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Abstract We present a Bayesian analysis of the implica-
tions for new physics in semileptonic b — s transitions after
including new measurements of Rx at LHCb and new deter-
minations of Rg+ and Rg++ at Belle. We perform global fits
with 1, 2, 4, and 8 input Wilson coefficients, plus one CKM
nuisance parameter to take into account uncertainties that
are not factorizable. We infer the 68% and 95.4% credibil-
ity regions of the marginalized posterior probability density
for all scenarios and perform comparisons of models in pairs
by calculating the Bayes factor given a common data set.
We then proceed to analyzing a few well-known BSM mod-
els that can provide a high energy framework for the EFT
analysis. These include the exchange of a heavy Z' boson
in models with heavy vector-like fermions and a scalar field,
and a model with scalar leptoquarks. We provide predictions
for the BSM couplings and expected mass values.

1 Introduction

The LHCb Collaboration has recently presented a new mea-
surement of the observable Rk, the ratio of the branching
fraction of B-meson decay into a kaon and muons, over the
decay to a kaon and electrons, from the combined analyses
of the Run 1 and partially of Run 2 data set [1], which reads

_ +0.060+0.016
Rx = 0.846_0.054_0.014' (1)

This new measurement of Rg is compatible with the Stan-
dard Model (SM) prediction at 2.5¢0 significance. At the
same time, the Belle Collaboration has presented new results
for the observable Rg+ in BY-meson decays, as well as the
first measurement of its counterpart Rg«+ in B™ decays [2].
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These new results, listed in Table 1, are consistent with the
SM at 1 o, mainly due to large experimental uncertainties.

The rare decays of B mesons are known to provide fer-
tile testing ground for physics beyond the Standard Model
(BSM), as in the SM they are highly suppressed by the small-
ness of the Cabibbo-Kobayashi-Maskawa (CKM) matrix ele-
ments and/or by helicity. While for many observables an
anomalous determination does not necessarily imply the
presence of New Physics (NP), as the QCD uncertainties
can be sizable, ratios like Rg and R+ provide fairly clean
probes, with parametric uncertainties that cancel out to high
precision. Additionally, a deviation from the SM in these
observables would imply a violation of lepton-flavor univer-
sality (LFUV), a purely BSM phenomenon.

Over the last few years the rare decays of B-mesons
involving b — s/l interactions have attracted a lot of atten-
tion for the search of BSM physics. The update of the LHCb
results had been long awaited, as Run 1 determinations of
Rk and Rk~ [3,4] both featured a 2-3 o deficit with respect
to the SM. They were also part of a broader set of anomalous
measurements in rare semileptonic B decays obtained at the
LHC and Belle [5-10], which involved b — s transitions
and muons in the final state, and which in global statistical
analyses [11-22] had been shown to favor strongly the pres-
ence of a few NP operators over the SM. Remarkably, the
post-Run 1 global fits presented in Refs. [11-22] often dif-
fered from one another in the choice of the full experimental
data set and input parameters, and in the treatment of the
parametric theoretical uncertainties, but they overall reached
the same conclusions as to the high statistical significance
of the NP effects, which, according to some studies, touched
the ~ 6 o level.

References [11-22], however, did not differ from one
another in their choice of adopted statistical framework, as
all performed a frequentist, chi-squared or profile-likelihood
based analysis, providing confidence intervals and the pull
of the best-fit points from the SM. An alternative and com-
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Table 1 Rg+ and Rg«+ results from Belle [2]

g% in GeV? Rg+ Ryt

[0.045,1.1]
[1.1,6.0]
[0.045,1.1]

0.467035 £0.07
1.0679%3 £0.13
1127981 +0.10

0.6210:60_ 3¢ +0.10
0.72%109 _ 4, +0.18
1.40T199_eg +0.11

plementary measure of the goodness of fit, best indicated for
the comparison of competing models that can equally well
explain the data, is furnished by Bayesian statistics. Specif-
ically, one could compute the Bayesian evidence to quan-
tify how well one given model agrees with the data, and
the Bayes factor to estimate which of the competing mod-
els is more likely to be the real one. With respect to the
profile-likelihood technique to derive confidence intervals,
Bayesian inference of the posterior probability density func-
tion (pdf) has the advantage of being less subject to the risk of
under-coverage and, through the procedure of marginaliza-
tion, incorporates in the computation of the credible regions
effects that depend globally on the full parameter space of
the model. The Bayesian approach has also the advantage
of providing a well-defined prescription for the treatment
of nuisance parameters, which contribute to the theoretical
uncertainty of the fit.

Thus, in light of the very recent measurements of Rg and
Rk~ by LHCb and Belle, we think this is the time to perform a
global Bayesian analysis of the BSM effects appearing in the
combination of the new data with older results from the LHC
and Belle. On the one hand the paper provides an update to
the Run 1 global fits mentioned above, and at the same time
it follows the spirit of earlier Bayesian analyses of radiative
B-mesons decays [23,24].

We first consider model-independent fits to the global
set of flavor observables, within the framework of the elec-
troweak effective field theory (EFT), assuming as input the
Wilson coefficients of four-fermion vector operators that
were shown to be able to accommodate the observed data
in Run 1 better than the SM. We perform scans with 1, 2,
4, and 8 independent input parameters, plus one nuisance
parameter, the V., element of the CKM matrix, which takes
into account uncertainties that are not factorizable. For each
scan we infer the 68% and 95.4% credibility regions of the
marginalized posterior pdf. We then compare models in pairs
and provide the Bayes factor for a given set of data. Addi-
tionally, we make contact with the frequentist approach by
providing for each scan the best-fit point, its pull from the
SM, and an estimate of the goodness of fit.

In concomitance with our work, Refs. [25-29] have
recently appeared, most of which analyze the effect of incor-
porating the new LHCb and Belle data in a frequentist con-
text. The part of our analysis based on the chi-squared distri-
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bution agrees with those studies, but we repeat that we focus
in this article on the computation of the multi-dimensional
Bayesian posterior pdf, and on the use of Bayes factors to
discriminate among models.

In the second part of this paper we proceed to analyzing
a few well known models that can provide a high energy
framework for the EFT analysis. Depending on the case and
on which set of observables is included in the global fit, BSM
interpretations at the tree level have involved the exchange
of a heavy 7' boson (see Refs. [30-37] for early studies) or
of a leptoquark (studies include Refs. [38-52]), both with
non-universal and flavor-violating couplings to leptons and
quarks. Moving one step further, such couplings can be gen-
erated assuming heavy vector-like (VL) fermions that can
mix with the SM fermions [53,54]. We perform a few global
scans for some of the Z’ models with VL fermions, and for
one leptoquark model consistent with the flavor anomalies.

The paper is organized as follows. In Sect. 2, we describe
the Bayesian methodology used in our analysis. In Sect. 3,
we perform a model-independent global fit to the full set
of b — s observables. Predictions for several extensions of
the SM that can accommodate the observed anomalies are
presented in Sect. 4. Finally, we summarize our findings in
Sect. 5.

2 Fit methodology

For each model described by a set of input parameters we map
out the regions of the parameter space that are in best agree-
ment with all relevant experimental constraints. To this end
we use Bayesian statistics, whose main features we briefly
summarize here.

In the Bayesian approach, for a theory described by some
parameters m, experimental observables &(m) can be com-
pared with data d and a pdf p(m|d), of the model parameters
m, can be calculated through Bayes’ Theorem. This reads

_ p(d|&(m))m (m)

d b
p(mld) o)

@)

where the likelihood p(d|&(m)) = £ (m) gives the prob-
ability density for obtaining d from a measurement of &
given a specific value of m, and the prior 7 (m) parametrizes
assumptions about the theory prior to performing the mea-
surement. The evidence, p(d) = %, is a function of the data
that depends globally on the model’s parameter space. As

1A third possibility explored in the literature is to generate the desired
Wilson coefficients at the loop level with box diagrams, see e.g.
Refs. [55-58]. These explanations generally require large Yukawa cou-
plings. We do not explore explicit examples here and we remand the
reader to the original papers.
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long as one considers only one model the evidence is a nor-
malization constant, but it serves as a comparative measure
for different models or scenarios.

Bayes’ theorem provides an efficient and natural proce-
dure for drawing inferences on a subset of r variables in the
parameter space, ¥;—1,._ C m. One just needs to marginal-
ize, or integrate, the posterior pdf over the remaining param-
eters,

p(Wi=1...rld) =/p(i71|d)d"*'m, 3

where n denotes the dimension of the full parameter space. In
this work we will be interested in drawing the 68% (1 o) and
95.4% (2 o) marginalized 1-dimensional and 2-dimensional
credible regions of the posterior pdf for each model under
consideration. We will also compare in pairs different models
fitting to the same data set, to determine which one is favored
by the data distribution. We do this by computing the Bayes
factor, defined as the ratio of evidences for two arbitrary
models .| and ./, i.e., p(d) 4, /p(d)._y,- We estimate the
significance of Bayes factors according to Jeffrey’s scale [59,
60].

