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Abstract The experimental measurements on flavour physics, in tension with Standard Model predictions, exhibit large sources of
lepton flavour universality violation. We perform an analysis of the effects of the global fits on the Wilson coefficients assuming
the Standard Model Effective Field Theory with semileptonic dimension six operators at 1 TeV, and by including a set of different
scenarios in which the New Physics contributions to the Wilson coefficients are present in one, two or three of the Wilson coefficients
at a time. We compare the results of the global fit with respect to two cases: the Standard Model and the more general case in which
new physics modifies three independent Wilson coefficients. The last mentioned scenario is the favoured one for explaining the
tension between Standard Model predictions and B-physics anomalies, but a specific more restricted scenario can provide similar
goodness with a smaller set of free parameters. A discussion of the implications of our analysis in leptoquark models is included.

1 Introduction

In the last few years, many interesting measurements on flavour physics have been performed at the LHC [1-15], BaBar [16] and
Belle [17-21]. Several experimental collaborations observed lepton flavour universality violating (LFUV) processes in B meson
decays that would be a clear sign for physics beyond the Standard Model (SM). Some of these decays allow us to build optimised
observables, as ratios of these decays, that are theoretically clean observables and whose measurements are in tension with SM
predictions. One example is the case of the R ratios:

Rl BR(B — D™ ti,)
D@ ™ [BR(B — D®e,) + BR(B — D@ uiy,)]/2’

ey

and

u BR(B — D®1i,)
Rpe = PP )
BR(B — D™ pui,)

Inthe b — cfv transitions, signs of violation of lepton universality have been observed only in the e — T and u — 7 cases, while the

universality has been tested to great precision in the e — u case [17,18,22]. As a consequence, both Rg(*) and Rg(*) should have

similar predictions and measurements. Note that Rp and R ratios should only have similar predictions in the SM or any other
lepton flavour universality (LFU) theory. The measured values of these ratios at BaBar, Belle and LHCb experiments are larger than
the SM prediction (RESM = 0.299 +0.003, REM = RESM = 0.258 +0.005 [23]). The first deviation was found by BaBar in 2012

[16]

R‘i) = 0.440 £ 0.058 £ 0.042, RZD* = 0.332+0.024 £ 0.018. 3)
The latest experimental results from Belle are [20]
R‘i) = 0.307 £ 0.037 £ 0.016, RZD* =0.283 £0.018 £0.014, 4)
and from LHCD [12]
R =0.291 £ 0.019 £ 0.026 + 0.013. 5)
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The combined result from the Belle measurements has a compatibility with the SM predictions of 1.2 o, much better than
previous measurements of these observables (see, for example, a compatibility of 3.6 o as of 2016 [24]). The world average of the
experimental values for the R« ratios, as obtained by the Heavy Flavour Averaging Group (HFLAV), assuming universality in the
lighter leptons, is [23]

R3® =0.340+£0.027 £ 0.013, R¥Y =0.295 £ 0.011 £ 0.008. (6)

Rp exceeds the SM value by 1.4 0 and Rp+ by 2.5 0. When combined together, included their correlation, the excess is 3.08 o.
Another class of B meson observables showing signs of LFUV is related to b — s¢* £~ processes, namely the optimised angular
observable PS’ [25] and the R ratios,

BR(B - K®Wutu)
RK(*) = -
BR(B — K®ete™)

@)

The Ry ratios are observables that have small theoretical uncertainties, and in the SM, Rg = Rg+ = 1 with uncertainties
of the order of 1% [26,27] as a consequence of LFU. The latest experimental results from LHCb, in the specified regions of ¢>
di-lepton invariant mass, are

[1.1,6] +0.042+0.013
Ry = 0846150300012, [15]

0.045,1.1 0.11 1.1,6 0.11
RO —0.667000 £0.03,  RE: = 069700 £0.05.  [11] ®)

The compatibility of the individual measurements with respect to the SM predictions is of 3.10 for the Rg ratio, 2.3¢ for the
Rx~ ratio in the low-¢2 region and 2.40 in the central-g2 region. The Belle collaboration has also recently reported experimental
results for the Ry ratios [19,21], although with less precision than the LHCb measurements.

A great theoretical effort has been devoted to the understanding of the deviations in the Ry observables [28—42], the deviations
inthe R observables [22,43-58], and combined explanations for the deviations in R g and R p) [59-74] and references therein.
Besides, the experimental data have been used to constrain new physics (NP) models. Several global fits have been performed in
the literature [75-81].

One of the most widely used tools to study any possible New Physics (NP) contribution that explains the above experimental
results is the effective field theories. The effective Hamiltonian approach allows us to perform a model-independent analysis of NP
effects. In this way, it is possible to obtain constraints on NP contributions to the Wilson coefficients of the Hamiltonian from the
experimental results.

In this work, we investigate the effects of the global fits to the Wilson coefficients assuming a model-independent effective
Hamiltonian approach and including a discussion of the consequences of our analysis in leptoquark models. We define different
scenarios for the phenomenological study by considering the NP contributions to the Wilson coefficients in such a way that NP is
present in one, two or three of the Wilson coefficients simultaneously. These scenarios are used to study the impact of the global fits
on the Wilson coefficients and, therefore, to exhibit more clearly which combinations of Wilson coefficients are preferred and/or
constrained by experimental data.

We begin in Sect. 2 by presenting a brief summary of the effective field theory used to describe possible NP contributions to B
decays observables. Then, Sect. 3 is devoted to the global fits to the Wilson coefficients, presenting the set of scenarios that we are
going to analyse. As already explained, we will work in different scenarios that arise by considering the presence of NP contributions
in one, two or three of the Wilson coefficients. We will compare the results of the global fit in each scenario with respect to two
cases: the SM and the best-fit point of the three independent Wilson coefficients scenario (the most general case). This particular
choice of the Wilson coefficients that will enter our analysis is the main difference with respect to previous global fits analysis in
the recent literature. Section 3.1 is devoted to discuss in more detail the most general proposed scenario, Scenario VII, in which the
prediction of the R and Ry observables is improved. Finally, the phenomenological implications of our analysis in leptoquark
models are included in Sect. 4. Conclusions are presented in Sect. 5. Appendix A contains the list of observables that contribute to
the global fit with their prediction in the most general scenario: the global fit to three independent Wilson coefficients receiving NP
contributions.

2 Effective field theories for B observables

One of the most widely used tools to study any possible NP contribution is the effective field theories. The Standard Model Effective
Field Theory (SMEFT) is formulated at an energy scale isMerT = A higher than the electroweak scale, and the degrees of freedom
are all the SM fields. The Weak Effective Theory (WET) is formulated at an energy scale below the electroweak scale, for example
WUWET = myp, and the top quark, Higgs, W and Z bosons are integrated out.

In this work, all the numerical analyses will be performed using only the SMEFT operators, while the WET Lagrangian will be
useful for the discussion of the results.
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2.1 Weak Effective Theory

The relevant terms of the WET Lagrangian [82-85] are
4G

ff = —
€ ﬁ

where G is the Fermi constant, e is the electromagnetic coupling, V,, are the elements of the Cabibbo—Kobayashi—-Maskawa
(CKM) matrix and with the dimension-six operators defined as

0% = @Lyabr) Ly ve), Of = GLyabr)ly®0), Ofy = Gryabr)(@y*yst), (10

and their corresponding Wilson coefficients C€ I Cg and Cfo. The Cg and Cfo Wilson coefficients have contributions from the SM
processes as well as any NP contribution:

4GF e?
—=Va Y (1+Cy Oy, + 5 Ve e > (C5O5 + 0. ©)

l=e,u,T l=e, 1L

L

Cl= ™My N — 0,10, (an
whereas Cf, ;. only receives contributions from NP. In the present work, we analyse the NP contributions.
The R ratios obey the following expression [61,64]:
R £,SM |1+ Cy, 12
PO (1 Oy, P+ 11+ O P2

T |2

R u,SM|1 +CVL|
) = (x) 1 .

