions in parameter space that have strongest or weakest constraints.
Indeed, among these coeflicients we identify two almost-flat directions.

Finally, as examples of possible applications of our analysis we study the EFT coeffi-
cients generated by two simple UV models. The first includes a scalar singlet leptoquark
coupled only to the third generation of quark and lepton doublets. We show how the differ-
ent indirect constraints one can derive from different sectors combine in providing strong
bounds on the model, and how these are complementary to direct searches at the LHC. As
a second example we study a two-leptoquark scenario inspired by the Cabibbo anomaly,
with only two free couplings. This model accommodates the anomaly and improves the fit
quality for the rest of EW-Higgs precision observables. However, B and kaon physics con-
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straints are able to completely rule out this scenario unless a very specific flavor alignment
is imposed.

Our results show how global indirect constraints on top quark operators can be powerful
in constraining new physics scenarios coupled mainly to the top quark. Such constraints are
often much stronger, or in any case complementary, to those derived from high-energy top
quark physics at colliders. Furthermore, several of the observables providing the strongest
indirect constraints are expected to be measured with a substantially better precision in
the future: R () and 7 decays at Belle-II, Ry and Bs — pp by LHCb, ATLAS and
CMS, K — wvr by NA62, and several experiments are expected to improve the sensitivity
on u — e LFV by several orders of magnitude. All this will further increase the relevance
of such global analysis of indirect bounds in the future.
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A Observables

A1l B — K®up and K — v

The Standard Model prediction and SMEFT parametrization of dineutrino modes B —
K®yp are deeply discussed in ref. [152]. The effective Hamiltonian for these processes

reads
4G
Hog = — \/f Zf; Z ViV (CZJaﬂonozﬁ + Cwaﬁowaﬁ)
(A.1)
_ _ Z < LVLL z]aﬁ + LVLROZJa6>
04,31] 2 afij
where
07" = (duPrdy) (ot (L = 5)vg), O3 = (divuPrd;)(ar™(1 = 5)vs) . (A:2)
and LV LL(R) sre LEFT coefficients given in table 15. The ratios
B(B — Kvv B(B — K*vu
Ry = BB EKvw) o BB Kvw) (A.3)
B(B — KVV)SM B(B — K*I/V)SM
can be expressed in terms of two parameters € > 0 and n € [-1/2,1/2] as:
1 1
Ry = Z 5(1 - 277a,ﬂ)635a Rie = Z 5(1 + "ﬂnna,ﬁ)ﬁigv
af af
VIC2snbap + O 12 + |Cpe? 2
€ap = |Csb | ’ (A4)
L,SM
ES
ke [(CHtardua + C57) (C37)
Nap = — )

’CE?SMda/B + CZMBP + |O;%baﬁ|2
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where the parameter k, depends on form factors. There are not isospin asymmetries
between the charged and neutral meson decays to neutrinos, so that the only difference
between B(BT — K*®up) and B(B® — K°*up) is in the lifetime 75+ and 7o, that
cancel in the ratio. Remarkably, in our setup the coefficient C'g is zero at the level of
dimension-six SMEFT contributions, so that 7,3 = 0 and then the theoretical predictions
for RY% and R%. coincide.

For kaons, we use directly the branching ratios. Since C'r = 0 in our setup, we can
just write them in terms of the SM values rescaling the C, coefficients

dsaf3 2
B(K+ — 7T+I/ﬂ)th = B(K+ — 7T+V€I;€)SM Z 5045 + Ct[i/T
a,6=1,2 L,sM (A.5)
ds33 |2 Cdsa3 2 Cds?)a 2 ’
+B(ET = m v vr)sm |1+ 5533 + Z | cLls33 + 5533 ’
CLism o12 \| CL%u CTisnm
2
1 Im[N ;' 5P
B(Ky — %)y, = -B(Kp — woya)SMl > <5a6 + %
3 a,8=1,2 Im[N, C7°5\] (A.6)
N (1 . Im[Nd;Cgs33]> Py <<1m[Nd;ng3]> N <1m[Ndslcgs3a] ))]
N\ CER) oo \\Im[NSCER ) \Im[NCER ) ) |

where we defined Ny = (v2G oV Vis/ 7)~1 and the SM values for the branching ratios
and Wilson coefficients are
B(KT — nt v )sm = 3.06 x 10711
B(K' = ntv0,)sm = 2.52 x 10711 (A7)
B(Ky — n'vi)gy = 3.4 x 10711

dsa 1 VC* Vcs a
CL,Sl\ﬂ/[ = _% Xt + V‘;gws XC 5aﬁ ’ (AS)

with X, = 1.481, X¢ = X* = 1.053 x 1073 and X! = 0.711 x 1073.

