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ABSTRACT: There are two tensions related to the Cabibbo angle of the CKM matrix. First,
the determinations of Vs from K3, K3, and 7 decays disagree at the 30 level. Second,
using the average of these results in combination with 8 decays (including super-allowed
[ decays and neutron decay), a deficit in first-row CKM unitarity with a significance of
again about 3¢ is found. These discrepancies, known as the Cabibbo Angle anomaly, can
in principle be solved by modifications of W boson couplings to quarks. However, due to
SU(2)y, invariance, Z couplings to quarks are also modified and flavour changing neutral
currents can occur. In order to consistently assess the agreement of a new physics hypothesis
with data, we perform a combined analysis for all dimension-six Standard Model Effective
Field Theory operators that generate modified W couplings to first and second generation
quarks. We then study models with vector-like quarks, which are prime candidates for
a corresponding UV completion as they can affect W-quark couplings at tree level, and
we perform a global fit including flavour observables (in particular loop effects in AF = 2
processes). We find that the best fit can be obtained for the SU(2); doublet vector-like
quark @ as it can generate right-handed W-u-d and W-u-s couplings as preferred by data.
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1 Introduction

The Standard Model (SM) of particle physics has been very successfully tested and con-
firmed in the last decades with the Higgs discovery in 2012 providing the last missing
constituent [1, 2]. As the Large Hadron Collider (LHC) at CERN has not (yet) found
any new particles directly, precision experiments are becoming increasingly important to
discover physics beyond the SM. In particular, an intriguing set of anomalies related to the
violation of lepton flavour universality (see, e.g., refs. [3—6] for recent reviews) exist.
Among them, there is the so-called Cabibbo Angle Anomaly (CAA) [7-17] with a
significance of currently around the 30 level [18-20]. The CAA consists of two tensions
related to the determination of the Cabibbo angle: first, the different determinations of |V,|
from K2, K3, and 7 decays disagree at the 30 level. Second, using the average of these
results in combination with £ decays, a deficit in first-row Cabibbo-Kobayashi-Maskawa
(CKM) unitarity appears with a significance at the 30 level. While the deficit in the
first-row unitarity could be related to lepton-flavour-universality violating new physics (NP),
see refs. [21, 22] for reviews, such a setup cannot solve the tensions between the different



determinations of |V,s|. Intriguingly, however, both discrepancies (the CKM unitarity deficit
and the tensions within |V,4|) could be explained via a modified W couplings to quarks.

Importantly, due to SU(2); invariance, such a modified W coupling to quarks in
general leads to modified Z-quark-quark couplings as well, that enter electroweak precision
observables, affect low-energy parity violation and can give contributions to the flavour
changing neutral current (FCNC) processes. Therefore, a global fit is required to consistently
assess the agreement of a specific NP scenario with data. The necessity of such a combined
analysis becomes even more obvious when considering a UV complete model that can
generate modified W couplings to quarks.

Here, we will study vector-like quarks (VLQs) as they give rise to such modifications
already at tree level. While a new 4" generation of chiral fermions has been ruled out
due to the combined constraints from LHC searches and flavour observables [23, 24],
vector-like fermions can be added consistently without generating gauge anomalies. In
fact, VLQs appear in many extensions of the SM such as grand unified theories [25-27],
composite models or models with extra dimensions [28, 29] and little Higgs models [30, 31].
Furthermore, they have recently been studied intensively for phenomenological reasons
since they can be considered part of the solution to b — s¢™¢~ data [32-37], the tension
in (g —2), [38-55] and the W mass [56-59] and are prime candidates for explaining the
CAA [7, 16, 60, 61]. In this case, not only the effect of modified Z couplings to quarks, like
in the effective field theory (EFT) case, must be taken into account, but also loop effects in
flavour observables have to be included in a global analysis.

In this paper we will perform such a global analysis, first for the Standard Model
Effective Field Theory (SMEFT), and then for models with VLQs coupling to first and
second generation quarks. We start by summarising the current status of the anomalies
related to the Cabibbo angle in the next section. In section 3 we will describe the set up of
our global fit, the matching of VLQs to the SMEFT, and discuss the relevant observables.
Then in section 4.1 we use the global fit to analyse various EFT scenarios that correspond
to modified gauge boson couplings to quarks, and see which scenarios provide the best fit to
the current data. We then consider the different VLQ representations and their couplings
to quarks in section 4.2 and conclude in section 5. Various useful results and further details
are given in appendices A to D.

2 Current status of Cabibbo angle anomaly

In this section, we review the current situations of the |V,,4| and |V,,s| determinations (which
give rise to the CAA) summarized in figures 1-4 and table 1.

First, the CKM element |V,4| can be determined from various types of 3 decays.
The latest determinations are |V, ;|o+ 0+ = 0.97367(32) from the super-allowed 07 — 07
nuclear 8 decay [19, 63], |V, 4lnppc) = 0.97441(88) from the neutron decay [64], |V, 4l mirror =
0.9739(10) from S transitions of the mirror nuclei [65], and |V, |x., = 0.9739(29) from the
pion B decay (7+ — mVetv; me3) [19, 66]. In these determinations, we use an estimation
of ref. [19] for universal nuclear-independent radiative corrections from yW-box diagrams
AY [67] (see table 2). For the neutron decay, it is known that the uncertainty of [VaalnppC)



pion S decay (r.3)
mirror nuclei decay
b —o— 4
neutron decay (PDG)
[ (not included in the average) -
neutron decay (best)
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Figure 1. Summary of the determinations of |V,4| from the various types of 8 decays. The red
band represents our world average (2.1). The details of the extractions from neutron decay (best)
and the super-allowed /3 decays (reduced uncertainty) are given in the main text. Note that the pion
8 decay, even though it is currently not competitive, is theoretically clean and will be strikingly
improved by the PIONEER experiment [62].
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Figure 2. Summary of the determinations of |V,s| from various processes. The global fit value
of |Vys| is obtained in eq. (2.11). Note that the global fit does not include the CKM unitarity
constraint.