The central object in our statistical analysis is the likeli-
hood function, constructed using the following prescription.
Given the set m of input parameters, which can be, depend-
ing on the case, Wilson coefficients, particle masses, coupling
constants, or other, the likelihood function is

L(m) = exp{ [On(m) — Oexp]” (wp + %th)"

1
2
« [Gum) - ﬁexp]}, 4)

where Oy, gives a vector of theoretical predictions of the
observables of interest and Oeyp is the vector of the exper-
imental measurements of those observables. We have taken
into account the available experimental correlation, which
is encoded in the matrix ¥ **P. The experimental correlation
is available in angular observables for B — K*uu [6] and
By — ¢pp [7].

The theoretical correlation is given by the matrix €,
which is computed using £lavio [61], in which hadronic
form factors from lattice QCD are implemented [62—67].
The theoretical uncertainties, including possible correlations,
are estimated as the standard deviation of the values of the
observables, calculated by taking N random choices of all
input parameters (form factors, bag parameters, decay con-
stants, masses of the particles) according to their probability
distribution [61]. In this procedure, the precision with which
the standard deviation is known increases with the number
of random points. We take N = 2000 random points, which
corresponds to a ~ 2% precision on the theoretical error esti-
mate. The V., element of the CKM matrix is treated as a real

nuisance parameter. We scan it together with the models’
input parameters, following a Gaussian distribution around
its central Particle Data Group (PDG) value [68], and adopt-
ing PDG uncertainties.

The statistical analysis performed in this study takes into
account a large set of experimental measurements involving
b — s transitions. The full list of all observables included in
the likelihood function can be found in “Appendix A”. In the
following we summarize them briefly:

— Rk and Rg+ (Table 6),

- B — K*utu~: CP-averaged angular observables
Si=3.4,5,7.8,9 [69], fraction of longitudinal polarization of
the K*O meson Fy, and forward-backward asymmetry
of the dimuon system Afrp (alternatively, CP-averaged
optimized Pi/:l, 45 observables can be used), binned dif-
ferential branching ratio dBR /dg? (Tables 7, 8, 9, 10),

- Bt —» Ktutu-, Bt — K*tutu-, B® —
KOt 1™ binned differential branching ratios dBR /dg?
(Tables 11, 12, 13),

- BA? — ¢uT " time- and CP-averaged angular observ-
ables S;—3 47, time-averaged fraction of longitudinal
polarization F , and differential branching ratio dBR /d g>
(Tables 14, 15),

- Ag — Apt " binned forward-backward asymmetries
and binned differential branching ratios (Tables 16, 17),

— BT — K*tu'u: binned forward-backward asymme-
try Arp (Table 18),

— BY — K*0¢t¢™: CP-averaged angular observables Pz{,s’
binned longitudinal polarization fraction Fy and binned
differential branching ratio dBR/ dq2 (Tables 19, 20),

- BY — KTete: binned differential branching ratio
(Table 21),

— binned branching ratios BR(B? — X,uTu™) and
BR(B? — X ete™) (Table 22),

— time-integrated branching ratio BR(B? — pu*tpu™)
(Table 23).

3 Effective field theory analysis

In the model-independent approach we adopt the weak EFT
framework. The effective Hamiltonian for the b — /I tran-
sition can be written as:

4G

Hip=——2VpVi Y (clol+ o) +He  (5)
ﬁ il

where G is the Fermi constant and V;;, V;, are elements
of the CKM matrix. In Eq. (5) the short-distance physics
is encoded in the Wilson coefficients C[‘(/)l after integrating
out the heavy degrees of freedom, whereas the long-distance
physics is described by the four-fermion dimension-six inter-
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action operators Oi(/)l, invariant under the SU(3). xU(1)em
gauge group. In this study we will assume the presence of
NP in the following semi-leptonic operators:

2

1 _ ¢ [
0§ = l6n2(sLy“bL)(qul)v
2

0l = & Gry"br)(Iyul)

o7 1672 e

1 o2 _

_ S 123

0!, = W(sm/ br)Uyuysh),

, 2
Ol = w5 Gry"br) Tuys)). ©

where the lepton / can be an electron or a muon. We restrict
ourselves to the analysis of CP-conserving NP effects, so that
the Wilson coefficient are assumed to be real.

We do not consider here NP in scalar and pseudoscalar
operators, Og) and 0(/), as they are severely constrained by
the By — p* ™ measurement [70,71]. Similarly, the elec-
tromagnetic dipole operator 0;/) is tightly constrained by
radiative decays [72]. The remaining dimension-six opera-
tors, chromomagnetic dipole operators, and four-quark oper-
ators, at the leading order can only contribute to the semi-
leptonic decays through the mixing into semi-leptonic oper-
ators. All other BSM contributions enter at a higher order, so
that it is safe to consider them as negligible for the purposes
of this analysis.

The Wilson coefficients defined in Eq. (5) contain both
the SM and NP contributions, which can be written as, e.g.,
Cf = CiSM + Cf’NP, where, again, [ = e, . In the SM, the
Wilson coefficients at the scale © = 4.2 GeV are lepton-
flavor universal and read:

CM =427, Cj)'=-4.17, C§Yf=0. @

NP contributions to the primed operators can in principle be
significant and as such can be considered a smoking gun for
BSM phenomena.

We perform in this work eight separate EFT scan fits to
the data, each with a different combination of Wilson coeffi-
cients as input parameters. We summarize their input ranges
and prior distributions in the first eight lines of Table 2 (here
and in what follows we drop the superscript “NP” from the
Wilson coefficients’ names, but we always take as parame-
ters the New Physics contribution). In each determination we
also simultaneously scan over the CKM matrix element V.,
which we treat as a nuisance parameter for the Bayesian anal-
ysis. We have checked with several preliminary scans that the
latter is the only CKM matrix element that can substantially
interfere with NP effects due to its large uncertainty, as was
pointed out, e.g., in Ref. [11].

We also perform one benchmark scan for the SM, in which
all NP Wilson coefficients are set to zero, so the only vary-
ing input parameter is the nuisance parameter V.. In the

@ Springer

Table 2 Input parameters, their ranges, and prior distributions for the
10 scans we run in this study

Parameter Range Prior
Cy (-3.3) Flat
Ccy =-Cy (-3,3) Flat
cl, Cly (-3,3) Flat
cl,cd (-3,3) Flat
cl,cr.cd. cly (-3,3) Flat
CY, Cly. €S, €4 (-3,3) Flat
cl.cy', g, cl (-3.3) Flat
cl.cd, . cl (=3,3) Flat
G, €. iy Cy

mz /8x 500-5000 GeV Log
Mo/rg, Mp/Ap 0.1-500 TeV Log
mz /8x 500-5000 GeV Log
Mgo/ho, ME/AE 2 0.1-500 TeV Log
Nuisance parameter Central value, error (x1072)

CKM matrix element V.,  (4.22, 0.08) [68] Gaussian

Bayesian framework, the SM scan provides us with the value
of evidence that allows to compare the SM with the consid-
ered NP scenarios through the Bayes factor. In the frequentist
approach, the x2 value for the best-fit point obtained in this
scan is used as a reference value to calculate the NP pull from
the SM.

To get a better grip of the physics responsible for the shape
of the parameter space favored in all considered scenarios, we
will make use of approximate formulas for Rx and Rg=, in
which only the dominant linear BSM contributions are taken
into account. With real Wilson coefficents and the polariza-
tion fraction of the K* meson set at p = 0.86, they read [73]

2 /
R %l—l-—[CSM(C”—i-C”)
) GV + eyt L2 A T
+ et (clo+ ) - = o). ®
2
R+ 1+—[CSMCM+CSMC“
K (CSMP 1| CSM 2 9 Lo 10 1o

— o2 (M + eRICl) ~ > o] ©

Substituting the SM numerical values in Egs. (8), (9) we
further approximate the expressions as
Rk ~ 14024 (Cl = Cly+ €Y = Clg) = (> o),
(10)
Re ~ 14024 (Cf = clf) =017 (¢ = ¢ff)
—(n—e. (1D
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This section is dedicated to the discussion of the EFT
fits. In Sect. 4, we will instead investigate the implications
of the new data for a few popular BSM models, involving
a new gauge boson Z’ or a leptoquark, which are able to
provide the favored parameter space regions for the Wilson
coefficients. The input parameters, ranges and priors of two
of those models, which will be described in the next section,

occupy lines 9 and 10 of Table 2.