A2 B, — € ¢} and K5 — £;£}

The branching ratio for rare leptonic B decays is discussed, for example, in ref. [153] and
the same description holds also for kaons. In our framework, these processes are induced
by the operators

05" = (dinuPrd;)(lar"ls) , Oty = (diPrd;)(Car"15¢5) (A.9)
appearing in the effective Hamiltonian

4GF 67 ijaf Aijas
Het = ————— E [/fh'cj 077, (A.10
V2 4 k=910 "k k )

We do not take into account the other possible contributions: the operators Og 1o/, with
P, — Pg, are identically zero in our setup and we do not consider the usual scalar and
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pseudoscalar operators Og and Op (see e.g. in ref. [153]), since they are generated with
negligible coefficients with respect to Og and O1g. The relation between these coefficients
and the LEFT ones is

. \/§7r V.LR V.LL
C’Ljaﬂ _ . ver L 5 :l: L ’ . All
W0 GraViViy \ias T o a

The branching ratio for the leptonic B, decays is given by

_ T8, *G> .
B(Bs — Eaﬁg)m — P Ff%s|‘/}b‘45|2)\1/2(mgs,ma, mg)x
Bs

64713 m3

SO S 2
X “mQBs — (Mo + mﬁ)ﬂ X ‘(6’9%1& + Cgb ﬂ)(ma - mg)‘ + (A.12)

+ [m¥, = (ma —mg)?] x wmﬂwmwm+mﬁ]

where \(a, b, c) = [a®> — (b — ¢)?][a® — (b+ ¢)?]. When comparing the theoretical prediction

of B decays to untagged experimental data, the sizeable decay width differences in the
BY — BSO system must be taken into account. This is done by using an effective lifetime.
To a good approximation one has [154, 155]

B(Bs — 5 0})et = B(Bs = (365, (A.13)

1- Ys
with ys = Al'p,/(2'p,) = 0.064(4), according to the current PDG and HFLAV aver-
age [38]. Numerical values for couplings and parameters appearing in the formula can be
found in refs. [38, 156]. The expression in eq. (A.12) can be applied to By — E;K; with
the obvious s — d replacement.

The leptonic kaon decays are instead given by

TK, « GF
12873 mi,

B(Kps) = laly)m = FEViaVEPAY 2 (mg, ma, mg)

| i = s (i 2 €3 05 e = s

+Wg4m—mﬂxWﬁ%iﬁﬁﬁqﬁiﬁwﬂmmWM]
(A.14)

Notice that for kaons both ds and sd indices appear, since Ky, g are linear combinations of
K° and K°

|K0) + |K°)
2

In all cases, as one can expect, for £, = £g = £ the coefficient Cy does not contribute.

’KL(S)> = (A.15)
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A.3 B — K®gtpe-

In ref. [157], the leading contributions to the decay width of B — K®)¢*¢~ are computed.
Under some justified assumptions, the Rx and Ry« ratios read

Ri([1.1,6]) ~1.00 + 0.24Re[Cy — C1o] + 0.24Re[Cy — C1] + 0.058Re[C Co+
+ CoClol +0.029 (1Cof? + G412 + [Crof? + [C1o?) |
Ry+([1.1,6]) 21.00 + 0.24Re[Cy — C1o] — 0.18Re[C] + 0.17Re[C},] — 0.042Re[Cy C+
+ CioChol + +0.029 (ICo P + 1G] + |Crol® + [C1ol?)

where the operators and the Hamiltonian are defined as in appendix A.9-A.10. The nu-
merical coefficients are compatible with the ones computed, for example, in refs. [158-160]
and with our calculation of Ry, derived using expressions and form factors provided in
refs. [161, 162]. The primed coefficients Cy and Cf, are displayed for completeness, but
they are anyway set to zero as they are not generated by the operators in table 1.