Value Observables Label

Q value and lifetime ft of super-allowed 07 — 0T

Vaud 0.97367 + 0.000 32 0 — 0"
nuclear 5 decays
Vaud 0.97413 £0.00043 7, [68] and ga/gv [69] n (best)
Vid 0.97441 £0.00088 7, and ga/gyv in PDG fit [64] n (PDG)
Viud 0.9739 £ 0.0010 ft of mirror nuclei decay mirror
Vid 0.9739 £ 0.0029 I'(rt = 7%*v) Te3
Viud 0.97384 +£0.00025 world average w/o .3 input I3
Vid 0.97384 +0.00025 world average I3
Vs 0.22330 £0.00053 T(Kgr — n (Tv), (KT — 7%*v) Kys
Vs 0.2195 4+ 0.0021 I(r — Xsv)/T(1 — evv) TX,
AY x E7 =5 A% E0 5 B i-
Vi 0.2250 + 0.0027 “ P mmE T AL ST ST S heron
leptonic decays
Vs 0.22314 £ 0.00051 world average K, 7, A
Vus/Vua  0.23108 +£0.00051 T(K*T — ptv)/T(nt — utv) Ko /7
Vis/Vua  0.22908 +0.00088 T(K — mlv)/T(nt — wletv) K3 /mes
Vius/Vua  0.2293 +0.0015 Nt — K v)/I'(t =7 v) TK Tr
Vius/Vua  0.23047 £0.00043  world average ratios
Viud 0.97379 +0.00025 global fit global
Vs 0.224 05 4+ 0.00035 global fit global

Table 1. Up-to-date extractions of the CKM elements needed to test the first-row unitarity.

is inflated by scale factors which come from inconsistencies in the data. By using the single
most precise result for the neutron lifetime 7,, [68] and the nucleon isovector axial charge
ga/gv [69], a better determination of [Viglybesty = 0.97413(43) is possible [19]. Combining
[Vaudlo+ =0+ [Vaudlnest)s |Viglmirror; and |V, 4lx.s, we obtain a weighted average of

[Vaals = 0.97384(25) . (2.1)

Here, any correlation among systematic uncertainties of the radiative corrections is discarded,
which should be a good approximation because uncertainties of |V,4| are dominated by the
experimental one except for the super-allowed 3 decays.!

Next, the matrix element |V,s| can be determined from semi-leptonic decays of kaons
and hyperons and from inclusive hadronic 7 decays. By comparing theoretical predictions

Note that the |Vua| determination is predominated by super-allowed 8 decays where the largest un-
certainty comes from nuclear-structure (NS) dependent radiative corrections (corresponding to nuclear
polarizability correction) [70], encoded in dng,r in ref. [63]. Unfortunately, precise estimations of dns,g
are difficult [71] but the current value is considered to be very conservative [70]. Omitting the uncertainty
from the dns,m corrections (see table 3), [V, 4lo+ -0+ (reduced unc.) = 0.97367(23) is obtained and the weighted
average of the § decays becomes |V, 4|3 (reduced unc.) = 0.97378(20).



Parameter Value Source

foﬁﬂ_ (0) 0.9698 £+ 0.0017 FLAG 2021 Ny =2+ 1+ 1 average, eq. (76)
in [72]

frx/ fat 1.1932 £+ 0.0021 FLAG 2021 Ny =2+ 1+ 1 average, eq. (81)
in [72]

frx/fx 1.1978 4+ 0.0022 Isospin-limit Ny = 2 + 1 + 1 average, Slide 34
of [73]

AY (0T — 07) 0.024 67 £ 0.00027  Average of [9, 65, 74-77] from [19]

§ fA (Kgs) 0.0116 % 0.0003 Table VI in [78]

5K L€ (Ky3) 0.0021 £ 0.0005 Table VI in [78]

St (K3) 0.0154£0.0004  Table IV in [79]

S (Kes) 0.0005 £ 0.0005  Table IV in [79]

5K+( 7y (Kus) 0.0252 = 0.0011 Given in [19] as Agy )

Spatrsu(e)(Kpe/me)  —0.0126 £0.0014  eq. (106) in [80]

Table 2. Updated values of the theoretical parameters which are used in this work. AY is the
universal nuclear-independent radiative correction to § decays (see main text for more details),
dgm are the electromagnetic corrections to Ky3 decays (see references for details), dgu(e) is the
isospin-breaking corrections to K3 decays, and dgm4su(z) is the difference in combined lattice
calculations for electromagnetic and strong isospin-breaking corrections to Ko and 2.

with data of the semi-leptonic kaon decays Kgz — 7 (T v and KT — 7% v with £ = e,
(labelled Ky3), one can obtain [19],

Vsl k¢, = 0.22330(53) , (2.2)

where the latest evaluations of the long-distance electromagnetic (EM) correction [78, 79,
81, 82], the strong isospin-breaking correction [19] (see table 2), and the recent Kg data
from the KLOE-2 collaboration [83, 84] are used. Here, we also used the FLAG 2021
Ny =2+ 1+ 1 value for K ~7(0),2 and the form-factor parameters from ref. [73],
see tables 2 and 3. Beyond kaons, one can also use the hyperon semi-leptonic decays,
(A= p, ¥ —n,=Z— AE— X) LU, which however lead to a slightly different yet less precise
value [64, 87, 88]

|Vaus |y peron = 0.2250(27) . (2.3)

Inclusive hadronic 7 decays also provide an opportunity to extract the matrix ele-
ment |V,s| by separating the strange and non-strange hadronic states. Two representa-
tive determinations are reported: |Vis|prray = 0.2184(21) [89-91] and |Vis|oPEtlattice =
0.2212(23) [92, 93]. The former is based on the conventional operator product expansion
(OPE) with using the vacuum saturation approximation [94], while the later is based on

?Lattice works contributing to the ffoﬁﬂi (0) FLAG average are in refs. [85, 86].



Parameter Value Source

FE(0F = 0%) (3072.24 + 1.85) s eq. (22) in Hardy and Towner [63]
(3072.24 £1.21)s Hardy and Towner [63] without uncertainty of
5NS,E7 €q. (21) in [70]
Ay (Ko3) (25.55 +0.38) x 1073 Slide 21 of [73]
In C (Ky3) 0.1992 £+ 0.0078 Slide 21 of [73]

Table 3. Updated experimental inputs for the CKM determinations used in this work.

improved OPE series by fitting the lattice result [95].% Although they almost agree, there is
no common consensus on which value, |V, |urrav or |Vis|attice, to use [97]. Accordingly,
we perform a weighted average of the two values

Vi, = 0.2195(21) . (2.4)

Here, a 100% correlation of the statistical uncertainty and a naive average of systematics
uncertainty are taken into account for simplicity because they are based on the same data.
By using these |V,| determinations, we obtain a weighted average of |Vis| ks, |Vius|hyperon,
and [Vis|ry, »

[Vas|k.rn = 0.22314(51) . (2.5)

These |V,,| values are summarized in figure 2 and table 1.
Third, the ratio |V,s/V44| can be extracted from the several ratios of leptonic decay

rates of kaon, pion and 7 leptons. The leptonic kaon-decay rate over the pion one,
K,o/mpe =T(Kt — ptv)/T(xt — ptv) provides [73]

Vs
Vud

=0.23108(51), (2.6)