3.1 Discussion of results

Allthe observables are calculated with £1avio [61], accord-
ing to the procedure outlined in Sect. 2. In order to effi-

In Fig. 2a we show the 1o and 2o credible regions of
the posterior pdf for the model in the third row of Table 2,
parametrized by Cg ,C {LO and the nuisance parameter. The
posterior is compared to the one obtained with the previous
data, pre LHCb Run 2. The overall value of Rk, higher than
in the previous determination, has the effect of bringing the
2 o region closer to the axes origin. The modification of the
posterior pdf is not large, but visible. In this case, in fact,

one expects Ry ~ Rk, see Eq. (10), and a tension between
the measurements of Rx and R+ arises. As a further con-

sequence, the posterior pdf becomes narrower.
One encounters a less substantial modification of the pdf

in the case of the scan parametrized by C ,SL ,C é“ (fourth row of
Table 2), for which the credible regions are shown in Fig. 2b.
The overall effect appears to be a very slight detachment
of the 20 region from the Cg‘ = (0 axis, which is once

ciently scan the multidimensional parameter space we used
MultiNest v2.7[74]and pyMultiNest [75]for sam-
pling the parameter space and calculating the evidence. The
68% (1 0) and 95.4% (2 o) credible regions of the marginal-
ized posterior pdf are computed and plotted with the public
tool Superplot [76].

In Fig. 1a we show the posterior pdf for the model with a
single nonzero Wilson coefficient Cé‘ (first row of Table 2).
Inred and orange, 1 0 and 2 o credible regions are indicated,
respectively. For a comparison, in dashed gray we show the
corresponding posterior pdf for the scan in which new Belle
and LHCD results were not taken into account. The new data
causes a shift of the favored C g towards lower values, the rea-

son for which will be explained below. In Fig. 1b we present
the same quantities for the model with C§ = —C{;, (second

row of Table 2).

more confirmed by Eq. (10): in this case Rx and Rk can be
fitted separately with a positive C;” so the new experimental
measurements do not affect much the posterior pdf.

A fit to the new data with 4 input NP parameters, C§, C1,

Cg‘ C ;’6 (fifth row of Table 2) shows that the introduction of
C ;‘6 as a free parameter leads to an interesting interference
with C é“ . The latter can be made thus comfortably consistent
with zero, at the price of introducing a substantial negative

value of Cl, see Eq. (10).

This is presented in Fig. 3. In Fig. 3a we show a compari-

son between the marginalized pdf in the (C§', C};,) plane for
the scan with two input NP parameters (third row of Table 2),
and the one with four NP parameters (fifth row of Table 2).
Larger negative values of C 5 are favored by the data with four

3.0F [ I T T 7 6 T T T T
N
I\
A
2.5 i ] 5- .
/
1
1 \
1 1
2.0- = - 4+ A ]
Y ] \ Y " \
2 | ||| 2 ! |
S 1 1
g 1.5¢ / i s g 3L ! \ 1
3 / i 2 i
2 ) \ 8 Col
o 1 \ o 1
1.0f ] " ] 2! i 1
1 \ 1 \
h \ ] 1
! Y i [
0.5 I II \\ - 1 [ I, |“ 1
/ \ /
/ \ b \
s \ IIJ “
0.0 - N N J L\
‘ . | | | 0= e L ——
-2.0 -1.5 -1.0 -0.5 0.0 -2.0 -1.5 -1.0 -0.5 0.0 0.5
Co" T
(@ (b)
Fig. 1 a l-dimensional posterior pdf marginalized over the nuisance dashed line shows the posterior pdf corresponding to the data pre-LHCb
Run 2. b Same as a for the scan parametrized by Cg =-C 1“0 (second

parameter for the scan in the input parameter Cf; (first row of Table 2).
Colors indicate the 1 o (red) and 2 o (orange) credible regions. The gray

row of Table 2)
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1.8
1.2
b 1.2
0.6 7 -
06 N
2 00 3 ! V’ \
N Ji
0.0 \__\‘\‘—/,
—0.6
*  Best-fit point *  Best-fit point
20 region —0.6 20 region
-12 B 1o region M 1o region
-1.8 -1.2 —0.6 0.0 0.6 -1.8 —-12 —0.6 0.0 0.6
cy Cy

(a)

Fig. 2 aln green, the 1 o (dark) and 2 o (light) credible regions of the
posterior pdf for the scan in the input parameters C(’; ,C f‘ o (third row of
Table 2), marginalized over the nuisance parameter. The red star marks
the position of the best-fit point. The gray solid (dashed) line shows the

parameters. In Fig. 3b we show an equivalent comparison in
the (C¥', C4") plane, between the marginalized posterior pdf
of the 2-parameter scan (fourth row of Table 2), versus the
4-parameter scan (fifth row of Table 2). An ample region of
the parameter space with Cé“ < 0 appears, due to the intro-
duction of the parameter C}fj. The correlation with Cg" is
explicitly shown in Fig. 3¢ and can be easily inferred from
Eq. (10), as the product C¢* — C'}; takes the role of the Wilson
coefficient Cé,“ in the 2-parameter scan.

The 2-dimensional regions of the posterior pdf undergo
less dramatic modifications if one scans a different set of
4 input parameters: Céf , C {‘0, CS s fo, see the sixth row
of Table 2, or Cg, Cg‘, Cg, Cée, see the seventh row of
Table 2. We perform the comparison between the relative
marginalized 2-dimensional regions of these different mod-
els in Fig. 4a, b. The details of the plots are explained in
the caption. Note, that the Wilson coefficients of the electron
sector, whose pdf’s are presented in Fig. 4c, d remain con-
sistent at 2 o with zero, implying that the global data set can
be easily explained by the presence of NP in the muon sector
only.

Incidentally, it is important to point out that it is in prin-
ciple possible to fit the discrepancies from the SM observed
in Rg and R+ with the 4 Wilson coefficients of the elec-
tron sector alone [14,15]. However, in doing so one encoun-
ters significant tension with the experimental determination
of the observables tabularized in Tables 19, 20, 21 and 22
of “Appendix A”, which do not present deviations from the
expected SM value. For this reason the maximum of the like-

@ Springer

(b)

1 0 (2 0) credible region of the pdf corresponding to the data pre-LHCb
Run 2. The associated best-fit point is also shown in gray. b Same as a
for the scan parametrized by Cg s Cg'“ (fourth row of Table 2)

lihood function lies squarely in the regions where only the
coefficients of the muon sector are nonzero.

We finally present in shades of blue the marginalized pdf of
the 8-parameter scan introduced in the eighth row of Table 2
in the most relevant planes, (Cg, C{‘O) in Fig. 5a, and (Cg,
C(;“ ) in Fig. 5b. The posterior regions are compared to the 1 o
and 2 o regions of the 2-parameters scans in the same plane,
presented in shades of green. As one can see, the figures
do not differ significantly from Fig. 3a, b, as can be expected
given the limited impact the Wilson coefficient of the electron
sector bring to the fit.

We summarize the main characteristics of the 8 fits ana-
lyzed in this section in Table 3. The main Bayesian quantity
is the negative logarithm of the evidence 2, featured in the
second column. We use Jeffrey’s scale [59,60] to interpret the
Bayes factor, defined in Sect. 2, which will point to which
model is favored by the data. In general, models that are
characterized by a smaller number of input parameters tend
to fare significantly better than those with a larger input set, as
the latter are penalized by volume effects. Unless, of course,
these volume effects are counterbalanced by a significantly
higher likelihood function.