A4 Kj;— w0ete—

We consider again the Hamiltonian in eq. (A.10) and we define é,ijo‘ﬂ = Vt;*thC,ijaﬁ .
Rearranging the formula given in ref. [163] to fit our notation, we obtain for the branching
ratio

B(Kp — 70 0 ) = ag [(why) + ()| + bty + o, (A.16)
where
' 1 1
WV = ST A0 « 10—4
21 1.407 x 10—4

1 1
¢ sdef sdet
WA 27 1.407 x 10~* (Cm’SM Cio™)

[ Polm(V,2Via) + Im(C3%; + C5™)]
(A.17)

The numerical coefficients a, b and ¢ are given by

ae = 4.62x 1072, a,=1.09 x 10712,
be = 13.56 x 10712, by, = 3.156 x 10712 (A.18)
ce = 20.88 x 10712, ¢y = 10.0384 x 10712,

A5 P — M}

We consider here the semileptonic decay of a meson P = {B, Kp, Kt} into M = {K®*), 1}
and two different leptons. The branching ratios for the decays are [153, 164]

2
) . (A19)

Numerical values for the multiplicative coefficients are given in table 13. The indices

2
V.LR V,LL

L de + L ed
ijofB afBij

_ 1 _
B(P — MU 05)y, = ers (a; +oay |LVER - LV

ijo afij

ij correspond to the transition ¢; — q,ﬁ;é} and for K7j it is understood the average
(ds + sd)/2.
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Process a‘t ay,
B — Ketu~ 8.2(6) (6)
B — Ketr™ 5.3(2) (2)
B— Kutr™ 5.2(2) (2)
B — K*etu~ 2.8(5) 2.8(5)

) (2)
) (2)

B — K*etr™ 1.4(2
B — K*utr— | 1.5(2
KT — rretp™ | 0.596(4) 0.598(4)
Ky — 7ty | 2.75(2)  2.76(2)

Table 13. Values for the factors defined in eq. (A.19), for all the possible final states. Details on
their computation can be found in ref. [164].

A6 B — Xgv

The inclusive radiative B decays can be parametrized in terms of the operators

_ ¢ < « _ 9 = a af
07 = me(saaﬁPR(L)b)F 5, Og = 16ﬂ2mb(50aﬁPR(L)T b)Ga N (A.QO)
and the effective Hamiltonian
4Gp _,
Het = —thsvtb Zco (A.21)
The branching ratio is given then by [165, 166]
B(B — XS’y)E7>1,6GeV =10"*x (3.36 £0.23 — 8.22C7 — 1.99C%) , (A.22)

where the coefficients are defined at the matching scale o = 160 GeV [165]. In terms of
LEFT coefficients, we have:

N—l N—l 2
C7 = sb © X Ld*y? C8 = b © LdG7
mp sb gmy sb (A23)
_ AGF aem 4
sb \/i 4 ts tb

A.7 Charged lepton flavor violation

For charged lepton flavour violation processes we employ the expressions from refs. [112,
117], after translating them to the LEFT basis. In the following we give the explicit
expressions used in this work.

o by — Ly

We may take a reference renormalization scale p = 2 GeV, where the LEFT is yet
well defined. One has [112, 117, 167]

3
m
Lonpy = f;HL%P + ‘LZZ’P] - (A.24)
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The (nonperturbative) effect of four-fermion operators involving tensor light-quark
currents can be taken into account by making the following transformations

0
Ley — Ley —e [ 58+ B illy7(0), A.25
= o ( 3 /3 vr(0) ( )
o ng
Ley — Ley +e | ¢35 + == | illyr(0), (A26)
o o V3
with
¢ = LR - DR (A.27)
Ull i711
1
¢l = — |LBER L [TRE _opTRR)\ (A.28)
8 \/§ l zjll 1]11 1]22

As in ref. [117] we take iIIy7(0) ~ 0.04 GeV.

o T—3e, T — 3u, u— 3e

We use the analytic expressions given in ref. [117], adapting them to the LEFT
normalization of this work. Numerically we find, in GeV units,