K2 /mu2

where the latest evaluation of the long-distance EM and strong isospin-breaking cor-
rections [80, 98] is used, see table 2. Furthermore, the exclusive 7-decay ratio I'(t —
K~ v)/T(r — n~v) (labelled by 7x /7) provides [99] (see also refs. [100, 101])

Vs
Vud

= 0.2293(15).. (2.7)

TK [ Tr

3Instead of the OPE approach, |Vys| from the inclusive hadronic 7 decays can be obtained based on
the lattice-QCD simulation, where the spectral functions are evaluated by the lattice data of the hadronic
vacuum polarization functions [72, 93, 96]. This lattice-based determination provides |Vis|iastice = 0.2240(18).
Although this |Vis|iattice is a little more accurate compared to the others, it does mostly rely on the 7 — K~ v
data [96], which is only ~ 20% of the inclusive strange-hadronic decays [90]. These facts imply that this
determination does not well represent the sum of the exclusive 7 decays, as well as an unknown correlation
with |V,s/V,q| from exclusive 7 decay (7x /7 in table 1). Therefore, we do not include this value in
our analysis.



In both cases, to avoid the double counting of strong isospin-breaking contribution, we
have made use of the isospin-limit Ny =2+ 1 + 1 average for fx/fr, taken from ref. [73],
see table 2.4

In addition, it is recently pointed out in ref. [102] that the semi-leptonic kaon-decay rate
over the pion 3 decay, I'(K — 7fv) /T (7" — %% v) (labelled by K3/7.3), provides [82]

Vs
Vud

= 0.22908(88), (2.8)
Ky3/mes

where the FLAG 2021 Ny =2+ 1 + 1 average for ffo_’f (0) is used. Again, we obtain a
weighted average of |Vus/Vud|Ku2/m2, Vas/ Vaalrg jee @04 Voo /Vial Ky e

= 0.23047(43) . (2.9)

ratios

‘ Vs
Vud

Here, a correlation via the form factor fx/fr should be negligible because the uncertainty
of |V,s/Vialri /7. 18 dominated by the experimental data.

Finally, we perform a global analysis within the SM. In figures 3 and 4, the global
fit result including |Vial|s, |Vus|kra and |Vis/Vidlratios is shown by the blue circles. In
figure 3, only 3 decays, Ky3, K, 2/m,2 and Ky3/me3 are displayed (but all data are included
in the global fit), while figure 4 shows all data. The black line stands for the unitarity
condition: |Vyg|? + [Vaus|? + [Vas|? = 1 with |Vy| &~ 0.00377 (from [103], one could also
use [104], however the actual value is irrelevant due to its smallness). The blue shaded
circle corresponds to Ax? < 1, while the dashed circle is Ax? = 2.3. In the x? analysis, we
included a correlation between Ky3 and Ky3/m.3 because they share the same kaon data and
common form factor ff c (0). We set 100% correlation for these common uncertainties.

Our global fit results are

|Vud|g10bal = 0.97379(25), (2.10)
|Vus|global =0.224 05(35) , (2.11)
and
Aglobal — 7 12 Vs |2 Vipl? — 1= —0.00151(53 2.12
crm = |Vudlgiobal + [Vaus|giobal + [Vab] = —0. (53), (2.12)
global

with a |Vid|global~|Vus|global correlation of 0.09. This A¢yy; implies —2.80 deviation from
the unitarity condition of the CKM matrix.®

Also, one can define different CKM unitarity tests by taking each pair of the best
measurements (3 and the kaon decays) individually [19], which could distinguish each NP

“The decay constant from the FLAG 2021 [72], fx+/fr+ = 1.1932(21), contains the strong isospin-
breaking contribution in the average.

SIf one ignores the large uncertainty from the nuclear-structure dependent corrections to the super-allowed
B decays and use |V, 4|3 (reduced unc.) (see footnote 1), a —3.70 deviation from unitarity is observed in the
global fit.



S decays

0.972 0.973 0.974 0.975 0.976
[Vial

Figure 3. Global fit of all the available CKM determinations with Ax? = 1 (blue shaded) and
Ax? = 2.3 (dashed circle). Only the 1o regions from 3 decays, K3, K,,2/7,2 and Ky3/m.3 observables
are shown. The black line represents the unitarity condition.

0.228 T T
hyperon

AY* =1.0,23
0.226}
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Vsl

[ decays
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s

0.968 0.970 0.972 0.974 0.976
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Figure 4. Same as figure 3, but the 1o regions of [Vis|hyperons |Vuslry, and [Vis/Vudlry /-, observ-
ables are also shown.
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scenario,

At = Va2 + Vas iy, + Vasl? = 1 — 0.00176(54),
2

AZvt = Vaal3 + Vs Tz a8+ Vs> = 1 = — 0.00098(56),, (2.13)
3

Ay = Vel 0, 105 + Vsl Ty + Vs =1 = = 0.0163(62)

corresponding to —3.30, —1.80, —2.60 discrepancies, respectively.

We summarize the determinations of |V,s| from various observables in figure 2. There,
the blue band represents the global fit of |V,;| in eq. (2.11) in which the CKM unitarity
condition is not included. It is shown that [Vys|-y  (orange bar) is a little bit smaller than
the other determinations; 3.30, 2.60, 1.80 discrepancies by comparing to 5 decays with
unitarity (magenta), K,2/7,2 with 3 decays (brown), and K3 (green), respectively.

Before closing this section, we give a brief summary of the status of first-column CKM
unitarity, i.e., |V, 4% + [V4? + [V,4|> = 1. The CKM element |V,_,| can be determined
from leptonic and semi-leptonic D-meson decays and by a charmed-hadron production
via neutrino-nucleon scattering [105]. The world average is |V, ;| = 0.221(4) [64], which is
dominated by Dt — pv [106]. The element |V,,| can be determined indirectly by global
CKM fit. The current world average is |V,,;| = 0.0086(2) [64], however, the actual value is
irrelevant due to its smallness. Combining this in a global fit with |V,4| of eq. (2.10), we
find the first-column CKM unitarity

st mn —
AGA™ = [Vualfiobal + Veal* + [Vig|® — 1= —~0.0028(18), (2.14)
implying deviation of 1.50. Here, the statistical uncertainty of D™ — p*v [90] dominates,

which will be reduced by the Belle II [107] and BES IIT experiments [108].

3 Setup

In this section we first establish our conventions for the SMEFT and the extensions of the
SM by VLQs. We then discuss our fit method and the most important constraints used in
the global analysis.