D D |1—i—CVL|2

(12)
The dependence of the R g« ratios on the Wilson coefﬁcients has been previously obtained in [41], where an analytic computation

of Ry as a function of Cy NP .Co NP in the region 1.1 < g2 < 6.0 GeV? was performed. The result is given by [41]

lLL6] 0.9875 4 0.1759Re Cy ' — 0.2954Re Cpy * + 0.0212|Cy" #|% 4 0.0350|CJy |2
K T 140.1760Re CYP¢ — 03013 Re CNP¢ + 0.0212|CNP €2 4 0.0357|C NP ¢ |2

13)
2.2 Standard Model Effective Field Theory
We consider NP contributions at an energy scale A (A ~ O(TeV)) described by the SMEFT Lagrangian as given in [86], where a

complete list of the independent dimension-six operators that are allowed by the SM gauge symmetries is presented. The SMEFT
Lagrangian is given by [86]

1 ijkl  ~ijkl ikl ~ijkl
LsviErT = 75 (i Otfsy + Criy Oty (14
where the dimension-six operators are defined as
- _ _ - _
0 = @yt N@y"an. 0G = @yt €)@yt an), (15)

¢ and q are the lepton and quark SU(2); doublets defined in the mass basis,! ¢/ the Pauli matrices, and i, j, k, [ denote generation
indices. The Oy (1) operator couples two SU (2) -singlet currents, while the Oy, (3) operator couples two SU (2) -triplet currents.
Consequently, Oy, (1) only mediates flavour-changing neutral processes and Og,(3) mediates both flavour-changing neutral and
charged processes. We will restrict our analysis to operators including only third-generation quarks and same-generation leptons,
and we will use the following notation for their Wilson coefficients:

C[q = C1133, Cél C2233, ng = C3333. (16)

This particular choice of the Wilson coefficients that will enter our analysis is motivated by the fact that the most prominent
discrepancies between SM predictions and experimental measurements, namely R« and Rpe, affect the third quark generation.
From a symmetry point of view, this would amount to imposing an U (2)* = U (2)g x U(2)y x U(2)q symmetry between the first
and second quark generations [88-90], that remain SM-like. No restriction is imposed on the third quark generation. In the lepton
sector, we only consider diagonal entries in order to avoid lepton flavour violating (LFV) decays. This flavour structure for NP
contributions has been presented in [90] as a minimal working set-up.

These operators generate the C f, L CS and C fo operators of the electroweak effective field theory when matched at the electroweak
scale ugw. Using the package wilson [91], we define the Cy, operators at A = 1TeV, we calculate their running down to

L As given in [87], and used on the package wilson [91], in both the “Warsaw” basis and the “Warsaw mass” basis, the lepton and d-quark fields are
defined so that their mass matrices are diagonal. Consequently, translating from one to another does not modify the Lagrangian in Eq. (14).

@ Springer
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UEW = Mz, then match them with the WET operators and finally run the down to u = my, where the B-physics observables
are computed. By taking the SMEFT Wilson coefficients at A = 1TeV, we found the following relations between the Wilson
coefficients at high and low energies:

Co M (mp) = —0.583 k) = 0.596 Ciiy . Cly M (mpy) = 0588 Cy, ) +0.591 CY

e, e, e,;fqa)’ T T ta®)y (17)
Cyfmp) = 0.0012C5 k= 0.0644 iy €y (mp) = —0.0598 CF, .

It is important to note that the renormalisation group-induced SMEFT operators shift the Fermi constant G [92] in the
Lagrangian (9) from its SM value G, determined experimentally from the muon lifetime. This shift is already included in the
matching conditions of Eq. (17). Note that both the contributions from the SMEFT operators entering in the redefinition of the
vacuum expectation value and the ones that are relevant for the muon decay are included in our analysis. These two contributions
are implemented in the package wilson [91]. The elements of the CKM matrix are also affected by SMEFT contributions [93].
Those contributions have not been included in the present work.

The Oy, operators (15) also produce unwanted contributions to the B — K )1 decays [64,94]. In order to obey these constraints,
we will fix the relation at the scale A = 1 TeV

Cig) = Ciq3) = Cig- (18)

While the above relation eliminates the tree-level contribution to the B — K ®) v decays, the renormalisation group (RG) generates
a one-loop contribution proportional to the Cy (3 coefficients. However, we have checked that this term is only a correction of 0.1%
of the SM prediction. Relation (18) also has the positive consequence of a partial cancellation of loop-induced effects in Z-pole and
LFV observables.

Finally, an important point to emphasise here is that the dimension-six operators affect a large range of observables because of
the RG equations that give mixing between different particle sectors. Therefore, any NP prediction based on Wilson coefficients
has to be confronted not only with the Rg an R measurements, but also with additional several measurements involving the
decays of B mesons. In the case of the SMEFT, the evolution of the RG produces a mix of the low-energy effective operators. More
concretely, the Oy, operators mix under RG evolution with [95-97]
ik

— Jjk
pe(l) —

o o) =

i =g > i =g > jk i =g -
(@' D uo)jy* ), O @'i Do) y'tl ), O = (9'i D u9)@;v"er). (19)
that modify the W and Z couplings to leptons. In consequence, NP in the semileptonic couplings of third-generation quarks will
indirectly affect electroweak observables, such as the mass of the W boson, the hadronic cross section of the Z boson o}?ad or the
branching ratios of the Z to different leptons. In order to keep the predictions consistent with this range of experimental test, global

fits have proven to be a valuable tool [76,77,80,81].

3 Global fits

We have performed global fits to the C¢, Wilson coefficients using the package smelli v1.3 [94]. The global fit includes the
Rg and Rpe observables, the electroweak precision observables, W and Z decay widths and branching ratios to leptons, the
b — s observables (including P5’ and the branching ratio of By — wp) and the b — svv observables. The SM input parameters
are presented in Table 1. These values are taken from open-source code £1avio v1.5 [99]; sources used by the program are quoted
when available?. Note that the experimental measurement of the i — evv decay, used to determine the SM input parameters, is not
included in the fit in order to ensure the consistency of the procedure. The parameters V,, Vyp, Vep and Sk of the CKM matrix
are treated as nuisance parameters of the fit, and the remaining elements are determined implementing the unitarity of the matrix.
A complete analysis would require including the SMEFT corrections to the CKM matrix, which have not been considered in this
work.

We proceed to study observables by defining some specific scenarios for combinations of the C Z 4 operators such that NP
contributions to the Wilson coefficients emerge in one, two or three of the Wilson coefficients simultaneously: in Scenarios I-1II, NP
only modifies the Cy, operators in one lepton flavour at a time; in Scenarios IV-VI NP is present in two of the Wilson coefficients
simultaneously; and finally in Scenarios VII-IX we consider the more general case in which three of the Cé 4 operators receive NP
contributions. The more general one of these last three scenarios is Scenario VII, in which we consider three independent Wilson
coefficients. This scenario is discussed in more detail in Sect. 3.1.

The goodness of each fit is evaluated with its difference of x 2 with respect to the SM, A stM = XSZM — Xﬁzt- The package smelli
actually computes the differences of the logarithms of the likelihood function Alog L = — % Ax?.The th includes the experimental
and theoretical uncertainties and correlations of the observables. In order to compare two fits A and B, we use the pull between

2 We have supplemented the experimental measurements of the £lavio v1.5 database with updated values for Rg [15], Ry [21], B > K Ay
differential observables [104,105], B(s) — wt ™ [106] and a re-analysis of the electroweak precision tests from LEP [107].
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Table 1 SM input parameters

GY% 1.1663787(6) x 107> GeV~2 PDG 2014 [98]

ae(Myz) 0.00781616(86) [99]

as(Myz) 0.1182(8) FLAG 2019 [100]

sin? By (Mz), MS 0.23129(5) PDG 2017 [101]

Vus 0.2248(8) FLAG 2017 Ny =2+ 1 +1[102]
Vil 3.73(14) x 1073 FLAG 2017 Ny =2+ 1 B — 7fv [102]
Vep 4.221(78) x 1072 [99]

SKM 1.27(12) [99]

my, (2GeV), MS 2.130(41) MeV [103]

mg(2GeV), MS 4.675(56) MeV [103]

ms(2GeV), MS 92.47(69) MeV [103]

me(me), MS 1.273(10) GeV [103]

mp(mp), MS 4.195(14) GeV [103]

Table 2 Best-fit values with 1o uncertainties and pulls from the Standard Model and of Scenario VII for several combinations of Céq operators

Scenario <, Cly i, AXdy Pull from SM Pull to VII
I e —0.14 £0.04 8.84 2970 4370

1l n 0.10 £0.04 5.47 2340 4730

it} T —0.38£0.19 3.85 1.96 ¢ 4890

v eand —0.25 £0.07 0.24£0.06 28.42 4970 1750

v eandt —0.14 £0.06 —04£0.3 12.98 3170 4300

2 jand 7 0.10 % 0.06 ~03+0.3 8.73 2490 4770
VI e.pand T —0.25£0.02 0.211£0.016 —0.3+0.4 31.50 4970

VI e=p=rt —0.0139 £ 0.0003 —0.0139 £ 0.0003 —0.0139 £ 0.0003 0.30 0550 5230

IX e=-p=1 —0.232 4 0.001 0.232 £0.001 —0.232 40.001 30.74 5540 0410

them in units of o, defined as [108,109]
Pully 3 = V2Ef ' [F(Ax3 — Ax3:np —na)l, (20)

where Erf ~! is the inverse of the error function, F is the cumulative distribution function of the X2 distribution and n is the number
of degrees of freedom of each fit. We will compare each scenario against two cases: the SM (C¢; = 0, n = 0) and the fit to three
independent Wilson coefficients (Scenario VII), which is the more general and descriptive case. The pull from the SM quantifies
how much each scenario is preferred over the SM to describe the data. The larger the pull, the better the description of the data of
the preferred scenario. The pull of Scenario VII quantifies how much the fit over the whole space of parameters is preferred over
the simpler and more constrained fits. From the analysis of this pull, we are able to discuss the relevance of the proposed scenarios;
the larger the pull means that the more restricted scenario represents a worse description of the experimental data.