B(t — 3¢) ~ 1.6 x 108(|LS RR| + |LVLR| + !LVLR\ )
113 11
+1.3 % 109(\L‘/LL\2 + |LVRRy ) +2.1 x 109(|Ley|2 + |Ley[?)
11 3 13

+ [Ley(—4.5 x 108LVe§L —1.1 108LVLR) +c.cl
1311

31 1113
+ [Liy(—4.5 x 103LYER — 1.1 x 10°LVE™) + cc] . (A.29)
13 1113 1113

The analytic expressions trivially generalize for 7 — 3u, 4 — 3e. Numerically one
finds

B(r = 31) = 1.6 x 10%(|L7e | + L e P + L e )
311

+1.3 % 109(\LVLL + \LVRR| )+ 4.4 x 108(|L§%|2 + |LS§|2)

+ [Ley(—4.5 x 108LV65L — 1.1 x 103LVER) 1 coc.
32 1123 2311
+ [Liy (4.5 x 103LY:ER — 1.1 x 105 LY:ER) + c.e], (A.30)
23 1123 1123

and
By — 3e) ~9.2 X 108(|LSRRy + \LVLR| + L5
112 1211
7.4 x 109(|LVLLy2 + yLVRR| )+ 1.9 x 10'2(|Ley |2 + |Ley|?)
21 12

+ [Ley(=4:2 1010LV65L ~1.1x 101%™ + c.c)]
21

1112 1211
+ [LE(—4.2 x 10" LR — 1.1 % 1010057 + c.e ], (A.31)
12 1112 1112
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o T — e, T — [ee.
Once again we adapt the analytic results as given in ref. [117], finding
B(r — efip) ~2.5 x 109(|LVLL|2 + |LVRR| )
+1.6 X 108(\LVLR| |LVLR| )4 1.0 x 108(|Ley | + | Leny|?)
31 13

—2.1x IOS[LEP)/LV@%L + C.C.]

31 1223
+ [Liy (=52 x 107L* 25 — 2.6 x 103LY:E7) + c.cl, (A.32)
13 1322 1223

and
B(r — pée) ~2.6 x 109(|LVLL|2 + yLVRR| )
123

+ 1.6 x 108(|LVLR| + |LVLR| ) +5.0 x 108(|Ley|? + |Ley|?)
32 23

123
—22x 108[L67LVLL +c.cl
32 1123
+ [LE(=5.5 x 107L*HE — 2.8 x 103LY:E) 4+ c.c] . (A.33)
23 2311 1123

e pAu — eAu.

We adapt the results of ref. [112], neglecting the power-suppressed contributions from
c and b quarks. In principle they are given at a u = 1 GeV, but within the theoretical
uncertainties the same expressions can also be used at u = 2GeV.® We have also
checked that we agree with the adaptation given in ref. [167]. The numerical result
is rather large. For reference, the first quadratic coefficients are

B(pAu — eAu) ~ 1.1 x 103 [(L5F92 4 (L2802 4 (D882 L (SRR (4 — )
1211 2111 2111 1211
(A.34)

o 7 — U70

We take the numerical result of ref. [117]. Adapting it to the normalization of this
work we have

B(r — 07°%) ~ 1.3 x 108 L5558 _ SR SRR | SRR

311 2311 311 £311
V,LL V,LL V,LR V,LR |2
+ 5.1 x 107|LY " — L'y — L'+ Lial 2. (A.35)
3011 3011 3011 3711

o T intr

Once again we use the numerical results from ref. [117]. We find

B(r — frm) ~9.2x 108 L7 — LTe{fR| +4.6x 108 LI — Ll LV R T2

3011 311 g0 s g s
+5.0% 1081L€712+1 6x 108| L5 RE 4 [SREy [SRR L[S 1R2
3@11 3011 3011 3011
+1.2% 108’Lséd +L P (A.36)
3022 3011

5The large QCD running of the scalar quark current is fully taken into account by simply taking as input
mq(p = 2GeV) instead of mq(p = 1GeV).
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T — Iy, 7 — ;7 = (K,7 — {rK,7 — (KK are also included in our x?, adapting
the compilation of ref. [117]. However they play a marginal phenomenological role in our
analysis and thus we refrain from giving the explicit expressions.