3.1 SMEFT
We write the SMEFT Lagrangian as

Lsverr = Lsm + Y CiQ (3.1)

such that the SMEFT coefficients have dimensions of inverse mass squared. We use the
Warsaw basis [109], as well as the corresponding conventions, in which the operators
generating modified gauge-boson couplings to quarks (at tree-level) are given by

1)ig g — 3)ig . < _
QY = (HYiD, H)(@7"PLg;) Qi) = (HY'iDLH)(Gr' " Prg;)
.. < .. < _
Y = (H'iD,H)(u;"Pru;), Y = (H'iD,H)(diy"Prd;),
irua = ((HT Dy H) (ain* Prd;) . (3.2)



We work in the down-basis such that CKM elements appear in transitions involving left-
handed up-type quarks after electroweak (EW) symmetry breaking. This means we write
the left-handed quarks doublet as q] = ((VTu L)i dL7i>, where V is the CKM matrix. With
this conventions, the modified W and Z couplings are given by

2
92 _ r 3 v
EW,Z = — ﬁWJ ui’y“ <-V . (Il + 2120}{;)}”, Pr + ? [CHud]Z'j PR) dj + h.c. (3.3)

(3 —4st)1+30°V - {Clyy — Oy} V] P

— :48%/[11 + 3020}[4 i PR> Uj

92 7l 2 2L A
6cWZudw ( (253 —3)1 + 3v {CHQJFCH‘J}LJPL

+[2s2,1 + 31)2(11{4 B PR> d; |
L i
where v ~ 246 GeV.

3.2 Vector-like quarks

There are seven possible VLQs that can mix with SM quarks after EW symmetry breaking:

U:(3,1,2/3), D:(3,1,-15), Q:(3,2,1),
QS : (3’ 2, _5/6) ’ Q? : (37 2, 7/6) ) (3'4)
Ti:(3,3,-1/3), T»:(3,3,2/3).

The numbers in the brackets denote the representation under the SM gauge group SU(3) x
SU(2)r x U(1)y. The Lagrangian describing their interactions with the Higgs and SM
quarks is

—Lviq = U H i + €D H g + £4,Qr Hu; + £4,Q s Hd; (3.5)

_ . _ 1 _ 1 - _
+ €57 Qs p Heli + €87 QrpHui + S &G H T T g+ S €52 ' T g+ b

where ¢ is the left-handed quark doublet, u,d are the right handed quark singlets, and
i and f are flavour indices for the SM quarks and new VLQs, respectively. Note that
therefore f does not necessarily need to run from 1 to 3 as the number of generations of
VLQs is arbitrary (i.e. unknown). We disregard possible couplings between two VLQs
representations and the SM Higgs as they are not relevant (at the dimension-six level) for
the modification of gauge boson couplings to quarks.

~10 -



With these conventions, the matching obtained by integrating out the VLQs at tree
level onto the SMEFT is

* Q7 Q7%
Col = _SHSE L S
i 2Mg,  2Mp ]
d ¢dx Q5 Q5%
Codl. = 85585 84 i
7 2 2 ’
I aMp T 2Mp
e gur
[CHud]ij = ]f\jéfzv (3.6)
f

* * Ty T Ty +T:
o) = St St g | 36T
Halij — 4MZ - 4MB, 16MZ,  16M3,

U ¢Ux D ¢Dx Ty T % Ty Tox
o] = IS S T T Y A L i
Hgq i

i AMg,  4Mp o 16Mg 16M7

Note that C,z and Cyy are also generated at tree-level, but as being proportional to the
tiny masses of first and second generation quarks, they are not relevant for our study (if
the couplings of the Higgs to two different VLQs are neglected). In Higgs decays, this
suppression is removed when normalising to the SM rate, however these decays have not
been measured (nor are they expected to be in the near future), and for flavour observables
the quark mass suppression compared to the effects from the modified gauge boson couplings
is restored. At one-loop, there are also contributions to the AF = 2 operators QC(I}I’:S), é}jg),
and C,, which affect DD and kaon mixing and give rise to relevant bounds.The full
expressions for the related Wilson coefficients can be found in appendix A.°

3.3 Fit method and observables

We use smelli v2.3.2 [112, 113] (which is built on flavio [114] for the observable calcu-
lations, and wilson [115] for the RG evolution in the SMEFT and the low-energy EFT
(LEFT)) for our global fit. To efficiently sample the likelihood in our scenarios with
more than two free parameters, we use an MCMC library PyMultiNest [116-118] with the
software package corner [119] for visualisation.

Since our NP effects change the extraction of the CKM elements, the theory predictions
of CKM dependent observables are non-trivial and a consistent treatment is necessary.
Following ref. [120] we determine the Cabibbo angle, at each parameter point in parameters
space using K,2/m,2 as input and take into account the NP effects, and then calculate V,
and V. using the unitarity of the CKM matrix of the SM Lagrangian.” This then fixes the

At one-loop, the Wilson coefficient of SMEFT operator Qg p, which modifies the W mass, is generated.
The latest results from CDF II [110], which hint at a sizable deviation from the SM prediction, could be
explained by VLQs with large couplings, i.e., bigger than one. However, we do not consider this possibility
here and therefore do not include the measurement in the global fit. For the interested reader, a recent
study of the W mass in VLQ models has been performed in ref. [111].

"Note that choosing K u2/mu2 to determine the Cabibbo angle is arbitrary in the sense that any other
determination could be used and the final result of the global fit does not depend on this choice of the
input scheme.
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theory parameters necessary for the calculation of the other observables that depend on
CKM elements which are then compared to their measured values when performing the fit.

In our fit we include all 8 decays, along with Ky3. The two exclusive 7 decays 7 — 7v
and 7 — Kv are included separately, rather than as a single ratio. We also include
charged-current D decays (since these are strongly sensitive to V_; ~ —V,,,), with both total
branching ratios and individual ¢*-binned data.® Furthermore, in the later figures we refer
to a single “CKM?” region, this means the region in which all the different charged-current
observables (listed explicitly in tables 5 to 8 and eq. (2.4)) are in best agreement with data.
Note also that this extraction of the CKM elements, is also used later in the calculation of
the SM prediction for CP violation in kaon mixing (ex).

The most relevant observables already contained within smelli, which we updated
with our input (see tables 2 and 3), are listed in appendix C. Concerning kaon FCNC
observables, both AS = 2 (ex) and AS =1 (K — mvv and K — (7¢7) are included.
Specifically concerning ey, using our input parameters, flavio gives a SM prediction for
ex of (2.12+£0.32) x 1073, Compared to the prediction in ref. [121], we have an 80 %
larger error, which can be mainly attributed to larger CKM uncertainties due to our BSM
CKM treatment described above. It has previously been shown in refs. [122-124] that the
dominant NP contribution to ex comes through diagrams with a Z-s-d on one side, and a
SM one-loop correction on the other, which leads to enhanced sensitivity to right-handed
Z-s-d couplings. In our fit, these effects are taken into account through the one-loop
matching of the SMEFT onto the LEFT, as implemented in wilson. Finally, for the
effects in D%-DP mixing, we include the one-loop induced AF = 2 coefficients, along with
contributions from two insertions of the AF = 1 modified Z couplings, which are formally
of dimension-eight in the SMEFT power counting. However, since a reliable SM prediction
for AMp is still unavailable, to be conservative (and also in light of our partial inclusion of
dimension-eight SMEFT effects) we use a Gaussian likelihood for the NP contribution with
mean 0 and standard deviation equal to the current experimental central value [90, 125].