The results of the fits are summarised in Table 2 for several combinations of C (’é o operators, with one-, two- or three-lepton flavour
present simultaneously in the Wilson coefficients as defined below. The best-fit values at 1 o and pulls from the SM and to Scenario
VII for all scenarios are included in this table.

e Scenarios I, Il and III: In these scenarios, NP only modifies the Cé 4 operators in one-lepton flavour at a time, i.e. ng, () ff q
or leq. The largest pull from the SM prediction, almost 3 ¢, is found in Scenario I when the coupling to electrons is added.
This result is a reflection of the great impact of the electroweak precision observables in the global fit. The fit to only muons in
Scenario 11 displays only a pull from the SM of 2.34 o'; if we restricted our fit to only b — s£* £~ observables, this fit would
display a better pull, in line with the common wisdom about the anomalies, explaining them through NP in the muon sector
[37,40,75,108,110]. The worst pull is obtained in the fit to the tau coefficient, with 1.96 ¢, as it does not modify the value
of the Ry ratios. Scenarios I and II both produce SM-like predictions for the observables Rp and Rp-: Rf) = 0.3006 and
RZD* = 0.2528 for Scenario I and R‘ZD = 0.3048 and Rf)* = 0.2563 for Scenario II. Scenario III, with a larger value of its
Wilson coefficient, produces values closer to the average of the experimental measurements; i.e. RY, = 0.318 and Ré* = 0.268.
In order to fully address the anomaly in these observables, a larger deviation from the SM would be needed; however, such a
deviation would be in conflict with the electroweak precision data, as we will see later in Sect. 3.1, and in agreement with [111].
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Ry

Rpe

EW precision
Global
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1.5

— Rge
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(a) (b)

Fig. 1 1o and 20 contours for scenarios with two lepton flavours present in the Wilson coefficients
available data is considered

Table 3 Values of the R () and R, observables in the scenarios with best pulls

— Rge
— Rpo
—— EW precision

— Global

AY

*

i

L

0.0
I

Clq

()

: a Scenario IV, b Scenario V and ¢ Scenario VI. All

-2.0
—1.0

T
-0.5

Observable Scenario IV Scenario VII Scenario IX Measurement
RU-1O 0.799 + 0.017 0.800 + 0.018 0.79 + 0.02 0.85 + 0.04
RI04- 111 0.870 % 0.009 0.871%0.010 0.870 % 0.010 0.65 £ 0.09
RU! O 0.800 + 0.018 0.802 + 0.019 0.80 + 0.02 0.68 £0.10
RY 0.302 + 0.005 0.314 %+ 0.007 0.311 %+ 0.005 0.35 +0.03
RY. 0.254 + 0.004 0.264 + 0.004 0.261 + 0.004 0.296 + 0.016
RY. 0.261 + 0.004 0.272 + 0.004 0.269 + 0.004 0.31 +0.03
e Scenarios IV, V and VI: In these scenarios, NP is present in two of the Wilson coefficients. The best fit corresponds to Scenario

IV, where the contributions to C; P and C Z] are favoured with a pull of 4.97 o with respect to the SM. Figure 1 shows the allowed
regions for these fits. In the fit to Scenario IV, the Rg» and R observables constrain the qu - C Z] combination, while the
LFU-conserving electroweak precision observables tightly constrain the combination Cy . T Cé‘ . It is clear that EW precision
observables play an important role in the global fit and the preferred values for the Wilson coefficients. The reason for this
behaviour is justified by deviations in Z-couplings to leptons, the 7-leptonic decays and the Z and W decays widths, as shown
in [112]. The values of the R and R observables in this scenario are given in Table 3. Together, these sets of observables
constrain the fit to a narrow ellipse around the best fit point. In Scenarios V and VI, the C;_ coefficient is determined by the
electroweak precision observables, that are compatible with a SM-like coefficient, and by R observables, that prefer a large
negative value. All the experimental constraints for C;_show large uncertainties, which result in less statistical significance of
these fits and C;, still being compatible with zero at 2 o level. The central values with 1 o uncertainties of the Ry and R )
observables for Scenario IV (the best-fit scenario in this subset) are shown in Table 3 and Fig. 2, below we compare these results
in various scenarios.

Scenario VII: In this fit, the three Cy, operators receive independent NP contribution. The pull from the SM 4.97 o, is similar
to that of Scenario IV, and the values of Cf p and CZ; are similar too; therefore, the predictions for the Ry observables are
very similar, as shown in Fig. 2a. The value of Czq is close to that of Scenarios III, V and VI, which allows a better fit to the

R p observables, and especially to R, that is compatible at 1 o with its experimental value, as shown in Fig. 2b. Therefore,
we conclude that the prediction of the R and Ry« observables is improved in Scenario VII. We will discuss this scenario
in more detail in Sect. 3.1.

Scenario VIII: This scenario has universal couplings; the three Wilson coefficients have the same universal contribution and do
not violate LFU. It has the smallest pull with respect to the SM (0.30 o). This shows that LFU NP cannot explain experimental
data, and LFU violation is needed to accommodate it.

Scenario IX: In this scenario, the three Wilson coefficients have the same absolute value, but C"fq has the opposite sign. This

particular arrangement of the coefficients was inspired by the similar absolute values of qu and C ff in Scenario VII. This
choice produces a good fit, with a pull of 5.54 ¢. It is also the only scenario that remains compatible at 1 o with Scenario VII.
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Fig. 2 Central value and 1o
uncertainty of the a R (x
observables, and b R D)
observables (blue lines) in 0.9
Scenarios IV, VII and IX,
compared to the SM prediction

1.0+

—e— Scenario IV
—&— Scenario VII
—&— Scenario IX
|

SM
Experimental

(yellow) and experimental 08
measurements (green) .
—e— Scenario IV
0.7 —— Scenario VII
—&— Scenario IX
0.61 SM
I Experimental
Ry{.l,s] Rgpzxs,l.u R[Ii.‘l.e] R, R, RY.
(a) (b)

The results for the R and R p) observables in the scenarios with best pulls, Scenarios I'V, VII and IX, are presented in Table 3.
Figure 2 shows the results for the central value and 1 o uncertainty of these two observables in the three scenarios, compared to the
SM prediction (yellow area) and experimental measurements (green area). These three scenarios have similar fits for the Wilson
coefficients Cj p and CZ; and therefore reproduce the experimental value of RE(U’G] and reduce the tension in R%;}’m. The main
difference between Scenarios IV, VII and IX is the fit for C;, P Scenario IV has no NP contribution in the 7 sector and consequently

predicts SM-like R ratios; Scenario VII has a large contribution to ng and is able to produce a prediction for Rf) compatible

with the experimental results and significantly improve the predictions for Ré* and R’).; Scenario IX has an intermediate value of
Czq, and consequently its predictions for the R ratios are not as good as in Scenario VII

In addition to the observables included in our global fits, it is also possible to constrain the NP contributions to Wilson coefficients
using high-energy collision data from LHC. In particular, it is known that high pr tails in proton—proton collisions producing tau
leptons provide bounds that are competitive to those from the Ry ratios in B-physics [113]. Reference [113] finds the bound
ICZq(3)|/A2 < 2.6TeV2 by recasting the pp — 1~ searches in ATLAS 13 TeV with 3.2 fb~!. The constraint ICy, | <0.32
is established [114] for mono-t searches pp — tX + Hr, by combining the results from ATLAS with 36.1 fb~! and CMS with
35.9fb~!, at 13 TeV. In order to compare this constraint in the WET with our fits in the SMEFT basis, we use the matching condition
in Eq. (17), obtaining that |C}, q(3)| < 5.35. Therefore, we can conclude that all the results of our fits are clearly compatible with the
limits imposed by the high-p7r phenomena.