A.8 Matching relations for the Cabibbo angle observables

The running of the chirality-flipping low-energy couplings to the Mz mass is large and
needs to be taken into account. From ref. [168], which includes higher-order QCD running
effects, one has

€5 1.72 2.46 x 1076 —0.0242\ [eg

€p = | 246 x 1076 1.72 —0.0242 | | ep . (A.37)
—4 —4

€T/ e —2.17x107% —2.17 x 107* 0.825 v/ \ni,

At My at tree-level one has
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The leading mechanism to generate a top operator is through the large mixing of C’( )
OZOC

with O 121 through a double top-Yukawa insertion [20],”
aal3

ARy CE) (M%)
aa33
(A.39)

"As in the rest of this work, the DSixTools package has been used to perform the full one-loop running.

OB (ME) ~ u24Nc—m% ;CY) (A%y)log
[e%e% (47‘1’2}) aa33

AUV N, m%l AUV
My |4m2AZ, S My

We have also checked that the loop-induced top operators in the SMEFT-LEFT matching play a marginal
role in this sector and, in first approximation, can be neglected.
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A.9 Higgs basis used for EWPT and Higgs fit

The fit performed in ref. [121] employs a specific combinations of Wilson coefficients of
the Warsaw basis, called Higgs basis. This allows to reduce the correlations between the
directions mostly constrained by EW precision data and those constrained by Higgs data,
which differ strongly in the precision. The combinations used are the following;:

gt = O+ £(1/2,0) — f(=1/2,-1),

S97" =3O8~ SO + F(-1/2,-1),
594t = —%cgg + £(0,-1),

Sg7 — %cw; _ %cg; +F(1/2,2/3),
57 — _%cg”; - %c}}i T f(=1/2,-1/3),

1
6g1Z%u = _§CHU + f(oa 2/3)a

1
SgRt = _icHd + £(0,-1/3),

1 3
dc; = Cpyn — ZCHD - §AGF7 (A.40)

1
c:0= 54 (Cup +20¢a;,),
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4
C — 7CHGa
9 g2

1 1 1
cyy =4 5Cpw + 5Cyp — ——Crws |,
gz, gy grLgy
~ (9:Cuaw + 3 Cus + 9r9vCrwp
Coz = 4 2. 22 ;

(gL + gy)

2 2
939
Cuw — Cup — 5 -Cuwn
Coy =4 ,

97 + g%

where

2

1 1
f(T?’,Q) = { — g%gll_g;}%CHWB -1 (4CHD + 2AGF> <T3 + Qg%g_yg%/> }1, (A.41)

and Ag, = [C'S’l)]n + [C’Sl)]gz —%[011]1221. To these coefficients, the fit in ref. [121] also adds
those for the dimension-6 Yukawa-like operators of top, bottom, muon and tau fermions,
as well as the one responsible for modifying the muon decay: [Cymlss, [Carrlss, [Cem)o22,
[Cerl3s, [Culi221-

The set of dgy, parametrise the corresponding vertex corrections of Z and W bosons,
and are mostly constrained by electroweak data from LEP. As mentioned, the coefficient
[Cil1221 enters the EW fit by its impact in the muon decay. Finally, the other coefficients
do not affect EW observables at tree level and are only constrained by Higgs data.
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Class Coefficients Warsaw basis 95% CL Individual | 95% CL Marginalised
G Cuc 0.01,0.11] 0.01,0.23]
Dipoles Cow Cuw [-0.085,0.030] [-0.28,0.13]
Ciz —s9 Cup + co Cuw [-0.038,0.090] [-0.50,0.14]
o cf) [-0.39,0.34] [-0.42,0.31]
Higgs- Top o oyl -y [-1.1,1.5] [-2.7,2.7]
ce Chu [-2.8,2.2] -15,4]
o Cunt [-1.3,0.4] -0.5,2.9]
cho 2055 — 205 [-2.3,2.0] [-3.7,4.4]
o 8Ctd) [-6.8,5.9] [-13,10]
4 quarks chy &% [-1.8,1.9] [-1.5,1.4]
ey i) [-4.3,3.3] -3.4,2.5]
ol Cuu [-1.1,1.0] [-0.88,0.81]

Table 14. The 95% CL bounds from SMEFiT for individual and global fits obtained using quadratic
EFT calculations. Top quark, Higgs and diboson data have been used, as discussed in ref. [130].
Coeflicients are expressed in both the SMEFIiT and the Warsaw basis conventions.