In the specific cases considered here we see that, for exam-
ple,

PDeycy _ Zepay

= = 6.0 (Substantial)
PDcg.cty  Zeg.cty
ST RN
Cci,Ch,Co ,C .
—2 109 70— 50 (Substantial)
gc# le'
9°~10
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1.8 *  Best-fit (4 pars.)
20 region
B lo region
1.2
sz, 06
0.0
*  Best-fit (2 pars.)
—0.6 20 region
B 1o region

-1.8 -1.2 —0.6 0.0 0.6

(b)

*  Best-fit (4 pars.)
20 region
B 1o region

)
d

12 *  Best-fit (4 pars.)
’ 20 region
B lo region
0.6 '
132 0.0 1
—0.6
*  Best-fit (2 pars.)
20 region
—12 B 1o region
-1.8 -1.2 —0.6 0.0 0.6
cy
(@
1.2
0.6
3o
500
—0.6
—1.2
—-12 —-06

Fig. 3 alngreen, the 1 o (dark) and 2 o (light) credible regions of the
posterior pdf for the scan in the input parameters Cg R C{‘O (third row of
Table 2), compared with the marginalized 2-dimensional regions in the
same parameters for the scan with C¥', Cl, Cé” , C;’é all floating (fifth
row of Table 2), which are shown in brown (1 o) and orange (2 o). The

P
Chuts = 1.2 (Barely worth mentioning)

gu YT
C9’C10’C9 ’CIO
L7 ST

ct.ch . ct.c .
—2 9 710 — 7.4 (Substantial)
gcé‘,cfo,c;,cfo
7 SRR

Cy.Cio0:C9 -Cip

Zn
Cy.Cy C5.Cy

= 5.6, (Substantial) (12)

0.0
cy'

()

red stars mark the position of the best-fit points. b A similar comparison
of the posterior pdf for the scanin C¥, C‘;” (shades of green) and the one

with C§', C1,, C;“, Ci’é all floating (orange/brown). ¢ The marginalized
2-dimensional credible regions in Cg‘ ) Ci’é for the scan with Cé‘ ,C {‘0,
Cy". € all floating (fifth row of Table 2)

0.6 1.2

where in parentheses we report the tabularized “strength of

evidence” according to Jeffrey’s scale. From Egs. (12) one
draws the conclusion that the models slightly favored by the
data are the ones in the fifth and sixth row of Table 3.

We note here that the new data continues to favor strongly
NP scenarios over to the SM alone. The Bayes factor over
the SM for the least likely NP case (8-parameter scan, ninth
row of Table 3) exceeds 10* : 1. This reads “decisive” on
the tabularized Jeffrey’s scale. In the case of the most likely
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19 *  Best-fit (4 pars.)
20 region
B 1o region
0.6 a '
¥ 00
—0.6
*  Best-fit (2 pars.)
20 region
-1.2 W 1lo region
—1.8 —1.2 —0.6 0.0 0.6
cy
(@
3.0
*  Best-fit (4 pars.)
20 region
1.57 B 1o region
& 0.0 'f
—1.51
3050 s 0.0 15 3.0
Cs

(c)

Fig. 4 alngreen, the 1 o (dark) and 2 o (light) credible regions of the
posterior pdf for the scan in the input parameters C5, C{‘O (third row of
Table 2), compared with the marginalized 2-dimensional regions in the
same parameters for the scan with cl, C{‘O, Cg s Cfo all floating (sixth
row of Table 2), which are shown in brown (1 o) and orange (2 o). The
red stars mark the position of the best-fit points. b A similar comparison

scenarios of Table 3 the Bayes factor over the SM increases
further, by more than one order of magnitude. We also note
in the first of relations (12), that after the data upgrade the 2-
parameter NP scenario in Cé‘ s C;“ has become favored over
the 2-parameter model in Cg ,C {L o- The reason can be easily
inferred, again, from Eqgs. (10)—(11): since Rx and R+ are
expected to be equal in the C(ff ,C {‘0 model and instead the
new measurement of Rgx shows a slight shift towards the
SM value, this scenario receives a penalty with respect to the
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L8 * Best-fit (4 pars.)
20 region
B 1o region
1.2
-
s 06 \'
0.0
*  Best-fit (2 pars.)
—0.6 20 region
B 1o region
—1.8 —1.2 70.6; 0.0 0.6
cl
(b)
3
*  Best-fit (4 pars.)
21 20 region
B 1o region
11
Lo
| D
—14
-9 I | } ! }
—0.6 0.0 06.6 1.2 1.8
Cs
(a)

of the posterior pdf for the scan in Cé‘ s C;” (fourth row of Table 2, in

shades of green) and the one with C%, Cé“ ,C§, C¥ all floating (seventh
row of Table 2, in orange/brown). ¢ The marginalized 2-dimensional
credible regions in C§, C%, for the scan with C§', CY;,, C¢, C,, all float-
ing. d The marginalized 2-dimensional credible regions in C§, Cg° for

the scan with Cg s Cg” , C§, Cg all floating

previous determination. This is not the case for the model
with Cly, Cg", where Rg and R+ can be fitted individually
with an appropriate choice of the input parameters. It will be
interesting to see if the same trend is confirmed by the Run 2
determination of Rg+ at LHCb.

In the remaining columns of Table 3 we make contact with
frequentist approaches by presenting the pull of the best-fit
point from the SM, the minimum chi-squared X'lz'OT’ the min-
imum chi-squared per degree of freedom, and the relative
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19 *  Best-fit (8 pars.)
’ 20 region
W lo region
0.6
v 4
5 00
—0.6
*  Best-fit (2 pars.)
20 region
—-12 ® 1o region
—-1.8 —1.2 —0.6 0.0 0.6
CY
(@

Fig. 5 alngreen, the 1 o (dark) and 2 o (light) credible regions of the
posterior pdf for the scan in the input parameters Cg ,C f‘ o (third row of
Table 2), compared with the marginalized 2-dimensional regions in the
same parameters for the scan with all 8 NP parameters floating (eighth
row of Table 2), which are shown in shades of blue. The stars mark the

Best-fit (8 pars.)
20 region

W 1o region

1.2

q%
o

7
9

*  Best-fit (2 pars.)
—0.6 20 region
E 1o region

-1.8 —1.2 —0.6 0.0 0.6

position of the best-fit points. b A similar comparison of the posterior
pdf for the scan in Céf s Cé“ (fourth row of Table 2, shades of green) and
the one with eight parameters floating (eighth row of Table 2, shades of
blue)

Table 3 Bayesian evidence, pull from the SM, and chi-squared statistics for the best-fit points of the considered scenarios. Bold highlighted rows
correspond to the new data, while the unbolded ones show the previous determinations

Input parameters —InZ Pull ot 5%00} X2 xZ Xk « X7 o
SM 88.5 - 174.7 1.29 145.7 6.5 8.1 12.0
88.3 - 174.4 124 1457 6.5 6.2 136
cy 75.8 500 145.6 1.09 132.5 6.7 0.2 6.0
773 470 148.4 1.06 1322 6.6 03 8.9
cy =l 74.4 530 142.4 1.06 132.4 6.8 0.2 3.0
715 4.8¢ 1482 1.06 1332 6.7 12 7.0
cy. C 74.5 530 140.1 1.05 129.8 6.8 0.2 34
77.6 470 146.1 1.05 130.3 6.7 15 7.6
cy. Cy 75.1 520 141.1 1.06 128.1 6.7 2.0 4.1
75.8 500 142.3 1.02 127.6 6.7 05 7.3
ch, ¢y, cd, cly 74.0 5S40 1333 1.02 123.5 6.8 0.6 2.4
76.0 51¢ 136.8 1.00 1232 6.8 0.0 6.8
cy, Cly. €5, €5, 75.6 490 138.8 1.06 129.7 6.9 0.0 2.1
78.0 450 1427 1.04 129.8 7.1 0.1 5.8
ch, cs. Cf, cy 75.8 490 138.5 1.06 127.5 7.8 0.5 24
71.1 4.60 141.6 1.03 1272 7.0 0.2 6.7
ch, cl, oy, 'l 76.2 470 132.4 1.04 123.3 6.7 0.3 2.1
Cs, C5,. €5, CYy 783 440 1354 1.02 1233 6.6 0.2 54

chi-squared of the muon observables, Xﬁ, electron observ-
ables, Xez’ and LFUV observables, Xlze,( and XIZQ;‘(’ of the 9
EFT scans analyzed here, We calculate the minimum chi-
squared per degree of freedom very roughly, neglecting all

correlations, as an indicative measure of the relative good-
ness of fit:

2 2
ATor _ XTOT
d.o.f. num.constraints

+ 1 — (num.input + 1), (13)
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Table 4 Wilson coefficients at the best-fit points, as well as the values there of Rx and Rg+. Bold highlighted rows correspond to the new data,

while the unbolded ones show the previous determinations

Input parameters cl clo cy ch Cs (o (ors ci R%‘l’é] RIg® R%;ﬁl 5]
cy -1.02 0 0 0 0 0 0 0 0.789 0.893  0.844
-090 0 0 0 0 0 0 0 0.811 0.896  0.858
Cy =—Cl, —0.64 064 0 0 0 0 0 0 0.710 0.852  0.720
-048 048 0 0 0 0 0 0 0.777 0.869  0.783
cy. Cly -091 042 0 0 0 0 0 0 0.707 0.862  0.740
-0.78 025 0 0 0 0 0 0 0.771 0.878  0.802
o/ o -1.08 0 049 0 0 0 0 0 0.873 0.870  0.781
-1.03 0 053 0 0 0 0 0 0.891 0.869  0.782
¢y, cy.cr.cly —114 028 021 -031 0 0 0 0 0.812 0.835  0.666
-1.06 018 018 —034 0 0 0 0 0.855 0.844  0.699
cl, Chy. €5, C -092 040 0 0 -150 —090 0 0 0.733 0.825  0.680
-088 034 0 0 -169 071 0 0 0.831 0.848  0.756
cl, C5. Cy, Cf -1.02 0 054 0 0.58 0 —-0.17 0 0.811 0.833  0.675
-097 0 055 0 0.34 0 -017 0 0.873 0844  0.712
¢y, cy. ey cly —-110 021 021  -030 -080 —0.63  -073  -0.57  0.792 0.819  0.646
Cs, €5, C¥, CT -1.05 013 010 038 218 —007 273 134 0875 0.826  0.700

where the =+ 1 is placed as a reminder of the nuisance param-
eter. The full list of constraints is collected in “Appendix A”.