3.1 Scenario VII

Since the Scenario VII is the more general one and we found that the prediction of the R and Ry observables is improved in
this case, we discuss in this section this scenario in more detail.
The x? of the fit can be expressed as a series expansion around its minimum [109]

x3(CE) = xd +5Cl, Hj 6C], + O(BCE)?). @1)

where (SCE = C é 0 C é 4 |BF represent the deviation with respect to the best fit (BF) and H is the Hessian matrix evaluated at the
best fit. In Scenario VII, the Hessian matrix takes the value:

1.07524 x 10* —1.11206 x 10* 4.75434
H=|-1.11206 x 10* 1.33503 x 10* —8.39386 | . (22)
4.75434 —8.39386 26.9816

Within the quadratic approximation, the points with constant Ay? (e.g. all the points that are 1o away from the best fit) are
located in the surface of an ellipsoid. The length and orientation of the ellipsoid can be found with the singular value decomposition
(SVD) of the Hessian:

H=UxzUT, (23)

where U is an orthogonal matrix whose columns are the directions of the principal axes, and X is a diagonal matrix. The lengths of
the semi-axes for a given value of A x? are

aj = [ =2 (24)
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In a x?2 distribution with three degrees of freedom, the 1 o confidence region corresponds to A2 = 3.527. The lengths of the
semi-axes, in decreasing order, are

a; =0.362, ap; =0.064, a3 =0.0123. (25)
The orientation of the axes, also in decreasing order of a;, is given by

—0.001560 —0.7470 —0.6648
U=\ —0.01932 —0.6648 0.7470 . (26)
—0.9999 —0.002450 —4.0615 x 104

The first direction (i.e. the one that is less constrained by the fit) corresponds to the T coefficient, while the second and third
directions contain an equal mix of the two other Wilson coefficients that can be given as

C| ~ —ng, 27
1 1
Cy ~ ﬁ(—CZq - CZ]): C3 ~ E(—qu + CZI),
1 1
Ci,~—=(—Cr—C3), C) ~—(—Cr+C3). (28)
a1 a2

The physical interpretation of the orientation of the axes is pretty clear from our analysis. We conclude that the NP effects in t
(axis 1) are mostly uncorrelated with those of the lighter leptons, and NP in e and p is better described as a combination of LFU
effects (axis 2) and LFUV effects (axis 3). The coordinates of the best-fit point (see Scenario VII in Table 2), expressed in terms of
this basis, are C1 = 0.336, C; = 0.043 and C3 = 0.321. The value obtained for the coordinate 3 implies a simultaneous decrease
in the electronic part and an increase in the muonic part to describe the LFUV observables; and the value of coordinate 2 so close
to 0 indicates that the LFU processes are not changed with respect to the SM.

The extrema of the 1o confidence ellipsoid are located at

i
Cyq

_ i
= Ciq

Uik Axj, 29
is BE + s Uik Agj (29)
where j =1,2,3,s = =1 and Ay; = a;d;.
Other notable points on the ellipsoid are found moving from the best-fit point in the direction of the qu, Cé‘q and ng axes
(j = e, i, ). The distance from the best fit to the ellipsoid when changing only one Wilson coefficient j is

Ax? 30)
aj=[——, j=e, U, 1,
Hjj
and the points of the ellipsoid obtained when only one Wilson coefficient is changed from its BF value are given by

i _ i
ci,| =ci,

is BF—{—saj(S;, j=e, u, . 31

Finally, the points on the 1 o ellipsoid closest and furthest in the direction connecting the best-fit point and the SM benchmark
are given by

i

_ i
= Cﬁq

1 2
M s BF( + s asm), (32)

where the distance asy is given by

A 2
asm = X (33)

Ci,lBE Hij Cy, IBF

The Wilson coefficients at these points of the ellipse, from the corresponding best-fit point to the ellipsoid, at 1o confidence level,
are given in Table 4.
The pull for a single observable is defined as

O(Clq) - Oexp

Vv Uezzxp + Uti(CZq)

Pullp(Cyy) = (34)
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Table 4 Values of the Wilson coefficients at some points located at 1o confidence ellipsoid around the best-fit point in Scenario VII
j 5 c, Cly <, Ax?
BF —0.246 0.211 —0.336
1 + —0.246 0.21 —0.698 3.47
1 - —0.245 0.211 0.0251 3.65
2 + —0.294 0.168 —0.336 3.25
2 - —0.198 0.253 —0.337 322
3 + —0.323 0.297 —0.336 3.84
3 - —0.168 0.124 —0.336 3.57
e + —0.159 0.211 —0.336 3.62
e — —0.332 0.211 —0.336 3.74
" + —0.246 0.292 —0.336 371
7 — —0.246 0.129 —0.336 3.62
T + —0.246 0.211 0.0251 3.66
T - —0.246 0.211 —0.698 3.47
SM + —0.330 0.283 —0.452 3.88
SM — —0.161 0.138 —0.221 3.69
Fig. 3 Pulls in the Standard
Model (orange) and Scenario VII
(blue) of the observables included 35
in the global fit ’
3.0 1 Scenario VII
57 110 ——— Standard Model
2.5 \ \ 6 R
9 R[é‘l’ﬁ]
= 50 47 O'gad
= 57 Reu(K*+ — €tw)
A 110 BR(r7~ — e D)
1.5
1.0 1
0.5
!
0.0 a7
0 50 100 150 200 250

Observable

The theoretical uncertainties of the observables in general depend on the SMEFT coefficients. The package smelli [94] treats the
theoretical uncertainties in two different ways: in some observables, such as the EW precision tests, the theoretical uncertainty is
considered negligible compared to the experimental uncertainty. In other cases, like the B-physics observables, both theoretical and
experimental uncertainties are included, but they are assumed to be Gaussian. The list of observables that contribute to the global
fit with their prediction in Scenario VII as well as the pulls that compare the predictions against experimental measurements for NP
models (NP pull) and in the SM (SM pull) is presented in Appendix A. Notice that the values of these pulls are approximate, as they

do not take in account the correlation between observables.

Figure 3 shows the pull of the observables included in the global fit for Scenario VII with respect to their experimental measurement
(blue line), compared to the same pull in the SM (orange line). It is clear that, for most of the observables, the NP either improves
their prediction, especially for Rg, R+ (observables 9 and 6 in the table presented in Appendix A) and the hadronic Z cross section
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Table 5 Observables with the largest difference of pulls between the best fit and the extreme of the 1o confidence ellipsoid. The number of the observables
corresponds to the ones given in Appendix A

"
<, Cla i,
No. Observable 872 No. Observable 872 No. Observable s
39 mw 1.513 39 mw 1312 110 BR(t™ — e~ vD) 1.060
14 Ae 0.418 9 RO 0.391 25 BR(z™ — u~vh) 1.026

[1.1,6] 0
9 Ry 0.348 14 Ae 0.290 47 o 0.566
7 Arp 0.306 180 r, 0.232 4 RS, 0.487
180 ry, 0.268 7 ArB 0.213 18 RIS, 0.179
Axis 1 Axis 2 Axis 3
No. Observable 82 No. Observable s No. Observable 872

_ o [1.1,6]

110 BR(t™ — e7 VD) 1.055 39 my 1.64 9 Ry 1.419
25 BR(z™ — p~vD) 1.021 14 Ae 0.410 173 BR(zt — ev) 0.475
47 o 0.570 7 ArB 0301 164 RIS 0.440
4 RY. 0.495 180 ry 0.291 6 RULLS] 0.276
18 RY. 0.182 100 Aq 0.079 57 Rep(KT — £10) 0.135
SM direction
No. Observable s
9 RO 1278
173 BR(zT — etv) 0.435
164 RES 0.401
110 BR(t~ — ¢~ vD) 0.287
6 RO 0.249

afad (observable 47), as well as the differential branching ratios of B — K™y in several low-g2 bins;> or leave the prediction
mostly unchanged. Nevertheless, in the case of the following observables, the pull of the Scenario VII is significantly worse than
that of the SM:

_ BR(K" — etv)

" BR(K+ — utv)’
BR(B — D*utv)
BR(B — D*etv)’

Repy (KT — €%v) BR(t™ — e vb),

(35)

RYC = Rue(B — D*tv) = BR(zt — etv).
Those observables correspond to observables 57, 110, 164 and 173, respectively, in the table given in Appendix A. Scenario VII

also produces worse predictions of the Ry ratios in the low-recoil bins g> > 14 GeV? (observables 154 and 197 in Appendix A).
In order to identify which operators are constraining the fit in each direction, we use the difference of the pulls, defined as [109]:

§5(0) = Pullo(CqlpF) — Pullo(Ceqljs), (36)

where js represents the direction of the corresponding axis, as described in Egs. (29) and (31). The observables with the largest
values of the square of 8’ for each extreme of the ellipse are shown in Table 5. We can see that the values of both C{_ and C jf are
constrained mostly by electroweak precision tests: the W-mass, the electron asymmetry in the Z decay A., the forward—backward
asymmetry Apg(Z — bb) and the Z-decay width I'z (corresponding to observable 39-myy, observable 14-A,, observable 7-Arp
and observable 180-I"z as presented in Appendix A), as well as by the Ry data (observable 9 is RE(“‘(']). The coefficient Czq is

constrained by 7 observables: the branching ratios of ¢ — evv and T — v (observables 110 and 25) and the ratios Rg* and R‘l‘)*
(observables 4 and 18). This result is in agreement with [115].