In addition to these observables already present in smelli, we implemented low-energy
parity violation in flavio, based on ref. [126], which can provide similarly strong bounds
on VLQs as electroweak precision measurements. For this we added to the likelihood a
contribution which comes from the Qyeax experiment [127] and the measurement of atomic
parity violation in 133Cs [128-130]. We also include a contribution from inclusive 7 decays,
based on our combination detailed above.

4 Analysis and results

We now perform our global analysis with the method and observables discussed in the last
section. We start with the SMEFT where we use the Wilson coefficients as input at a scale
of 1 TeV and evolve them to the scale of the observables, while for the VLQs we consider a
matching scale of 2 TeV.

8Note that we added these manually, since they are not included by default in smelli v2.3.2, but they
will be included in a future public release of smelli.
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4.1 SMEFT results for modified gauge boson couplings

First of all, according to eq. (3.3), while both [C}?ﬂn (which generates a modification

of the left-handed W-u-d coupling) and [Chyq)y; (Which generates a right-handed W-u-d
coupling) can in principle explain the deficit in first-row CKM unitarity, the disagreement
between Vs from K9, K¢3 and 7 decays can only be accounted for by [Cryalis, i-€. a
right-handed W-u-s coupling is necessary [131] (see appendix B for details). Therefore, we
will focus on scenarios with these coefficients in the following.

(3)

1-D scenarios. First, we consider a non-zero value of the Wilson coefficient [CHqu,
where from our global fit we find

[C}?ﬁ] | x v = (=0.50 £0.25) x 1077 (4.1)

As we are working in the down-basis, no constraints from kaon physics arise, however,
CKM rotations lead to effects in D°~D° mixing, which are (despite our very conservative
bound and the fact that it is a dimension-eight effect) stronger than the electroweak
precision observables (EWPO) (see top-left panel in figure 5). However, the bounds from
DYDY mixing can be weakened or avoided by using a flavour structure that respects U(2)

flavour ({C’S’g} 0= [C’g’g] 22) or by cancelling the effect in Z couplings to up quarks via

{CS;} 0= {C’EH " respectively. For these two scenarios, shown in the top-middle and
top-right panel of figure 5, we find

@] _ [ 2 _ s
[CHq]H = [ci)] ,, X U7 = (<0274 0.25) x 1072, (4.2)
@] _ [0 2 _ s
[CHqu = [CHqu x % = (—0.55 + 0.28) x 1073, (4.3)

Considering instead modifications of the right-handed W-u-d or W-u-s vertex, no effects in
DYDY mixing and Z-pole observables arise (see bottom panels in figure 5) and we find

[Chudlyy X v* = (=1.0£0.6) x 1073, (4.4)
[Chrudl iy X 02 = (=2.0+0.7) x 1073,

The corresponding pulls for all scenarios are given in table 4.

2-D scenarios. As we have seen in the previous paragraph, non-zero values of [Cyaly,
and [Cryal; lead to modifications of right-handed W-u-d and W-u-s couplings and are able
to solve and alleviate the tensions within Vs and the unitarity deficit, respectively. The
resulting preferred regions in the corresponding plane are shown in the left panel of figure 6.
Note that while inclusive 7 decays are not directly sensitive to right-handed currents, we
get a constraint here since they modify the extraction of V,,; (in our scheme), leading to an
indirect sensitivity. On the other hand, despite exclusive 7 decays being more precise, they
do not present a constraint here as their theoretical prediction is affected in the same way
as K2 / 7,2 used as an input in our scheme.

Alternatively we can consider non-zero values of [C}Igﬂ " and [Cryg)q, if we aim at ex-
plaining both tensions, leading to modifications of the left-handed W-u-d and a right-handed
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Figure 5. Ax? w.r.t. the SM as a function of the values of the Wilson coefficients for the 1D
scenarios considered in the main text.
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Figure 6. Preferred regions for our two 2-D scenarios, see main text for details.

W-u-s couplings. The resulting preferred regions are shown on the right of figure 6. The
best fit points of these two dimensional scenarios together with the pulls are given in table 4.

3-D scenario. Here we consider the modifications induced if [CS;Ll, [CHudly;, and

[C’Hud]12 are simultaneously non-zero. The results are shown in figure 7 from where we see
that, similar to our 2-D scenarios, there is a strong preference for NP here, but also the
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significant correlation between left-handed and right-handed W-u-d modifications. In the
appendix D, we consider the 4-D scenarios in which we avoid or weaken the bounds from
DY-D° mixing by adding [CSH or a [C’S’;] as free parameters. However, the situation
does not change significantly colrlnpared to tﬁg 3-D scenario as can also be seen from the

pulls given in table 4.

Summary. The scenarios with modifications of right-handed W-u-s couplings provide
the best improvement relative to the SM (which roughly agrees with the results in ref. [8])
and do not lead to problems in flavour physics or electroweak precision measurements since
constraints from SU(2), invariance are not present. The scenarios with both left-handed
and right-handed modifications displays a slightly larger Ax? (which can be understood
by the fact left-handed operators change the EW fit by modifying Z-quark couplings) as
summarized in table 4.

4.2 Vector-like quark models

Now we examine VLQs coupling to first and second generation quarks in general, and
the representations providing a potential solution to the tensions in the CKM matrix in
particular.’ We fix the masses of the VLQs to 2TeV, which is compatible with LHC
searches [132-135] (a recent study has shown that the high-luminosity LHC could exclude
a first generation U VLQ at this mass for £&Y > 0.25 [136]). Note that the scaling of the

9For a recent analysis of VLQs coupling to third generation quarks we refer the interested reader to ref. [56].
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EFT Scenario Best fit point —Ax? Pull

(3)
{CH‘Z] 11 —0.50 3.3 1.8¢0
3] _ [~ B
i), =[O, 0.27 11 lle
3] _ [~ B
[CHqu - [CHqu 0.55 3.7 190
(Crudliy —-1.0 3.1 1.80
(Crrudh —2.0 7.4 270
([CHudl11  [CHudl12) (—1.4,-2.1) 13 390
.
(Cﬁzé 11’ [CHud]lz) (—0.43, -2.0) 11 280
(_CJ(L?;_ 1y (Criuliy [CHuth) (0.27,—1.9, —2.4) 16 290
(-C(S)- {0(3)} [CHudlyy > [CHud] ) (0.59,0.76, —2.6, —2.5) 17 2.90
| “Hql|11° | Halgy? Hud|11 » (Y Hud]12 .04, U.70, .0, . .
[ ~(3)] 1
(CI(LI; " [qug] 1y [Crudhy s [CHud]m) (0.29,0.11,-2.0,—2.4) 13 260

Table 4. Best fit points, Ax? and pulls w.r.t. the SM hypothesis for the various EFT scenarios.
The best fit points are in units of 10~ 3v~2.

bounds (with the exception of AF = 2 processes) is just proportional to coupling squared
over mass squared, modulus logarithmic effects from the renormalization group evolution.
For D%-D® and kaon mixing, we have included the one-loop matching which becomes
relevant for larger masses and breaks the simple scaling observed in the other processes.