Finally, also to favor the comparison with frequentist anal-
yses, we show in Table 4 the numerical value of the Wilson
coefficients and of the most important observables at the best-
fit points.

For the scans with 1 or 2 independent Wilson coefficients,
our results are in good agreement with those reported in
Refs. [25-29]. In general, we observe slightly lower best-
fit point values of the coefficient Cé‘ . This is due to the fact
that in our analysis we consider a floating nuisance parameter
Veb, whose lower values facilitate the fitting of the experi-
mental data. For example, for the scenario in the first row of
Table 2, the best-fit V., is 0.5 o away from its central value.
Note also that, for the same reason, the NP pull from the SM
is in our case systematically lower than in Refs. [25,28,29],
as the presence of an additional input parameter allows to
improve the benchmark fit of the SM.

4 Simple models for b — s/l anomalies

In the previous section we determined the preferred 1 o and
2 o ranges for the NP Wilson coefficients relevant to explain-
ingb — s anomalies. In the following we will discuss several
simple BSM scenarios that are known to naturally lead to the
desired EFT operator structure due to an exchange of a BSM
boson with flavor-violating couplings to the SM quarks and
leptons. Since we confirmed in our model-independent fit
(see Table 3) that the presence of the electron Wilson coeffi-
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cients does not improve the goodness of the fit, we will only
consider models in which the BSM boson couples exclusively
to muons.

4.1 Heavy Z’

As a first example, we discuss the SM extended by an addi-

tional vector boson, commonly denoted as Z’. The most

generic Lagrangian, parametrizing LFUV couplings of Z’

to the b-s current and the muons reads,

7> 7 (A‘L” SLy® by + A SRy by + H.c.)
+Z, (AT ppy®ur + AR ry®ur) . (14)

The relevant NP Wilson coefficients are then given by

AS‘bA/U‘v
o L e 1 ( ) (1s)
V,bV,S ny
AAbAPLﬂ 2
Cf =282 ( ) (16)
V,bV” nmy
ASbAM/L 2
Clp=—2——> ( ) (17)
thV[_3 mZ/
AY})AMH A
cly=—2—R_10 ( - ) (18)
thvm ny
where AY" = (AR + AT /2, AL = (AR — AF)2,
my is the mass of the Z’ boson, and
. 12
Ay = (—) ~ 4.94 TeV, (19)
’ \/EGFaem
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is the typical effective scale of the new physics.

If the heavy Z’ is the gauge boson of a new U(1)x gauge
group, its couplings to the gauge eigenstates must be flavor-
conserving, and an additional structure is required to generate
ASL” and A‘}e}’ . Thus, in this work we also consider the impact
of the new LHCb and Belle data on the masses and couplings
of a few simplified but UV complete models.

4.1.1 Variations of the L, — L model

Model 1 A U(1)x model that has proven to be quite popular is
the traditional X = L, — L; model [32,77-79], in which the
SM leptons carry an additional charge and are characterized
by the following SU(3)xSU(2); xU(1)y xU(1)x quantum
numbers:

I:(1,2,-1/2,0) e :(1,1,1,0)
12:(1’27_1/2’1) ,bLR:(l, 1117_1)
1,2, —1/2,—1) tp:(11,1,1). (20)

In the above and the following text we label SM fields by
lower-case letters and BSM matter with capital ones. Besides
Z’', we also add to the SM a scalar singlet field S to spon-
taneously break the U(1)x symmetry and VL quark pairs
Q, Q' and D, D’ to create the flavor-changing couplings
A% o 180,81]:

S:(1,1,0,—1), 1)
0:(3,2,1/6,—1),0": (3,2, -1/6, 1), (22)
D:(3,1,1/3,—1), D : 3,1, —1/3, 1). (23)

Given the quantum numbers introduced in Egs. (20)—(21),
the Lagrangian features new Yukawa couplings Ao ; and Ap ;
that mix the SM and BSM fields, as well as VL mass terms

Mo p:

£ 2 -210,iS0'qi—Ap;iSD'dr i —MpQ'Q—MpD'D+Hc.,
(24)

where in writing down Eq. (24) we have adopted the Weyl
2-component spinor notation and all spinors are left-chiral.
The g; are SM SU(2) doublets, dg ; are SU(2) singlets, and
i =1, 2, 3 label the SM generations.

After spontaneously breaking U(1)x by a new scalar vac-
uum expectation value (vev) vg, rotating the Lagrangian (24)
to the mass basis, and retaining only the Yukawa cou-
plings that yield b — suu transitions, one obtains flavor-
generating couplings of the form

202k 305
2 2 2 2’
2M2 + (/\Q’Z + )‘Q,3> v}

sb ~
AL~ —gx

AD2AD 302
AP~ gy . D’i b3 52 - (25)
2Mp + ()‘D,Z + )‘D,3) vs
and
AL =gy A =0, (26)
where gx is the gauge coupling of the U(1)x group.
By recalling that vy = mz//gx one finally obtains
2A2 r0.2)
clh =2 02703 : 27)
Vib Vis 2 m2 22 22 2
$2My +\*ro21t203) Vs
2A2 Ap.2A
C;;,L _ v D.2AD,3 ’ (28)

Vi Vi a2 2 2 2
b ¥es 2M + ()‘D,Z + )‘D,3> vs

while C ﬁ) =C % = 0. Without loss of generality one can
assume that the couplings of the second and third generations
are unified, denoted as Ao p. Therefore, the model can be
parametrized in terms of only three free parameters: mz /gx,
Mg/Aig,and Mp/Ap. The scanning ranges imposed in the
global fit are shown in Table 2. We scan m/ /gx for values
not smaller than 500 GeV, to evade the strong bound from
neutrino trident production [82].

Recall, finally, that any scenario with a non-universal
A}Zs & coupling is subject to the strong 20 constraint from By
mi){ing [11,83]: Rgp < 0.014. In our VL model the latter
can be expressed in terms of the Wilson coefficients as [30]:

-1
P 2.2
&S\ vivs ( n )2 ( " )2
R = C C
BB <16n2> 4A3|: onp) T (Conp

+ 0.094 C;NPC;’fNP] , (29)

where vy, is the Higgs vev and Sp ~ 2.3 is a loop factor.
We impose an upper bound on the prior range of my//gx
at 5 TeV, which, as will appear below, is large enough to
encompass the 2 o region of the posterior pdf in its entirety
once we include the constraint from B mixing into our like-
lihood function as a gaussian bound.

Model 2 Another realization of the L, — L, model we
consider is an extension of the SM that — besides featuring
one pair of VL quark doublets, O, Q’, to generate the flavor-
violating coupling of the Z’, AT — is characterized by one
pair of VL U(1)y neutral leptons E, E’ [84,85], which have
to be SU(2) singlets for reasons that will be clear below. One
has

S:(1,1,0,—1), (30)
0:(3,2,1/6,-1), Q' :(3,2,—1/6,1), (31)
E:(1,1,1,0), E':(1,1,—1,0). (32)
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The gauge-invariant Lagrangian terms involving these
new leptons read, in the Weyl notation,

&> —rpaSTE'ug —rg3SE'tR—Yp¢'l|E—~MpE'E+Hec.,
(33)

where ¢ is the Higgs doublet.

For the purpose of explaining the muon anomalies only the
second-generation Yukawa couplings A g 2 can be retained in
Eq. (33):

ng A% AQ2A0.3

VisVis \ oM + (3, + 23 5) 3

2M3
) (1+ 5L, (34)
2Mg +AE2vS

C/LO_ A% 202403
o=

ViV \ 2m2 + (szﬁz + k2Q’3) v

2M3
x| —14 —2 (35)
2M, +AE 2”5

Note that if we had chosen a VL lepton SU(2) doublet instead
of a singlet we would have obtained Cé‘ and C ﬁ) of the same
sign, which is disfavored by the data.