3 See for example observables 12, 15, 17, 23, 27, 31, 32, 35, 36, 38, 40, 49, 50, 65, 80, 87 in Appendix A.
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. . . . . . . . . . . . . . . .
3.5 H -
" — Obs. 110 BR(r = e=1m) —— Obs. 39 mw
—— Obs. 25 BR(r~ — i~ vp) —— Obs. 14 4,
304 —— Obs. AT oy L 304 —— Obs. 7 App |
—— Obs. 4 Rf,. —— Obs. 180 'z
—— Obs. 100 4,
 Obs. 18 Rl
2.5 4 L 2.5 L
2.0 L 2.0 L
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100 —075  —050  —0.25  0.00 0.25 0.50 0.75 1.00 100 —075  —050  —0.25  0.00 0.25 0.50 0.75 1.00
dC1/ay 3Cy/as
(a) (b)

. . . . . . . . . . . . . . . .

1.1,6]

— Obs. 9 RILM
—— Obs. 173 BR(x* — ev)

251 r 95 —— Obs. 164 RY*
— Obs 10BR(r™ = ev?) __—]

— Obs. 6 RILM
—— Obs. 173 BR(x* — ev)

2.0 1 /
r = 15 t
&
H 1.0 H
Obs. 164 RY*

\// —— Obs. 6 Ry
0.0 4 —— Obs. 57 Rep (KT — (1) 0.0 4 b

| T T T T T T T T
100 —075  —050 —025 0.00 0.5 0.50 075 1.00 -1.00  —-075  —050  —0.25 0.00 0.25 0.50 0.75 1.00
6Cs/as Csm/asm

() d)

Fig. 4 Evolution of the pull of the observables in Table 5 along each axis of the ellipsoid (a)—(c) and the SM direction (d)

2.01

Pull

— Obs. 9 R

If we focus instead on the principal directions of the uncertainty ellipsoid, the picture is clearer: axis 1 is still dominated by
observables. Axis 2 is constrained by the electroweak precision tests: my, I'z, Apg(Z — bb) and the leptonic asymmetries A, and
A; (observables 14 and 100). Axis 3, on the other hand, is constrained by observables sensitive to lepton universality violations
in the e-p sector: Ry observables (observable 9 is R%'l’ﬁ] and observable 6 is R%;1’6]), but also the equivalent R observable
Rye(B — D*¢Tv) (observable 164), the leptonic branching ratio of 7+ — e™v (observable 173) and the ratio Ren(K T = Ty
(observable 78), all of them defined in (35). Indeed, this separation between electroweak and R observables is already visible in
Figure la: the allowed region by EW precision observables (green) is focused around a constant value of Cj, .t CZI approximately

w

aligned with axis 3, while the allowed region of the Ry observables (red) is focused around a constant value of qu -G ¢

approximately aligned with axis 2.

Figure 4 represents the evolution of these observables along the axes of the ellipsoid (see Eq. (27) for definitions of Cy, C», C3).In
the case of the first axis, §Cj/a; = —1 corresponds to a suppression of NP in the 7 sector, which is preferred by the T decays, while
8C1/a; = 1is an increase in T effects with respect to the best fit, that accommodates better the R ) anomalies, as was previously
pointed out in [111]. In the second axis, the observables Arg and A; favour a decrease in the flavour universal NP contribution,
while A,, mwy and 'z prefer lower contributions, with the two latter observables attaining their experimental values. In the case
of axis 3, §C3/a3 = 1 favours NP effects in muons (it increases C é‘ ~ —Cy, and a deficit of muons needs a negative Cg) while
8C3 /a3 = —1 favours NP effects in electrons: Rk prefers a smaller contribution to the muonic part, while Rk« prefers a larger
contribution. This is consistent with Fig. 2, where the prediction for Rg is below its central experimental value and the prediction
of R+ is above its experimental value. The other LFUV observables also prefer smaller muonic NP effects.

The last columns of Table 5 and Fig. 4d show the observables that constrain the fit along the direction connecting the SM and
best-fit point, that is in the points with Wilson coefficients of the form Cé ¢ = Cé q IBr (1 + 6Csm). We observe that this direction is
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determined mostly by the LFUV observables RE(H’Q, R%;l‘é], Rg{f, the T decay BR(r~ — e~ vv) and BR(w+ — e*v). These are

the observables whose pulls change the most when comparing the best fit and SM, and therefore the ones more relevant to constrain
the fit. In particular, the fit is optimal for R%‘l’ﬁ], a larger deviation would be needed for R%;l’ﬁ], while Rg{f, BR(z™ — e vv) and
BR(rt — e*v) would be better explained with a SM-like arrangement.

4 Connection to leptoquark models

For completeness, we discuss in this section the phenomenological implications of our assumptions in the leptoquark models,
concretely in the vector leptoquark model. The vector leptoquark Uy = (3, 1)2/3 couples to left-handed and right-handed fermions
as

L =xYqiyUle; + xdriy,Ule; +hec., 37)

where dg and eg are the d-type quark and charged lepton SU (2) singlets, and x; and xg are the matrices of couplings of the U
leptoquark to left-handed and right-handed fermions, respectively.

When matched with the SMEFT at the scale A, an U; leptoquark with mass My contributes to the following Wilson coefficients
[116]:

2
Ciikl ikl _ —A i i
tqy = Cige) = S LxL
2M3

clikl _ 1Cijk1 Y ST 33
ed T T%ledqg T XLXR - (38)
U

If we only allow couplings to the left-handed fermions, the leptoquark only affects Cy,, as we used in our assumptions. The
coefficients used in Scenarios I through IX in terms of the leptoquarks couplings are

2 2 b A2
X M|2 C‘E - _ xi‘[|2’ (39)

a4 oM} = oM}

which obviously must be negative real numbers.
According to the results of the fits in Table 2, the scenarios that include NP contributions in the electronic or tau sectors show

preference for negative values of leq and Ce’q and thus can be described by a U; leptoquark. On the contrary, all the fits to scenarios

affecting the muon coupling show clear preference for positive values of the Wilson coefficient C 2‘ . In consequence, with our
assumptions, the leptoquark U; cannot describe the anomalies in the muon sector and, therefore, does not play an important role
in describing the LFUYV, as shown by the fact that the scenarios with a greater pull from the SM, Scenarios IV, VII and IX, are not
compatible. These results confirm previous results which have shown that the U; leptoquark models cannot describe the anomalies
on Ry and can only address the deficit in this observable when it has both couplings to b and s (see, for example [29]).

Other leptoquark models do not retain the C¢y(1) = Cyy(3) condition [61,116] and therefore produce large contributions to the
B —> K®yp decays. That is the case of the scalar S3 = @3, 3)1/3, that predicts Cyq(1) = 3Cg4(3), and the vector Uz = @3, 3)2/3,
where Cyq(1) = —3Cyq4(3). The scalar §| = a3, 1)13 is even less suited, as it predicts Cyq(1) = —Cyq(3), Which would result in no
NP contributing to b — s£ ¢~ at all. New vector bosons W’ and Z’ would also be in conflict with the B — K ®vi decays, as they
predict Cyy(1y) = 0 while Cy 3y has a nonzero value.

5 Conclusions

Several measurements of B meson decays performed in the recent years indicate a possible violation of lepton universality that
may represent an indirect signal of New Physics. In this work, we provide an analysis of the effects of the global fits to the Wilson
coefficients assuming a model-independent effective Hamiltonian approach and including a discussion of the consequences of our
assumptions on the analysis in leptoquark models. The global fit includes b — suu observables (including the lepton flavour
universality ratios Ry, the angular observables PS/ and the branching ratio of B — ppu), as well as the Ry, b — svv and
electroweak precision observables (W and Z decay widths and branching ratios to leptons).