In the figures 8 to 13 we show in the left-handed panels the preferred regions assuming
multiple generations of VLQs, coupling separately to first and second generations quarks,
thus avoiding tree-level effects in kaon FCNC processes (despite effects from CKM rotations
in D% D? mixing). In the right-handed panels the same fit for a single LQ representations,
coupling simultaneously to first and second generations quarks is shown. Here, as explained
in section 3.3, “CKM?” stands for the combined region from the observables listed in tables 5
to 8 as well as from inclusive 7 decay, while the “K FCNC” includes the observables listed
in table 9. Let us now discuss the various representations separately.

U (figure 8). The SU(2)z singlet U (with quantum numbers of a right-handed up-type
quark of the SM) leads to modified left-handed W coupling to quarks, so that the CKM
tensions favour a non-zero first generation coupling. However, EW precision measurements
and data from PV experiments limit the possible size of this coupling, even in the absence
of direct contributions to D%~D° mixing (left panel). In the right panel, the best fit point is
at £V = —0.2,£Y = 0.045 with a pull w.r.t. the SM of 2.2¢.

D (figure 9). The allowed regions for the Yukawa couplings of D (which has the quantum
numbers of a right-handed down-type quark in the SM). We see that while for a single
generation kaon FCNC constraints are very severe, (right panel) while in the situation with
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Figure 8. Global fit to 15* and 25 generation couplings of the VLQ U. The left-hand side assumes
multiple generations of VLQs, each only coupling to a single generation (i.e. effectively removing
constraints from kaon physics), while on the right side this assumption is removed.

two generations the allowed regions are much more sizable (left panel). We see that in
either case, the data favours a single non-zero coupling, with a best fit at & = —0.34 and
a one-dimensional pull w.r.t. the SM of 1.8¢.

Q5 (figure 10). This SU(2); doublet VLQ with exotic hypercharge only generates
modified Z couplings (but no W couplings) at tree-level, and hence there is no sensitivity
to the CKM anomalies. In fact, as the modifications are only to the right-handed Z-d-d
couplings, the current bounds on this VLQ are very weak, as can be seen in the left-hand
side of the figure. While PV provides some bounds, there is a small preference for non-zero
couplings from EW precision measurements due to the current small tensions in Z width
and hadronic cross-section results. Once we allow for a single VLQ to couple to both
generations however, we find that kaon physics drastically reduces the allowed region — this
occurs due to the RG and matrix element enhancement of (5v*Prd)(5v,Prd) four-quark
operators in €.

Q7 (figure 11). The results for this VLQ are very similar to the ones for @5, even though
this VLQ modifies right-handed Z-u-u couplings, instead of Z-d-d ones, although now the
main bounds, in case it couples to both first and second generation, originate from D°-D°
mixing.

T: (figure 12). This SU(2);, triplet modifies the left-handed charged current, thus affect-
ing the CKM determinations, but in the wrong direction to resolve the first-row unitarity
deviations. Therefore, the CKM measurements merely provide a constraint on its interac-
tions, alongside D°~D° mixing and parity violation. The modifications to Z-quark couplings
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Figure 9. Global fit to 15* and 25 generation couplings of the VLQ D. The left-hand side assumes
multiple generations of VLQs, each only coupling to a single generation (i.e. effectively removing
constraints from kaon physics), while on the right side this assumption is removed.
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Figure 10. Global fit to 15t and 2% generation couplings of the VLQ Q5. The left-hand side
assumes multiple generations of VLQs, each only coupling to a single generation (i.e. effectively
removing constraints from kaon physics), while on the right side this assumption is removed.
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Figure 11. Global fit to 15t and 2% generation couplings of the VLQ Q7. The left-hand side
assumes multiple generations of VLQs, each only coupling to a single generation (i.e. effectively
removing constraints from kaon physics), while on the right side this assumption is removed.

are smaller than in case of the SU(2) singlet VLQs, and so the corresponding bounds
cannot be seen in our region shown. Once we allow the triplet to couple to both generations
at once, D-D° mixing becomes stronger and kaon constraints are extremely tight.

T (figure 13). The other triplet T5 has essentially the same bounds as the first, but
bounds from low-energy parity violation are slightly stronger while D%-D° mixing slightly
weaker. Again, once we include couplings to both generations of a single VLQ, kaon decays
prove to be very strong and the globally allowed region is quite small.

Q (figure 14). For the SU(2) doublet @, since it can have both couplings to right-
handed up and down quarks, we instead show two fits, for either purely 15 or purely 274
generation down quark interactions. The () doublet is unique in generating modifications
to the right-handed W couplings and, as expected from our previous EFT results, there is
a strong preference towards non-zero couplings to both right-handed u and d (left) or u
and s (right). However, unlike in our simple EFT scenario, the @ field generates additional
correlated effects in Z couplings through SU(2) invariance, and so PV and EWPO partially
limit the parameter space. In the left panel, the best fit point is & = —0.29, £¢ = 0.21
and has a pull w.r.t. the SM of 1.10. For the right panel, we find a best fit at £} = —0.33,
¢4 =0.38 and a pull of 2.10.