Again we parametrize this model in terms of 3 free param-
eters:my /gx, Mg/Lg, and Mg /Mg >, where A represent
equal couplings to the second and third generation quarks.
Their scanning ranges imposed in the global fit are shown
in Table 2. Again we include the bound from By mixing in
the likelihood function.

We present in Fig. 6a the marginalized 2-dimensional pos-
terior pdf in the (mz /gx, Mg /A o) plane for Model 2. The
VL mass range is determined by the 2 o range in Céf np and
lies around a 20-30 TeV scale for a coupling A of order
unity. Within 2 o probability, the m z//gx mass is limited to
values below 5 TeV, as a result of the By mixing constraint,
which directly depends on v%. Note that the 2-dimensional
posterior pdf in the (mz//gx, Mop/Ao) plane for Model 1
looks very similar to Fig. 6a, as a direct consequence of the
bounds on Céf ~p and Rgp.

In both Model 1 and Model 2, the second VL mass is
unbounded from above at the 2 o level, as depicted in Fig. 6b,
where we show scatter plots of the x 2 distributions of Model 1
(red points) and Model 2 (blue points) versus the VL mass
rescaled by the Yukawa coupling. This is a consequence of the
fact that C ngP in Model 1 and, especially C i‘ 0.NP in Model 2,
are consistent with zero at the 2 o level. On the other hand,
the values of Mp/Ap and Mg /AE » emerging at the best-fit
point are very different for the two cases.

@ Springer

We summarize the main characteristics of the scans of
Model 1 and Model 2 in Table 5. In analogy to what we
observed in the EFT analysis, the Bayes factor favors Model 1
over Model 2 by 5:1, which reads “substantial” evidence on
Jeffrey’s scale.

4.1.2 A model with U(1)x charged VL leptons

We finally consider an alternative to the L, — L, model,
obtained if one charges the VL leptons under the U(1)x sym-
metry, and leaves the SM leptons uncharged, see, e.g., [86].

Model 3 We add to the SM the following particle content

S:(1,1,0,—1), (36)
0:3,2,1/6,—-1), Q':(3,2,-1/6,1), 37)
L:(1,2,—1/2,1), L' :(1,2,1/2,—1). (38)

The Lagrangian features terms involving the NP leptons,
LD A iS*L'li — M L'L +Hec., (39)

where, again, /;—; 2 3 are SM lepton doublets.

After rotating to the quark and lepton mass bases and again
retaining only the Yukawa couplings relevant to b — spuu
transitions one finds

Cg _ —CiLO _ 2A2 AQ.2A0.3
VinVis \ 2m? + (A2Q,2 + AZQJ) v}
2
A 2”5 (40)
2M7 + A7 ,v3

This model can be parametrized in terms of three parameters:
mz/gx, Mg/Ag, and the hierarchical €, defined such that
My /A2 =€eMg/rg.

The 2 o regions of the 1-dimensional marginalized pos-
terior pdf and of the profile likelihood in this case coincide
and read

Cl = —C e (~0.68, —0.29). 1)

We apply this bound to Model 3, together with the bound from
B, mixing. The favored 2 o regions are shown in Fig. 6¢, with
different color code for different €. The severe bound on Rp g
limits this model to strong hierarchies between VL quark and
lepton masses.

4.2 Leptoquarks

A second, well known class of models that can easily generate
NP contributions to the Wilson coefficients of the EFT are
leptoquarks. Much work has been done in the past few years
on the phenomenology of leptoquarks in relation to the flavor
anomalies, for some early references, see, e.g., [38,40-45,
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Fig. 6 a The marginalized
2-dimensional posterior pdf in
the (mz//gx, Mg /i) plane in
Model 2 (the pdf is very similar
in Model 1). b A scatter plot of
the %2 distribution as a function
of VL mass rescaled by the
Yukawa coupling for Model 1
(red, Mp/Xp on the x axis) and
Model 2 (blue, Mg /AE 2 on the
x axis). ¢ The 2 o regions of the
profile likelihood in the

(mz /gx, Mg/Ag) plane of
Model 3 for different values of €
(Mp /A2 =€Mg/Arp). The
gray area is excluded by the
upper bound on Rpp from Bj
mixing
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Table 5 Evidence, pull to the SM, chi-squared statistics, and input parameters at the best-fit points of Model 1 and Model 2
2
Z'+VL —In Z Pull X3or jjg} myz/gx Mg/ro Myr/AvL
Model 1 78.4 450 145.5 1.05 0.7 TeV 24.4 TeV 34.2 TeV
Model 2 80.0 410 149.4 1.07 0.7 TeV 24.7 TeV 0.5 TeV
48]. Here, we limit ourselves to the analysis of but one of Sy = S1/3 \/554/3 (44)
these models, the scalar SU(2) triplet S3 [§7-94], which can ﬁS_z 3 —S1/3 ’

generate a C§ = —Cj, contribution at the tree level, like
Model 3 of the previous subsection.
We thus introduce the scalar leptoquark

S3:(3,3,1/3).

(42)

The Lagrangian acquires a Yukawa term of the type

Z D Yijql (i02) 831 + He.,

(43)

where ¢;, [; are the SM quark and lepton SU(2) doublets,
i, j = 1,2, 3 span the SM generations and S3 is a matrix

with electric charges indicated in the subscripts.
After rotating to the mass basis one writes

Z DY (51/3 drive j +v2S43 dLieLj)

l

~

ij (51/3 upierj —v28_a/3 uLivLj) +H.c,
(45)

where )N’J = )A’l.i(VCTKM)k ;- Note that couplings of the type

q S; g, which are very dangerous for proton decay, are allowed
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in the SM, so that in UV complete models one should make
sure they are forbidden by an additional symmetry.
By matching to the EFT one finds

’ P
TV YbNYsu

Clf=—-Cly= , (46)
9 07 ViV dem ms,
where in this and what follows we have assumed that the
mass of the triplet states is the same, mg;.
The constraint from the 1-dimensional EFT at 2 ¢ is given
in Eq. (41). This leads to

2 A A 2
04 107 (22)" < R B, = 11 x 1073 (227
TeV Sk TeV
(47)

If one starts with ?b/t IA/ Y*u # 0, the CKM matrix generates
additional Yukawa couplings,

Yup = (Vm) 12 Yo + (Verm) 13 Y3,
Yeu = (VéKM)zz Y+ (VC*KM)B Y33,
Vi = (Von) s 22 + (Vka) 53 Va2, (48)

so that possible complementary constraints come from B —
K®vp, b — ci” v decays, t — cptu=,andt — cov.
The most dangerous constraint is possibly given by B —
K®vp decay. The bound can be expressed as [40,95]
2

Vi R(P,, V)
3a Vi Vim3 CSM b

S3
2
2mv? P
|Ysu| |Ybu|
< Brooz cL)» (49)

1
+
31CPM)2 (avtbv;;mi
where BI‘(SM) = (4.0:|:0.5) X 10_6, Br(90% CL) = 1.6 x
1073, and CPM = —6.38 £ 0.06. We get the limit

BI‘(SM) 1+

A 2
N(Tp V) S22 x 1072 (%) : (50)

which does not constrain the parameter space emerging in
Eq. (47).

5 Summary and conclusions

In this paper we have presented a global Bayesian analysis of
the NP effects on effective operators of semileptonic b — s
transitions after the very recent updated measurement of Rx
at LHCb and new results for the observable R g+ in B-meson
decays, as well as the first measurement of its counterpart
Ry++ in B decays at Belle. We have performed global fits
with 1, 2, 4, and 8 Wilson coefficients as inputs, plus one
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CKM nuisance parameter to take into account uncertainties
that are not factorizable with the NP effects. From the fits,
we then inferred the 68% and 95.4% credibility regions of
the marginalized posterior probability density for all models.

The new measurement of Rk is closer in central value
to the SM prediction than the Run 1 determination, but the
much improved precision of the new data keeps it at 2.5 ¢
from the SM. As a result the high-probability region of the
posterior pdf in the NP Wilson coefficients C}y and C/ shifts
slightly towards the zero value with respect to the scans with
the Run 1 determination of R, but the overall pull remains
quite large, at the level of 4-5 o, quite independently of the
number of scanned input coefficients.