We consider different scenarios for the phenomenological analysis such that New Physics is present in one, two or three of
the Wilson coefficients at a time (Table 2), with the choice of the effective operators motivated by a U (2)3 symmetry between
light quarks. Our results are relevant for model-independent analysis, clarifying which combinations of the Wilson coefficients are
constrained by the data. For all scenarios, we compare the results of the global fit with respect to both the SM and the more general
and descriptive scenario: the best-fit point of the three independent Wilson coefficients scenario in which New Physics modifies
each of the operators independently.
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We conclude that, when New Physics contributes to only one lepton flavour operator at a time, the largest pull from the Standard
Model prediction, almost 3 o (Table 2), appears when the coupling to electrons is added independently, corresponding to our Scenario
L. In those scenarios in which New Physics is present in two of the Wilson coefficients simultaneously, the best fit corresponds to the
case of Scenario IV, where the contributions to ng and CZI are favoured with a pull of 4.97 o with respect to the SM (Table 2). In

this case, we confirm that the Ry and R« constrain the linear combination Cg P C[“q, while the LFU-conserving electroweak

precision observables constrain C/fq + CZ;'

If we focus on the more general and descriptive scenario of three independent Wilson coefficients, we found that the prediction of
the Rpw and Ry observables is improved in the scenario in which the three C¢, operators receive independent NP contributions:
Scenario VII. In this case, the pull from the Standard Model is 4.97 o (Table 2) and the predictions for the R i) observables are very
similar to the case of Scenario IV. A better fit to R observables, and specially to RY is obtained in this scenario. We have also
analysed which observables constrain the fit in each direction using the difference of their pulls: the values of both C;_ and C ff are
constrained mostly by electroweak precision tests. A clear separation between electroweak and LFU observables is established, with
electroweak precision observables focused around a constant value of C f 4 +C ZI , while the allowed region of the Ry observables
is focused around a constant value of C, s~ C Eﬂq requiring a large violation of lepton flavour universality. From our analysis, we also
conclude that the more relevant observables in the global fit are the LFUV observables R 2'1’6], R 2;1 -6l s Rg{f and the branching ratio
of the T decay BR(t™ — e vv), given that these observables exhibit the larger change in their pulls along the direction connecting
the SM and best fit point, that is C} .= Ci 4 1BF (1 +8Csm).

Scenario IX (Table 2) represents a much more restricted scenario with only one free Wilson coefficient; nevertheless, it provides
a good fit to experimental data, with a pull of 5.55 ¢ with respect to the SM, and it is compatible with Scenario VII at 0.41 o;
therefore, it provides a similar description to experimental data with less free parameters.

Summarising, Scenario VII (three independent Wilson coefficients) is the favoured one for explaining the tension between SM
predictions and B-physics anomalies, with Scenario IX providing a similar fit goodness with a smaller set of free parameters.

Finally, we compare our setting to the U leptoquark model. We conclude that, with our assumptions, this model cannot describe
the anomalies in the muon sector and, therefore, does not play an important role in describing the LFUV. Other leptoquark models
do not contribute to the effective operators that we consider in this work.
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A Pulls of the observables in Scenario VII

This table contains all observables that contribute to the global fit, as well as their prediction in Scenario VII and their pull in both
Scenario VII (NP pull) and SM (SM pull). Predictions for dimensionful observables are expressed in the corresponding power
of GeV (for example, AM; in GeV and al?ad in GeV~2). The notation (- - -) means that the observable is binned in the invariant
mass-squared of the di-lepton system g2, with the endpoints of the bin in GeV? given in the superscript. Accordingly, the notation
% denotes a binned branching ratio normalised to the total branching ratio. Observables are ordered according to their SM pull
and color-coded according to the difference between the Scenario VII and SM pulls: green observables have a better pull in Scenario
VII, red observables have a better pull in the SM, and white observables have a similar pull in both cases.

Notice that not all observables are affected by NP in our scenario. However, the inclusion of these observables does not alter
the value of the A2, since their prediction and uncertainty are unchanged from the SM, and the statistical significance of the fit