VLQs and tensions in the Cabibbo angle. In our SMEFT analysis we saw that
resolving the CAA via modified gauge boson couplings requires NP in [C’g’g]n and/or
[CHudly; as well as in [Cryq)qy for the Vi, tension. From the tree-level matching of VLQs
on the SMEFT (see eq. (3.6)), we see that only the SU(2); doublet @ can generate
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Figure 12. Global fit to 15% and 2% generation couplings of the VLQ T}. The left-hand side assumes
multiple generations of VLQs, each only coupling to a single generation (i.e. effectively removing
constraints from kaon physics), while on the right side this assumption is removed.
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Figure 13. Global fit to 15¢ and 25* generation couplings of the VLQ T5. The left-hand side assumes
multiple generations of VLQs, each only coupling to a single generation (i.e. effectively removing
constraints from kaon physics), while on the right side this assumption is removed.
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Figure 14. Preferred regions for the VLQ @ with either couplings to u and d (left) or u and
s (right).

the coefficients Cpr,q that generate right-handed W couplings. Furthermore, for a single
generation of the doublet, NP in the right-handed W-u-d and W-u-s vertices (at the same
time) lead to significant NP in right-handed Z-d-s couplings, stringently constrained by
ex [122, 123]. Updating their result, we find that a single @@ doublet coupled to both d
and s would have to obey Mg/ ¢ded > 175 TeV to be consistent with experiment, and
therefore far too heavy to be relevant to the CAA.

Thus, a full explanation of the tensions in the Cabibbo angle determination require
a modified W-u-d and W-u-s coupling and thus multiple generations of ). Similarly, one
can solve the CAA via a modified left-handed W-u-d coupling and a right-handed W-u-s
coupling which again requires at least two VLQs. This means that a full solution of the
CAA demands the presence of at least two VLQs.

5 Conclusions

In this article we studied modified couplings of light quarks to EW gauge bosons, both
in the SMEFT and in models with VLQs. We paid particular attention to the different
determinations of the Cabibbo angle that are in disagreement with each other, pointing
towards such modified W couplings to quarks. We performed a global analysis using smelli,
taking into account the constraints for EW precision and flavour observables.

In more detail, we first summarised the current status of the determinations of the CKM
elements V, ; and V.. For V, ;, where super-allowed 3 decays continue to provide the most
precise determination, neutron decays is quickly approaching competitively, and its current
central value is only slightly larger than (and therefore perfectly consistent with) the one
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from super-allowed decays. For the direct determination of V,,, the leading decay mode is
K — wlv as there are still questions to be resolved regarding theory prediction for inclusive
7 decays and how this should be applied to data. Finally, the ratio V,,/V,, is dominated
by K — pv/m — uv as the ratios 7 — Kv /7 — nv and K — wlv/m — mev are currently
limited by the experimental data. We tested the CKM unitarity prediction of the SM by
taking each pair of the best measurements individually, and find that it is violated between
1.80 and 3.3 0 (see eq. (2.13)). This agrees with the result of the global fit to all available
data where we find the unitarity violation at the 2.8 o level (see eq. (2.12)). Furthermore, a
tension between the different determinations of V,,; exists, which can only be explained by
non-standard right-handed interactions and can be tested through a K — wuv/K — uv
measurement in the near future by NA62 [19].

In our global SMEFT fit, we found that several scenarios can solve or alleviate the
tensions in the determinations of the Cabibbo angle, as summarized in table 4. The simplest
and least problematic case is that of right-handed charged currents (both in W-u-d and
W-u-s couplings) which can bring all the main determinations into agreement without being
in conflict with EW precision or flavour observables, and is therefore favoured over the SM
hypothesis by 3.20 (2.7 ¢) in the best 2-D (1-D) scenario. Other scenarios with modified left-
handed charged currents (only) are also preferred over the SM hypothesis, but cannot account
for the discrepancies within V.5 and face constraints from EW precision measurements as
well as DYDY mixing. While the latter bounds can be weakened or avoided by considering
a U(2) flavour symmetry or a specific combination of Wilson coefficients, respectively, the
global fit displays a maximal pull of 1.9¢ if only left-handed currents are considered.

The most natural extension of the SM that leads to modified EW gauge couplings to
quarks are VLQs. They affect these couplings already at tree-level and are also theoretically
well-motivated, e.g., by grand unified theories, composite and extra-dimensional models
and little Higgs models etc. We first matched the different VLQ representations under the
SM gauge group on the SMEFT (at tree-level for the charged current and EW precision
observables and at loop-level for AF = 2 processes) and used these results to calculate the
relevant effects in the related observables. We then performed a global fit for the different
representations of VLQs, taking into account couplings to first and second generation quarks.
While a single VLQ coupling simultaneously to first and second generation quarks will lead
to FCNCs and is hence very constrained, these bounds can be avoided or weakened for
multiple generations of VLQs.

The SU(2), singlet VLQs can improve the fit w.r.t. the CAA, but EW precision and
D%-D° mixing (as well as PV measurements for the U) prevent a better description of data.
The SU(2), triplet VLQs generate the wrong sign to match our left-handed EFT scenario
for the CAA, so that here CKM unitarity acts as a constraint but the tension cannot be
explained. The SU(2); doublets with non-SM-like hypercharges do not contribute to CKM
observables, as they only generate modified Z but not W couplings to quarks. The heavy
SM-like doublet ) proves the most interesting case, as this is the only VLQ that generates
the right-handed W couplings to quarks. As expected from our EFT fits, this VLQ is
strongly favoured by the CKM measurements, but now faces bounds from EWPO and
PV as modified right-handed Z couplings to quarks are also induced, removing some of
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the parameter space and reducing the improvement to the x? of the fit to data. In fact,
if one compares the [Cpyq];; scenario with a best fit pull of 1.8 o to the corresponding Q
UV model with only 1.1, and similarly the [Cyq);5 scenario has a best fit pull of 2.7,
compared to only 2.1¢ in the second ) scenario. We note however the best fit points
remains consistent with the right-handed EFT fit.

In conclusion, the tensions related to the determination of the Cabibbo angle can be
most easily explained by new physics leading to right-handed charged currents and therefore
by vector-like quark @. Therefore, while collider bounds for third generations VLQs have
been well studied, the CAA provides strong motivation for searches for VLQs coupling to
first and second generation quarks.
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A  SMEFT matching

Here we present the matching expressions at one-loop for the four-quarks operators which
contribute to D’-DY mixing, which we calculated using matchmakereft [137].19

(E0) S LA T 55 Bl 57 )
1 Lijkl 2567r2M5 512772M(2] 5127T2M121
CERERE . BYY e RiER 3V HY g R
256m2 M3 5122 M3 5122 M3
SR R R S I G
409672 Mz, 204872 Mz, 204872 Mz,
CERE G | YYD € O Y g e
409672 M7, 204872 M7, 204872Mz,

10A partial calculation of the one-loop matching was done in [37] for the D, Q, @5, T, and T> VLQs.
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where f, g are flavour indices for the new VLQs, we have assumed equal masses for multiple
generations of VLQs to simplify the loop functions, and the matching conditions have been
specified at the VLQ mass scale, such that In(u?/M?) terms vanish.

In the down-basis we have adopted, it is useful to note that products of Yukawa matrices
can be simplified as

(yoyet) = oV + 0 (2) . (YY) = uidudy + 0 (u2) (A.6)

Note though that we keep the full expressions in our numerical analyses.