A.10 Direct constraints from LHC

Here we provide the 95% CL bounds on Wilson coefficients, from both individual and
global marginalised fits obtained from SMEFiT [130]. These are illustrated in table 14.
Single parameter fits match the findings of ref. [130] (see table 5.4 therein).

Even though it is reasonable to expect that individual bounds are comparable or more
severe than the global ones, we observe the latter to be stronger in the case of the Céil/ 8
and Cl,, coefficients. This surprising trend was also observed in ref. [130], where the global
analysis involved a larger set of operators.

The direct bounds shown in table 14 are compared to the indirect limits computed in
this work in section 4.

— 35 —



vv + h.c. (vv)X + h.c. (LR)X + h.c. X3
Ov|(vi,Crry) Ouy |(VE,C0" Vi) Fuy  Oey| eLpo*’err Fuw  Og|fAPCGHGErGSH
Ouy | trpo™ upe Fuw  Og| fAPCGH GEPGTH
Oay| drpo*’drr Fuy
Oua ﬂLpa“”TAuRr Gfu
Ouc |drpo" T dr, G,
(LL)(LL) (LL)(RR) (LR)(LR) + h.c.
optt |l (epyvre)(Prsyuvee) ot (VLpY"vir)(ERsVueRt) O™ (Erperr)(Ersens)
oLt (epr*ers)(ersyuert) oL (epr*eLr)(€rsTucrt) OZFR | (Crpers)(@rsuny)
OVFE | (PrpYvie)(ELsyuert) oy:Lkr (PLpY"VLr) (UrsVutre) OLFE |(eLpot ey ) (ULsowtint)
OVEL | (v (ipsyuurs)  Opt" 1y Vi) (dRsYudrr) O (erpens)(drsdne)
OX’LL (VLo v ) (drsyudre) oyLr (eLpy*err)(URrsVutrt) OT’RR (eLpo™ err)(dLsoundry)
ONFE | @Erpern)anyun) O (Erpr*ere)(dnsrudn) Oni | (rpers)(disure)
OV’LL (erpy ers)(drsyudrt) oV.LR (@rpy"urr)(ERsVueRt) Ofpff (VLpo™ e e )(dLs0umtne)
Oyt | (Lo ers)(dramuure) + he.  ORHR (depy*dir)(@rs e re) OFAR| (arpur)(@Lsun)
OYV.LL (@ppY*urr)(ULsYuuLe) Ogygf‘ (DprfleLyv)(dRsvuuRt)+h.c. OI8.RE (ﬂLpTAuR,)( T up;)
Ot | (dupydee)(dreyudrr) Oy tr (Urpy"urr)(URsVutiRe) On ™ (urpuny)(drsdre)
Ou ™| (arpy uss)(dosyudee) O (" TAu) (e T un)  Opg™| (T ur,) (LT dpe)
O o (apy Thur, ) (drsyu TAdr) - Oy " (wrpy"urr) (drsyudne) O™ (dupdre)(drsdr)
(RR)(RR) Ot (ﬁLﬂ“TAqu)( rsVu T dRt) og R (JLpTAdRT)( TAdRy)
OVER | (Eryy"err)(GRsVuUR) Ov;m (de?uTAdLT)( pepd ) Oui” | ay T e ) (AT )
O | (enpren)inpatuy O | (A i) (LR)(RL) + h.c.
OVER | (appy*urs)(GrsYutre) OVl’L}% (?LP'YiT dpr)(drsyu T4 dpy) OB (Erperr)(Tnrsurt)
OV.RRE (drpv*drr ) (dRsVudRt) O::idzR B (ULPVAdLT)(({RSWUT) e (')féRL (erperr)(drsdrs)
OVIRR| i) Oain |(@rpy*T4d L) (drs v, T uRe) + hec. OSRE| (5, ) (dsune)
OV (appy" T up, ) (drsy, T4 dRe)

Table 15. LEFT operators of dimension three and five, as well as LEFT operators of dimension
six that conserve baryon and lepton number, reproduced from ref. [16].
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