remains unchanged.
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Observable NP prediction NP pull SM pull
0 (4BR)(Bs — gptp)l1-0 60 4.864 x 10~8 310 380
1 ap 0.0011659 350 350
2 (PHY(BO — K*Optp—)4 6l -0.73724 320 330
3 /e —2.9466 x 1075 2.7 0 2.7 0
4 Rr¢(B — D*0tv) 0.26431 210 270
5 BR(WE — 7%u) 0.1082 270 2.6
6 (Rue) (B — K*0gtg—)[1-1, 6.0] 0.80189 11lo 250
7 A%P 0.10365 28 o 240
8 (Rue)(BO — K*0gt—)[0.045, 1.1] 0.87107 20 240
9 (Rue)(BE — KEgtg—)lt-1, 6.0] 0.8 0.8 o 230
10 @(B — D*7ty)[10-4, 10.93] 0.019509 230 230
11 (dBR>(B+ — K*tytym)5.0, 19.0] 5.7706 x 10~8 170 230
12 (Pa)(B® — K*0p+y—)4 6] 0.26583 20 230
13 BR(Bs — putu™) 3.31 x 1077 140 220
14 Ae 0.14785 1.8 0 220
15 (‘ZB Y(BO — K*0y+,—)[15.0, 19.0] 5.3257 x 108 140 220
16 (%}(BS — gutp— )50, 19.0] 4.9957 x 10~8 140 220
17 <‘£2R)(B+ — K*tptp—)4.0,6.0] 4.8554 x 1078 170 210
18 Ry (B = D*0tw) 0.27198 140 210
19 (A)(Ap — Aptp—)[15 201 0.16297 20 20
20 lex| 0.0018127 210 210
21 BR(B* —» K*rt77) 1.9363 x 10~7 20 20
22 BR(K — ete™) 1.9327 x 10713 210 210
23 (%)(Bi — K*ptyu—)[4.0, 5.0 3.1212 x 108 1.5 0 20
24 BR) (B — D*rty)[5-07, 5] 0.059848 20 20
25 BR(7™ — pu~vir) 0.17277 230 20
26 <@)(BO — KOpty—)[15.0, 22.0] 1.2492 x 108 1.3 0 1.9 o
27 (dBR (BY — KOyty—)14.0,6.0] 2.8846 x 108 1.5 0 190
28 ae 0.0011597 190 190
29 {BR) (B — Drtu)l7-78, 8.27) 0.091906 190 190
30 BR) (B — D*rty)l7-2, 773] 0.10205 190 190
31 (%)(Bi — KEpty—)i1, 2.0 3.1704 x 10~8 1.3 o 1.8 0
32 (PENBE = KEptp—)B0 6.0 3.0985 x 10~8 130 190
33 (P1)(B® — K*0pt )43, 6] -0.17908 190 190
34 Fr(B° — D*~1%u,) 0.44235 18 ¢ 1.8 ¢
35 <‘§B2 Y(BY — K*Opty—)1, 2.5] 4.2757 x 1078 130 1.8 ¢
36 (‘fﬁ)( — K*0y+ )[40, 6.0] 4.4839 x 10~8 11c 170
37 <%)(Ab — Aptp)ls: 20] 6.3747 x 1078 20 170
38 (4258)(BO — K*Optp )43 6 4.5307 x 10~8 1.2 0 170
39 mw 80.365 1.2 0 170
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Observable NP prediction NP pull SM pull
40 <‘f£§)(30 — KOptp—)2:0, 4.0] 2.9205 x 10~8 1.3 0 1.7 0
41 Aar(Bs = ¢) 0.030556 170 170
42 %(3 — Drtp)19:0, 9.5 0.068292 1.6 o 1.6 o
43 <7132R)(Bi — KEpty—)[15.:0, 22.0] 1.3561 x 10~8 0.81 o 1.6 o
44 (FL)(BY — K*Opt =) 6l 0.71389 1.70 1.6 o
45 R, 20.743 130 150
46 <D;Z>(BO — K*0¢t¢—)[14.18, 19.0] 0.0027745 150 150
47 oa 0.00010666 0.28 o 150
48 AdR 0.016409 l4o 150
49 (‘ff],f,‘)(Bi — KEpty—)B0, 4.0 3.1401 x 10~8 0.95 o 150
50 <%)(B° — K*O0yt )25, 4.0] 4.0397 x 10~8 0.9 o 1.5 0
51 BR(B~™ - met77) 0 150 150
52 BR(BT — Ktuvp) 4.3974 x 1076 140 140
53 (S1)(Bs — ¢t p—)[15:0, 19.0] -0.3018 1.5 0 150
54 BR(WE — p*v) 0.1086 150 140
55 (Ag) (B — K*0pt )15, 19] 6.0621 x 10~° 140 140
56 R 20.727 150 140
57 Reu(KT — 0Fv) 2.4662 x 1075 240 140
58 (BR)(B — Xsete)[14:2, 25.0] 3.3821 x 107 120 140
59 Ro¢(B — Detw) 0.31432 lo 140
60 Sy -0.00023899 130 130
61 <D;Z>(BO — K*0g+g—)[1.0, 6.0] 0.084096 120 130
62 BR(K, — 7vi) 3.3218 x 10~ 11 130 130
63 BR(Bt — etv) 9.5326 x 1012 130 130
64 %(3 — D*rty)[6.0. 6.5] 0.078123 130 130
65 (%)(Bi — KEputp—)l 2 3.1751 x 10~8 0.83 ¢ 130
66 BR(B? — pOuvp) 2.0283 x 10~7 130 130
67 BR(Ks — ptp™) 5.1934 x 1012 130 130
68 BR(Ks — ete™) 1.6247 x 1016 130 130
69 BR(B~ —» m~71te™) 0 130 130
70 (P))(BY — K*Opt )2 4 -0.32702 140 130
71 BR(B® — K*Oup) 9.5415 x 1076 130 130
72 %(B — D*rty)[8:27, 8.8] 0.10572 130 130
73 AMy 3.9784 x 10713 130 130
74 BR(rT — Ktp) 0.0071011 1lo 120
75 (FL)(BY — K*Oput =2 4 0.7937 120 130
76 (PLY(BY — K*Opt )25 4] -0.45216 1o 120
77 (P})(BY — K*0pt—)4, 6] -0.49808 120 130
78 %?(B — D7ty)9:86, 10.4] 0.054658 120 120
79 ar 0.0011772 1lo 1lo
80 <%§)(BO — K0yt ym)2 4.3 4.0581 x 10~8 0.61 ¢ 1lo
81 BR(Bt — K*tui) 1.0272 x 1075 11o 1lo
82 (P1)(B® — K*0ete™)[0-002, 1.12] 0.035971 1lo 1lo
83 (P1)(B% — K*Opty—)[15, 19] -0.62376 1lo 1lo
84 {BR) (B — D*rty)0, 451 0.024346 1o 1lo
85 (Fp)(B® — K*Op+y—)t1, 2.5] 0.74205 0.87 o 1.lo
86 AM; 1.2498 x 10~ 11 11o 1lo
87 () (BE = KEptpm )0 80 3.1564 x 1078 0.52 o 1.lo
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88 (BR)(B — Xutp—)1:0. 6.0l 1.5116 x 10~ 0.88 ¢ 1lo
89 (S3)(Bs — ¢t p—)115:0, 19.0] -0.20989 lo lo
90 (P1)(BY — K*0pt )2 4 -0.084115 1lo 1lo
91 (PLY(BO — K*0pt )15, 19] -0.59215 1o lo
92 B (B — D*rty)[10:5, 11.0] 0.010417 0.94 o 0.94 o
93 (A7)(B® — K*Op+—)[t-1, 6] 0.0024641 0.94 o 0.94 ¢
94 Acp(B = Xsiq7) —3.6951 x 1018 0.94 o 0.94 o
95 (P1)(B® — K*0p+—)[4 6] -0.17624 0.96 o 0.97 ¢
96 %(E — D*rty)l7-78, 8.27] 0.1077 0.92 o 0.92 o
97 %(3 — Drty)[6-67, 7.2] 0.094855 0.91 o 0.91 o
98 <D;Z>(BO — K*0gt¢—)[1.0, 6.0] 0.035438 0.84 o 091 ¢
99 (BR)(B — X utp—)l4:2, 25.0] 3.095 x 10~7 0.99 o 0.88 o
100 Ay 0.14798 110 090
101 {BR) (B — Drtu)l5:5, 6.0 0.079431 09 ¢ 09
102 (A7)(B® — K*0y+y—)[15, 19] 0.0001042 0.89 o 0.89 o
103 BR(B? — n~7tv;) 8.7524 x 10~° 091 o 0.96 o
104 (S1)(Bs — ¢utp—)12:0: 5.0] -0.14259 09 ¢ 0.88 ¢
105 {BR) (B — Drty)[10:93, 11.47) 0.024307 0.88 ¢ 0.88 ¢
106 %(3 — Drty)l9-5, 10.0] 0.058778 0.87 o 0.87 o
107 BR(B~ — K~ 7te™) 0 0.87 o 0.87 o
108 (FL)(BY — K*0ut+ ) 2] 0.70254 0.66 o 0.87 ¢
109 %(3 — D7ty)[10-4, 10.93] 0.040011 0.86 o 0.86 &
110 BR(7~ — e vi) 0.17697 240 0.82 0
111 SyKcs 0.70565 0.83 0 0.83 o
112 {BR) (B — Drtu)88 9:33] 0.075718 0.84 ¢ 0.84 ¢
113 {BR) (B — Drtu)l72 7.73] 0.093958 0.84 o 0.84 0
114 B (B — Drty)[10:0, 105] 0.047878 0.84 o 0.84 o
115 (FL)Y(Bs = ¢t p—)[2:0. 5.0] 0.80894 0.86 o 087
116 A% 0.074039 0.95 o 0.83 0
117 (Ag)(B® — K*Opt =11, 6] 0.0011623 0.83 o 0.83 o
118 BR(W* — eFv) 0.10827 0.73 o 082 ¢
119 {BR(B — D*rty)[6:67, 72] 0.095374 0820 | 0820
120 %(B — D7ty)[6:0. 6.5] 0.085948 0.82 ¢ 0.82 ¢
121 (P1)(B® — K*Op+,—)[t1. 2.5] 0.02995 0.84 ¢ 0.83 ¢
122 BR(Bt — 7tv) 9.1574 x 10~° 0.69 o 0.83 0
123 (Ag)(B® — K*Opty—)[1-1, 6] 0.00013215 0.8 o 0.8 ¢
124 BR(Kt — ntup) 9.2404 x 10~ 11 0.83 o 0.83 o
125 BR) (B — D*rt)[6:13, 6.67) 0.087527 0.79 o 0.79 &
126 %(B — D7ty)[6:13, 6.67] 0.094177 0.79 o 0.79 ¢
127 (Fp)(B® — K*Opt =)0, 2] 0.36291 0.65 o 0.83 ¢
128 BR(Bs — ¢7) 4.0151 x 1072 0.8 o 0.8 o
129 (Abp)(Ap = Aptp—)Is 20 -0.35201 0.8 o 0.77 o
130 {BR) (B — D*r )88 9.33] 0.10126 0.77 o 0.77 o