B Effective CKM elements

In the presence of non-zero SMEFT coefficients, the effective CKM elements as extracted
from [ decay, semi-leptonic kaon decay, and leptonic kaon and pion decay are:

2
(
Vi = Vi + 0 Vo - O]+ (Crrudly - (B.1)
K 2 (3) v?
Vusl3 = Vus +tv [VCKM : CHq} + = 9 [CHuth ) (B.2)
2
M, 3 v
Viug n2 _ qu +0? [VCKM . CI(LI;} 1 ~ 5 [CHud]lq , (B.3)

for ¢ = d,s and M = K, in the final equation. (Notice that we obviously see here how
right-handed currents are needed to resolve the tension between V,, determinations.)
Rearranging, and assuming small NP contributions in only the four coefficients

3
{Cf(v'[‘)]} 11,12 and [CHud]lle we find:

Vaa= Vit (VA[CR)], +5 Ol ) (8.9

; [CHudly ) (B.5)

~ 3 [Crudlys)

e

— <VUS) Mu2+02 (%) e {0(3)] _ {0(3)] _ (Vus> Mz [CHualyy 4 [CHud]m) _
Vid Vid fafy Haliz \ v, 2Vu€l QVfd

(B.7)

Vus = v'u[sQS _7)2 (Vuﬁ;l CS)(H

bV (o]
Vi V22 (Vo 0}5’;}
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C smelli observables

In tables 5 to 10 we list the observables shown in our global fits, along with the relevant
experimental measurements and theory papers used in the computation.

Observable Exp. Theory Observable Exp. Theory
BR(K — ntetv) 64]  [138,139] | BR(Ks — netrv) [84]  [138, 139

[ ] [ ]
BR(K* — wletv) [64]  [138,139] | BR(K, — ntuty) [64]  [138, 139]
BR(Kgs — mtutv) [83]  [138,139] | BR(Kt — nutv) [64] [138, 139]
In(C)(K* — 7%utv) [140] [138,139] | Rp(KT — nOutv) [141] [138, 139]

Table 5. The “Ky3” observables used in smelli, along with the relevant experimental measurements
and theory papers used in the computation.

Observable FExp. Theory | Observable Exp. Theory
Ft(10C) [63]  [142] Ft(140) [63] [142]
Ft(**Mg)  [63] [142] Ft(*mAl) 63 [142]
Ft(34Cl) [63]  [142] Ft(3*Ar)  [63] [142]
Ft(®mK)  [63] [142] Ft(3Ca)  [63] [142]
Ft(*2Sc) [63]  [142] Ft(*5V) [63] [142]
Ft(*Mn)  [63]  [142] Ft(**Co)  [63] [142]
Ft(2Ga)  [63]  [142] Ft(™Rb)  [63] [142]
Tn [68]  [142] A, [69, 143, 144] [142]
Ry [145]  [142] B [146] [142]
an [142] [142] an [147] [142]
B, [142] [142] | D, [142] [142]

Table 6. The “beta” observables used in smelli, along with the relevant experimental measurements
and theory papers used in the computation.

Observable Exp. | Observable Exp.
BR(tt — 7tw) [64] | BR(rT = KTv) [64]

Table 7. The exclusive 7 decays observables used in smelli, along with the relevant experimental
measurements and theory papers used in the computation.
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Observable Exp. Theory | Observable Exp. Theory
BR(DWL — et ) [64] BR(DJr — pty) [64]

BR(Dt — 77 v;) [64] BR(D, — etv,) [64]
BR(Ds — putv,) [64] BR(Ds — 77 ;) 64]
BR(D? — 7~ ptv,) [64] [148] BR(D? — n=etr,) [64] [148]
BR(D° — K~etv,)  [64] [148] BR(D® — K—ptv,) [64]  [148]
(BR)(D® — 7m—etr,)  [149, 150] [148] BR(DT — n%uty,) [64]  [148]
(BR)(D° — K—etv,) [149, 150] [148] BR(D' — K%uTv,) [64]  [148]
(BR)(D* — K%%tv,) [149, 151] [148] BR(DT — 7%Tv,) [64] [148]
(BR)(DT — wletr,)  [149, 151] [148] BR(D' — K%™Tv,) [64] [148]

Table 8. The D decay observables used in smelli, along with the relevant experimental measure-
ments and theory papers used in the computation. (BR) are ¢?-binned branching ratios.

Observable Exp. Theory Observable Exp. Theory
BR(K* — 7tvi) [152] [153-157] | BR(KL — 7vi)  [158] [153-157]
BR(Kp —ete™) [64] [159-161] | BR(Ks — eTe™) [64]  [159-161]
BR(Kp — putu™) [64] [159-161] | BR(Ks — ptu™) [162] [159-161]
lex| [64]  [163-166]

Table 9. The “K FCNC” observables used in smelli, along with the relevant experimental

measurements and theory papers used in the computation.

Observable Exp. Theory Observable Exp. Theory
Iy, [167] [168, 169] | o2 4 [167] [168, 169]
RY [167] [168, 169] | R, [167] [168, 169]
RO [167] [168, 169] | AVS [167] [168]
At [167] [168] AV [167] [168]

A, [170] [168] A, [170] [168]

A, [170] [168] R [170] [168, 169]
RO [170] [168, 169] | A% [170] [168]
AYS [170] [168] Ay [170] [168]

A, [170] [168] my (171, 172] [168, 173, 174]
Ty [64]  [168] BR(W* — etv) [175] [168]
BR(W* — ptv) [175] [168] BR(W* — 7tv)  [175] [168]
R(WT — cX) [64]  [168] Rue(W* — (£v)  [176] [168]

R, .(W* — (*v) [177] [168] R, (WF — ¢Fv)  [178] [168]

Ay [179] [168] RO, [64] [168, 169]

Table 10. The EWPO observables used in smelli, along with the relevant experimental measure-

ments and theory papers used in the computation.

_97 —



D Plots for 4-D EFT scenarios

As D%-DP mixing is a serious bound when considering left-handed modifications, we go

beyond the 3-D scenario by allowing a U(2) flavour symmetry for C’S’; as well as the

possibility of cancellation between Cg’; and Cg; in Z couplings to up quarks, as done

earlier in our 1-D scenarios. We therefore performed a global fit to the two scenarios
1. [Cg’;} o [Crudly1> [Crudlio Plus {C’g’;} . with the results shown in figure 15
and

3 1 . .
2. [C}iﬂ " [Crudl11> [CHudlio Plus {C’}{;} " with the results shown in figure 16.
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Figure 15. 4-D scenario with [CSH " [C’Sg] 0y’ [CHudlq1s and [Crydl;s being non-zero.
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