We have confirmed previous observations that the impact
of the Wilson coefficients of the electron sector on the data is
negligible with respect to the muon sector. Moreover, a pair-
like comparison of the Bayes factors of different models has
allowed us to determine that the two scans characterized by
the inputs CJ', Cg", and Cl, Cl, C3*, C|ls are favored by the
data, with respect to all other combinations. The frequentist
measures of the goodness of fit like the minimum chi-squared
per degree of freedom confirm this preference.

Finally, we have also analyzed a few well-known BSM
models that can provide a high energy framework for the EFT
analysis. These include the exchange of a heavy zZ gauge
boson in models with heavy vector-like fermions and a scalar
field whose vev breaks spontaneously the new symmetry, and
a model with scalar leptoquarks. Despite the introduction
of new constraints that are specific to the model-dependent
analysis, when it comes to determining which hypotheses
are strongly favored by the data, the Bayes factors mirror
the results of the EFT fits, i.e., models that can generate the
Cg and Cé“ Wilson coefficients after integrating out heavy
degrees of freedom are preferred with respect to other com-
binations.
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6 Appendix A: List of observables used in the global
analysis

In this appendix we provide a tabularized list of all the observ-
ables included in our global analysis as components of the
likelihood function (Tables 6, 7, 8, 9, 10, 11, 12, 13, 14,
15, 16, 17, 18, 19, 20, 21, 22, 23). For each of them we
show the experimental measurement and the SM predic-

tion derived with £lavio, which includes the theoretical
error obtained by calculating the spread of values for a given
observable, when a set of input parameters (form factors,
bag parameters, decay constants, masses of the particles)
were randomly generated for 2000 times. In the last column
we also present a deviation of the measurement from the
SM prediction that quantifies the significance of a potential
anomaly.

Table 6 LFUV observables

included in the global fit LFUV observables

Observable SM prediction Experimental value Deviation
LHCb (BT — K+1t17) [96]
RO 1.001 =£0.000 0.84610:9% +0.016 2.50
LHCb (B — K*01+17) [4]
RIQ04.11] 0.928 +0.004 066070419 +0.024 2.40
RO 0.997 +0.001 068570413 +0.047 2.50
Belle (B — K*01t]) [2]
RO 11 0.928 +0.004 0467933 +0.07 0.80
RO 0.997 +0.001 1.067053 +0.13 0.20
R 0.997 4 0.000 112795 £0.1 0.30
Belle (B* — K*tit17) [2]
RO 0.928 +0.004 0.6270% +0.10 0.50
RO 0.997 £ 0.001 0.72+093 £0.18 0.30
RY311 0.998 £ 0.000 140112 +0.11 0.60
lTﬁ%bE 7K *AOI;ILgE ij{ ?:2?11231?2 . B® — K*Ou" i~ angular observables
the global fit Observable SM prediction Experimental value Pull
LHCb [6]
(Fp)lt-1:23] 0.761+0.044 0.66610 053 £0.022 1.00
(Fp)254 0.796 +0.036 0.87610 007 £0.017 0.70
(Fp )6 0.711 £0.049 0.61170033 £0.017 Ldo
(F)l>:19] 0.340 £0.022 0.34470:928 1 0.008 0.10
(Apg)1-123] —0.137+0.030 —0.19170:0%8 +0.012 0.60
(Apg)234 —0.017£0.032 —0.11870:982 +0.007 1.lo
(App)1*o 0.123+0.042 0.02575:951 +0.004 1.50
(Apg)l1519) 0.368 +0.021 0.35510:027 £ 0.009 0.40
(S3)l1:1:231 0.002 £ 0.005 —0.0779%7 £0.005 0.80
($3)[2:5:4] —0.0110.004 0.03510 055 £0.007 0.50
(S3)0] —0.025 £0.009 0.035700%3 +0.007 0.90
(S3)115:19] —0.205£0.016 —0.16379033 £0.009 L.lo
(Sg)l1-1,25] —0.026+£0.017 —0.07710:111 +0.005 0.40
(Sg)25:4] —0.152£0.022 —0.23410-127 £ 0.006 0.60
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Table 7 continued

Table 8 Angular observables of
BY — K*0ut 1~ included in
the global fit

@ Springer

B® — K*0uF 1~ angular observables

Observable SM prediction Experimental value Pull
(S4)140] —0.224+0.020 —0.21970:08¢ + 0,008 0.10
(Sg)l15:19] —0.300 £ 0.006 —0.28410:0%8 + 0,007 0.40
(Ss)1:1:2:5] 0.053+0.035 0.1371009 £ 0.009 0.80
(S5)125:4] ~0.194+0.039 —0.0220149 £0.008 1.50
(S5)14-61 —0.337£0.035 —0.14610077 +£0.011 2.20
(S5)11:19] —0.281+0.017 —0.32570035 £0.009 L.lo
(§7)11-1.2.5] —0.027 +£0.030 —0.21910004 £0.004 1.80
(7254 —0.020 £ 0.041 0.06870:129 £0.005 0.70
(S7)14-6] —0.013+0.051 —0.01670:080 £0.004 0.00
(S7)l15:19] —0.001 +0.001 0.048 70043 -+ 0.006 lLlo
(Sg)l1-1:2:5] ~0.007 +0.013 —0.0980198 +0.005 0.70
(Sg) 1254 —0.006+0.014 0.03070137 £0.006 0.30
(S5)14-0] ~0.005+0.015 0.1670054 £ 0.004 1.80
(Sg)l15:19] 0.000 == 0.000 0.028 70044 £0.003 0.60
(So)l1-1:2:5] —0.001 +0.005 —0.11970:987 +0.005 Llo
(Sg)12-5:4] —0.001 £0.002 —0.0920193 £0.007 0.70
(S9) 1461 —0.001 %+ 0.005 —0.03270:07 £0.004 0.40
(Sg)l13:19] 0.000 == 0.000 —0.05310:03 +£0.002 140

Belle [8]

(P,)l0-14 —0.03+0.03 —0.387030 +£0.12 0.70
(P,)l14-18.19] ~0.63+0.01 ~0.10103 £0.07 1.30
(Py)l0-1.41 0.15+0.06 0.427039 £0.14 0.60
(Py)l1418.19] —0.63£0.03 —0.137032 £0.06 1.30

B® — K*0uF 1~ angular observables

Observable SM prediction Experimental value Pull

ATLAS [9]

(Fp)[0:042] 0.3940.06 0.4440.08 £0.07 0.40
(Fp)24 0.8040.04 0.644+0.11+0.05 1.30
(Fp)l+0l 0.71 +£0.05 0.42+0.13+0.12 1.60
(§3)[0-04.2] 0.0140.01 —0.0240.09 4 0.02 0.30
(83)12:4 —0.0140.00 —0.154+0.10+0.07 1.20
(S3)14-61 —0.02+0.01 0.00£0.12£0.07 0.20
(84)[0-04.2] 0.06+0.01 0.154+0.2040.10 0.40
(S4)124] —0.13£0.02 —0.37£0.15£0.10 1.30
(8,)[4-01 —0.2240.02 0.324+0.16 £ 0.09 3.00
(85)10:04.2] 0.20 £0.01 0.33+0.13+0.08 0.9
(85)12:41 —0.164+0.04 —0.164+0.15+0.06 0.00
(S5)[4.0] —0.3440.04 0.134+0.18+0.09 2.30
(§7)10.04.2] —0.0240.02 —0.0940.104+0.02 0.70
(§7)[2:4] —0.024+0.04 0.1540.14+0.09 1.00
(§7)14-61 —0.01+0.05 0.03+£0.13+0.07 0.30
(85)10-04.2] 0.00 £0.01 —0.1440.2440.09 0.50
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Table 8 continued

Table 9 Angular observables of

B — K*0u* 11~ included in
the global fit

Table 10 Binned differential
branching ratio of

B® — K*0ut 1~ included in
the global fit

B® — K*0uF 1~ angular observables

Observable SM prediction Experimental value Pull
(Sg)[24] —0.0140.01 0.52£0.20£0.19 1.90
(Sg)1+-61 0.0040.02 —0.1240.2140.05 0.5¢

CMS 2015 [97]

(Fr)lh2 0.73£0.05 0.6470:00 £0.07 0.70
(Fp)243) 0.79 £ 0.04 0.807008 +0.06 0.10
(Fp)l43.0 0.70£0.05 0.627000 £0.07 0.60
(Apg)12 ~0.16+0.03 —0.271030 £0.07 0.30
(App)243] —0.02+0.03 —0.12715£0.05 0.50
(Apg)43.0] 0.13£0.04 0.017013£0.03 0.80
CMS 2017 [98]
(P2 0.05+0.05 0.127946 +0.10 0.20
(Py)[2:43] ~0.11£0.04 ~0.691035 £0.23 1.00
(Py)la-30] —0.18£0.05 0.537933£0.19 1.90
(P12 0.29+0.07 0.107937 £0.07 0.50
(Py)1243] —0.45£0.10 —0.57931 £0.18 0.30
(Py)l4:3.01 —0.77£0.08 —0.961037 £0.25 0.70