131 (ApB)(BY — K*0y+ )43, 6] 0.12076 0.69 o 0.76 o
132 BR)(B — Drtu)l75: 8.0 0.087076 0.75 o 0.75 o
133 (FL)(Bs — ¢utp—)[15:0, 19.0] 0.34168 0.74 ¢ 0.73
134 (P1)(B® — K*Opty—)[2 4.3] -0.095443 0.76 o 0.74 o
135 (FL)(BY — K*0y+ )25, 4] 0.79337 0.78 o 0.75 o
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136 (ApB)(BY — K*0u+ )L 2] -0.16588 0.66 o 0.72 ¢
137 RY 0.21583 0.7 0 0.73
138 %(B — D*rty)l5:5, 6.0] 0.067058 0.72 o 0.72 o
139 %(B — Drty)[10:5, 11.0] 0.035542 0.71 o 0.71 o
140 {BR) (B — Drtu)8:5, 9:0] 0.076305 0.71c | 07lo
141 %(B — D7ty)l4:0, 4.53] 0.038684 0.69 o 0.69 o
142 AV 0.016394 0.76 o 0.69 &
143 BR(BT — ntuvp) 1.2672 x 10~7 0.68 o 0.68 o
144 (PLY(BY — K*Opt )3, 6l -0.75087 0.71 o 0.65
145 BR(Bt — ptuvp) 4.3699 x 1077 0.67 o 0.67 o
146 (PY(BO — K*Opty—)t1, 28] 0.1884 0.44 ¢ 0.66 o
147 (App)(BY — K*0y+ ;)2 4.3] -0.041339 0.53 ¢ 0.65 o
148 {BR) (B — Drtu)l0, 5] 0.035905 0.65 o 0.65 o
149 %(3 — D*7ty)[7:5, 8.0] 0.098515 0.65 o 0.65 o
150 (Po)(B® — K*Opty,—)2:5, 4] -0.11542 0.6 ¢ 0.66 o
151 Sk -0.022785 0.63 o 0.63 o
152 BR(B? — mOvp) 5.898 x 10~8 0.63 o 0.63 o
153 | (AI)(BY — K*Octe—)[0:002, 1.12] 0.00032829 0.64 ¢ 0.64 o
154 | (Rue)(BT — K*tgty—)[15.0,19.0] 0.79446 0.89 o 0.59 o
155 (FL)(B® — K*0p+—)4:3, 6] 0.70627 0.6 o 0.58 ¢
156 {BR) (B — D*r w45, 5.0] 0.039696 0590 | 0590
157 Ay 0.93475 0.59 o 0.59 &
158 (App)(BY — K*0u+ )0, 2] -0.10469 0.62 ¢ 0.62 o
159 BR(t~ — e pute™) 0 0.58 o 0.58 o
160 {BR) (B — Drty)827, 8.5] 0.083993 0.58 o 0.58 o
161 BR) (B — D*rty)[10.0, 10.5] 0.059012 0.57 o 0.57 o
162 BR(B~ — K—putr™) 0 0.57 o 0.57 &
163 %(B — Drtp)l4:53, 5.07] 0.060577 0.56 ¢ 0.56 o
164 Rpe(B — D*0tv) 0.94513 140 0.56 o
165 (PY(B® — K*0ptp—)10:04, 2] 0.53161 049 ¢ 0.55 o
166 BR) (B — D*rtu)[4:58, 5.07] 0.044486 0.54 o 0.54 &
167 BR(rt — 7t D) 0.10871 0.35 0 0.54 &
168 A% 0.016318 0.45 o 0.53 &
169 (Ag)(BO — K*Oyt—)[15, 19] 7.7484 x 107° 0.52 o 0.52 o
170 (PLY(BY — K*Optp—)t 2l 0.32831 0.66 o 0.54 o
171 BR) (B — Drty)lts, 12.0] 0.0020025 051 ¢ 0.51 ¢
172 BR(T™ = p~etu™) 0 0.51 o 0.51 ¢
173 BR(zT — etv) 0.00012294 140 0.51
174 (%)(30 — K*0ut )0, 2] 7.9334 x 1078 0.69 o 0.54 o
175 BR(Kp — putu™) 7.4841 x 1079 0.5 0 050
176 BR(t~ — p~ete™) 0 0.49 o 0.49 o
177 <%§)(30 — KOty 2] 2.9458 x 108 030 0.49 o
178 (3135)(B+ — K*tpt )20, 4.0] 4.3931 x 108 0.78 ¢ 050
179 BR(BY — K%») 4.0717 x 1076 0.48 o 048 o
180 Iz 2.4939 0.58 o 047 o
181 BR(B; — 71v) 0.024743 0.48 o 0.47 o
182 {BR) (B — D*rtu)[70, 78] 0.094054 0.47 ¢ 047 o
183 BR) (B — Drty)1o, 115] 0.020875 0.46 & 0.46 o
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184 (Po)(B® — K*Op+ —)[t-1. 2.5] -0.45133 047 o 047 o
185 BR(B™ — K*~etp™) 0 0.45 o 0.45 o
186 (BR)(B — Xgete )10, 6.0] 1.9486 x 106 0.049 & 042 ¢
187 (PY(BY — K*0ptp=)15, 19] -0.63521 0.44 o 0.44 o
188 (P)Y(BY — K*Opt )25, 4 -0.3742 047 o 045 o
189 (P)(BO — K*0ptp—)10-04, 2] 0.15774 041 o 042 ¢
190 (P)(BY — K*0pty =)L, 2.5] -0.040805 0.51 ¢ 041 ¢
191 (%)(Bi — KEptp—)2 43 3.1456 x 10~8 0.0094 ¢ | 0420
192 (FL)(BY — K*Optp—)[0:04, 2] 0.36291 0.65 o 0.44 o
193 (FL)(BY — K*0y+ )2, 4.3] 0.78916 0.37 o 0.42 o
194 RO 20.77 0.14 o 0.38 o
195 <%§)(BO — KOuty—)2 4.3] 2.9181 x 10~8 021 ¢ 0.39 ¢
196 (Rpue)(B® — K*0gtp—)l0.1, 8.0] 0.82242 0.19 o 0370
197 | (Rue)(BY — K*0gt¢—)[15.0, 19.0] 0.79447 0.89 o 0.36 o
198 (P2)(B® — K*0uty—)15, 19] 0.37143 0.32 0 0.36 o
199 (P1)(B® — K*Opty,—)[2:5 4] -0.10663 0.33 ¢ 034 0
200 (ARG (Ap — Aptp—)15, 20 -0.31822 031 ¢ 031 o
201 BR)(B — Drtu)l65, 7.0 0.089095 0.34 o 0.34 0
202 A, 0.14716 0.34 o 0.34 o
203 %(B — D*rty)[9-86, 10.4] 0.071012 0.33 ¢ 0.33 &
204 BR(Bs — t77) 9.0721 x 10~7 0.33 0 0.33 0
205 (P1)(B® — K*0yt;,—)0.04, 2] 0.043716 0.32 ¢ 0320
206 BR(B? — K*0pte™) 0 030 030
207 %—?(B — D*rty)[8:5.9.0] 0.098623 030 030
208 BR(B~™ — K~ 7Hpu™) 0 0.29 o 0.29 o
209 {BR) (B — Drtu)5, 5.0 0.054469 0.27 ¢ 0.27 ¢
210 (%)(B*’ — K*tpty—)0 2] 8.3078 x 10~8 0.14 o 0.21 o
211 BR(B™ — K* pte™) 0 0.25 o 0.25 o
212 (S3)(Bs — ¢t )20 5.0] -0.0078565 027 ¢ 027 ¢
213 BR(Bt — utv) 3.8612 x 1077 0.26 o 0.24 o
214 (PLY(BY — K*Optp—)[2 431 -0.39945 0.37 o 0.24 o
215 i P —3.4139x 10720 | 0250 0.25 ¢
216 BR) (B — D*rtu)l6:5, 7.0 0.087179 0.22 o 0.22 o
217 BR) (B — D*rty)[9:33, 9.86] 0.0907 0.22 o 0.22 o
218 %(3 — Drty)[1147, 12.0] 0.0026758 0.22 ¢ 022 ¢
219 BR(B~™ = K~et77) 0 020 020
220 (PLY(BY — K*Optpu—)2 4 -0.35661 0.11 o 0.26 o
221 BR(B™ —» 7~ putr7) 0 0.18 o 0.18 o
222 BR(B? — K*0y) 4.1772 x 10~5 0.18 ¢ 0.18 ¢
223 Syo 0.03873 0.18 o 0.18 o
224 BR(B? — putpu™) 1.0315 x 1019 0.034 ¢ 0.17 o
225 {BR) (B — D*rtu)l5:6, 6:13] 0.073949 0.16 & 0.16 ¢
226 Ty 2.0917 0.16 o 0.16 o
227 (PENBY = K*Outp—)it 2 4.4936 x 108 020 017 ¢
228 %53@; — D*rty)[9-5, 10.0] 0.081195 0.16 o 0.16 o
229 %(B — Drty)l7:0. 7:5] 0.089338 0.16 o 0.16 o
230 (P1)(B® — K*Opt =)t 2l 0.047436 013 o 014 ¢
231 %(3 — D*rty)[8.0, 8.5] 0.10022 0.15 o 0.15 o
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232 %(B — Drty)[5:6, 6.13] 0.086109 0.14 o 0.14 o
233 Tirident / T5iment 1.0035 0.14 o 0.13 o
234 %(3 — Drty)[8:0,8.5] 0.082641 0.12 o 0.12 o
235 BR) (B — Drty)l5:0, 53] 0.069057 012 ¢ 012 ¢
236 (FL)(BY — K*0pt—)15, 19] 0.3406 0.098 o 0.11 o
237 (Rue)(BT — K*tgty—)[0-1, 8.0] 0.82185 0.41 o 0.1c
238 BR(1™ —e~ete™) 0 010 010
239 Ae 0.6677 0.085 0 | 0.092 0
240 BR(B — Xsv) 0.0003291 0.086 ¢ | 0.086 o
241 <‘3§§)(Ab — Aptp)L 6 9.362 x 109 0.056 o | 0.065 o
242 <D;§)(BO — K*0gtg—)[14.18, 19.0] -0.00016124 0.0720 | 0.0720
243 %(3 — D*rty)[4.0, 4.53] 0.026298 0.068 ¢ | 0.068 o
244 %(B — D7ty)[5:07, 5.6] 0.075356 0.067 ¢ | 0.067 o
245 {BR) (B — Drtw)[9:33, 9.86] 0.065584 0.0480 | 0.048¢
246 RY 0.17222 0.04 o 0.041 o
247 BR(B*T — K*t+) 4.245 x 1075 0.04 o 0.04 o
248 %(B — D*rty)[9:0, 9.5] 0.09285 0.028 0 | 0.028 o
249 <ffi‘f;§>(B+ — K*tptp—)2 48] 4.4175 x 10~8 0.130 | 0.0019 o
250 BR) (B — D*7ty)[5:0, 5.5] 0.054155 0.0066 ¢ | 0.0066 o
251 BR(B® — 7t77) 2.7877 x 1078 0.0051 o | 0.0047 o
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