B® — K*0u+ 1~ angular observables

Observable SM prediction Experimental value Pull

CDF [99]

(Fp)l02] 0.39£0.06 0.267013 £0.04 0.80
(Fp)1243] 0.79 +0.04 0.72013 £0.09 0.40
(Apg)l02) ~0.10+0.01 0.0779329 £0.11 0.60
(App)243] —0.03£0.03 —0.11703¢ +0.16 0.20

BY — K*0p* i~ differential branching ratio

Observable SM prediction Experimental value Pull

CDF [99]

108 x (‘;BT‘})WI 8.23+1.14 9.124+1.734+0.49 0.40
108 x (%)lz-“l 4.50 £0.69 4.61+1.1940.27 0.1c

CMS [97]

108 x (‘[’;372“)[121 49+0.7 4.6+0.74+0.3 0.20
108 x (%)[2’4-31 4540.7 3.340.54+0.2 140
108 x (%)[4“1 5.140.8 34405+0.3 1.70
LHCb [100]
108 x (425011231 4.65+0.68 3.267032 £0.10£0.22 1.80
108 x (4251254 4.4940.69 3.341031 £0.09£0.23 140
108 x (425146 5.02£0.76 3.541037£0.09 £0.24 1.80
108 x (425115191 5.95+0.63 4.367015 £0.07£0.30 2.20
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Table 11 Binned differential
branching ratio of

B% — KOu* 1~ included in the
global fit

Table 12 Binned differential
branching ratio of

BT — K*utu~ included in
the global fit

Table 13 Binned differential
branching ratio of

Bt — K**utu~ included in
the global fit

Table 14 Binned differential
branching ratio of

BY — ¢t included in the
global fit

@ Springer

BY — KOu*p~ differential branching ratio

Observable SM prediction Experimental value Pull
CDF [99]
108 x (‘5}371})[0’21 3.284+0.57 2.4541.5940.21 0.5¢
108 x (%)lz-“l 3.2540.56 2.5541.704+0.35 0.40
LHCb [5]
108 x (4251012 3.28+0.57 1227039 £0.06 2.5¢
108 x (42541 3.25+0.55 1.877925 £0.09 .70
108 x (42546 3.21+0.54 1737933 £0.09 1.90
108 x (425) 1522 1.39+0.16 0.95%018 £0.05 1.90
BT — K*utu~ differential branching ratio
Observable SM prediction Experimental value Pull
CDF [99]
108 x (423)(2] 3.5240.61 1.80+0.5340.12 2.10
108 x (‘;‘ZR)D“] 3.50+£0.59 3.16+£0.54 +0.18 0.40
LHCb [5]
108 x (%)“-'vz] 3.53+0.61 2.3340.1540.12 1.90
108 x (%)[w 3.5140.61 2.8240.164+0.14 I.lo
108 x (‘(’IBT‘})W] 3.4940.59 2.5440.1540.13 1.5¢0
108 x (%)[451 3.47+0.59 2.21+0.14+0.11 2.00
108 x (%‘)[W 3.45+0.57 2.3140.1440.12 1.90
108 x (%)Uml 1.51+£0.17 1.21 £0.04 +£0.06 1.60
Bt — K**u*p~ differential branching ratio
Observable SM prediction Experimental value Pull
CDF [99]
108 x (‘%‘})[0-21 8.63+1.23 7.50 +4.68 +0.88 0.20
108 x (%)lz-“l 4.90+0.74 4.94+3.58+0.63 0.00
LHCb [5]
108 x (4251012 7.93+1.09 5.921143 £0.40 Llo
108 x (425124 4.87+0.73 5.591137£0.38 0.40
108 x (425)%1 543+0.82 24910480 £0.17 2.10
108 x (25) 1519 6.42+0.67 3.95%080 +0.28 2.3¢
BY — ¢utu~ differential branching ratio
Observable SM prediction Experimental value Pull
LHCb [7]
108 x (425116 5.39+0.65 2.587033 £0.08£0.19 3.70
108 x (4BR)[15.19] 5.57+0.47 4.047939 £0.13£0.30 2.20

dq
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Table 15 Angular observables
of B — ¢u*p~ included in
the global fit

Table 16 Binned differential
branching ratio of

A) — Aptp~ included in the
global fit

Table 17 Angular observables
of A) - ApT ™ included in
the global fit

Table 18 Angular observables
of BT — K*u*u~ included in
the global fit

BY — ¢ut ™ angular observables

Observable SM prediction Experimental value Pull

LHCb [7]
(Fp)l0-1.2] 0.50+0.04 0.20008 £0.02 3.00
(Fp)23) 0.81£0.02 0.6801$ +£0.03 0.80
(Fryls:191 0.34£0.01 0.291007 £0.02 0.60
($3)101.2] 0.02£0.01 —0.051013 £0.01 0.50
($3)123] —0.01£0.00 —0.067033 £0.01 0.20
(S3)115:19] —0.21£0.01 —0.091013 £0.01 1.00
(84)10-1.2] 0.06 +0.01 0.271078 £0.01 0.80
(S4)23] —0.15+0.02 0471030+ 0.01 0.70
(Sq)l15:19] —0.30£0.00 —0.14701 +0.01 1.50
($7)10-1.2] —0.02£0.02 0.04912 +£0.00 0.50
($7)123]1 —0.02£0.04 —0.037018 +0.01 0.00
(S7)l1:19] 0.00 £0.00 0.13711 £0.01 1.20

Ag — Ap*p~ differential branching ratio

Observable SM prediction Experimental value Pull
LHCb [101]
107 x (25001 0.10+0.06 0.0970:0¢ £0.02 0.20
107 x (428115201 0.710.08 1207999 +0.25 1.70

AY — Aptp angular asymmetries

Observable SM prediction Experimental value Pull
LHCb [10]
(Al 115,201 —0.36£0.02 —0.39£0.04 £0.01 0.80
(AR y[15.20] —0.2740.01 —0.30+£0.054+0.02 0.50
FB
(Alh 115201 0.1440.01 0.2540.04+0.01 2.70

Bt — K*pu*u~ angular observables

Observable SM prediction Experimental value Pull
CMS [102]
(App)l10] 0.00 +0.00 —0.147007 £0.03 1.80
(Fpp)1243] 0.02£0.00 0.85031 £0.14 2.20
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Table 19 Angular observables
of B - K*%¢*e™ included in
the global fit

Table 20 Binned differential
branching ratio of

BY — K*0¢te™ included in the
global fit

Table 21 Binned differential
branching ratio of

BT — K*tete™ included in the
global fit

Table 22 Binned B — XTI~
branching ratio included in the
global fit

Table 23 BY — ptpu~
branching ratio included in the
global fit

@ Springer

B? — K*0¢te~ angular observables

Observable SM prediction Experimental value Pull
Belle [8]
(P14 —0.01£0.03 0.34T04L £0.11 0.80
(P,)l1418.19] —0.63+0.01 —0.157035 £0.04 1.20
(P14 0.17£0.06 0.517032 £0.09 0.80
(Py)l14.18.19] ~0.62£0.03 ~0.917936 £0.03 0.90
LHCb [103]
(F)10-002.1.12] 0.184+0.04 0.1640.06 +0.03 0.30
B? — K*0¢te differential branching ratio
Observable SM prediction Experimental value Pull
LHCb [104]
107 x (G25) 1000311 2.5+0.4 31109 +0.2 0.60
Bt — K*eTe™ differential branching ratio
Observable SM prediction Experimental value Pull
LHCb [3]
107 x (2% 116 0.349 £ 0.059 0.312700%9 0.50
B — X,I*1™ branching ratio
Observable SM prediction Experimental value Pull
BaBar [105]
x (BR)(B = X,utu)lhol 1.68+0.17 0.6670 80 £0.07 l.lo
x (BR)(B — X utpu—)l142.23] 0.34+0.04 0.607034 £ 0.00 0.8¢
106 x (BR)(B — Xete )10l 1.74£0.18 1937094 £0.18 0.30
© x (BR)(B — X ete)l142:25] 0.29 £ 0.04 0.56019 £0.00 1.50
BY — utu~ branching ratio
Observable SM prediction Experimental value Pull
LHCb+CMS [106]
9 RR (RO — +0.70
109 x BR(B? — putpu™) 3.67+0.15 2.8070: %0 1.20
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