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Abstract

We present an analysis on flavour anomalies in semileptonic rare B-meson decays using an
effective field theory approach and assuming that new physics affects only one generation
in the interaction basis and non-universal mixing effects are generated by the rotation to the
mass basis. A global fit to experimental data is performed, focusing on LFU ratios R p
and Rj/y and branching ratios that exhibit tensions with Standard Model predictions on
B — K™vi decays. In our analysis, we use a Machine Learning Montecarlo algorithm, a
framework that emulates the highly non-Gaussian structure of the likelihood landscape with
minimal training cost. This method enables the generation of high-resolution confidence
regions and detailed correlation analyses. By comparing three different scenarios, we show
that the one that introduces only mixing between the second and third quark generations and
no mixing in the lepton sector, as well as independent coefficients for the singlet and triplet
four fermion effective operators, provides the best fit to the experimental data. A comparison
with previous results is performed. We highlight the key strengths of the Machine Learning
framework in our analysis.

1 Introduction

In the last decade several experimental anomalies related to flavour physics and, in particular,
in B-meson decays, have been observed [1-18]. The disagreement between the theoretical
predictions in the Standard Model (SM) and the experimental measurements is a clear open
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window for searches of physics beyond the SM. A model-independent analysis of the contri-
butions to B-physics observables displaying those discrepancies is highly recommended. The
Effective Field Theory (EFT) approach allows us to perform this kind of analysis by focusing
on the relevant degrees of freedom and describing the physics one is interested in [19-22].
In this way, we can study the allowed regions of parameter space which are compatible with
experimental results.

In order to better identify the possible deviations from the SM behaviour, one can construct
ratios of branching ratios, which are “cleaner” observables as hadronic uncertainties largely
cancel. For example, the R ratios,

BR(B — D™<ti;)

Rpyr = [BR(B — D®™ei,) +BR(B — D®ui,)]/2’ M
whose values in the SM are [23]:
RIM =0.299+0.004,  R$M =0.257 +0.005. )
The latest measurements of the R ratios have been performed at Belle II [16],
R« = 0262503003 » 3
and LHCb [17],
RY, =0.249 4 0.043 £+ 0.047,
RY,. = 0.402 +0.081 + 0.085, 4
bringing the world average to [24]
R =0.342 +0.026,
RY,. =0.287 £0.012, Q)

which are 1.6 ¢ and 2.5 o above the SM, respectively, with a combined tension of 3.31 ¢.
Another class of B meson observablesis Ry , defined as the Lepton Flavour Universality
(LFU) ratio,
BR(B, — J/¢¥ Ttvy)
Rypy = :
BR(B. — J /¥ wvy)

At the quark level, it corresponds to a b — cfv transition, which is the same transition as
the Rp and Rp- ratios. As such, it is natural to examine the Ry ratio looking for a similar
anomaly. Indeed, the SM prediction is [25]

(6)

SM
Ry = 0.258 +0.004, (@)
while the experimental measurement at LHCb [26]
RYP =0.714£0.17£0.18, )

displaying a 1.8 o tension. It is interesting to note that the experiments detect an excess of
tauonic decays (or equivalently a defect of light lepton decays), which is also the case for
the Rp and Rp+ anomalies. However, this tension is not present in the recent measurement

at CMS [15]
cMs 10.184-0.2140.19
Ryjy =0.17"017"022 018 » ©)

which is only 0.3 ¢ away from the SM prediction. The naive average of both measurements
results in [27]
Ry =0.5240.20, (10)
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consistent with the SM prediction at the 1.3 o level.
Besides, Belle II has also reported an excess in the BY — K1 v decay [28], combining
inclusive and hadronic tagging,

BR(BT — KTvi) = (23+0.7) x 107, (11)
which present a 2.7 o excess as compared to the SM prediction [29],
BR(BT — Kt vi)gm = (0.429 £ 0.013 £ 0.02) x 1077 . (12)
For the decay into a vector kaon, the 90% confidence level limit set by Belle [30],
BR(B® - K*0vi) < 1.8 x 107>,  BR(BT — K*"vi) < 6.1 x 107, (13)
is at least still a factor of 2 away from the SM prediction [31],
BR(B — K*vi)sm = (0.824 £ 0.099) x 107 . (14)

The experimental data has been used in recent years to constrain New Physics (NP)
models. Several global fits have been performed in the literature [19-22, 24, 25, 27, 32—
46], and references therein. The present work includes in the global analysis the recent
experimental measurements of Rp« [24] and R,y [27], which were not included in [19].
Besides, the latest results for BT — KTvd decay are also included in the discussion.
Crucially, the experimental landscape has undergone a fundamental shift since our previous
work: the updated Rx and Rg+ measurements from 2022 [47] have resolved the long-
standing anomalies in b — s¢1¢~ transitions, bringing these ratios into agreement with
SM predictions. This development, combined with the emergence of a significant excess in
BT — K*vb, motivates a complete reconsideration of the operator structure. While the same
SMEFT operators that were previously favored remain relevant, their relative importance and
the optimal flavor structure have changed dramatically.

In this paper, we demonstrate that this new experimental situation requires allowing inde-
pendent Wilson coefficients for singlet and triplet operators (C; # C3), a key distinction
from our previous scenarios where we assumed C; = C3. This generalization, which we
implement in our new Scenario III, provides substantially better fits to the data and reveals a
qualitatively different phenomenology. Specifically, it allows us to simultaneously describe
the persistent anomalies in b — ctv and the new excess in b — svv channels while main-
taining consistency with the now SM-like b — s £ £~ observables.

The paper is organized as follows. Section 2 provides a summary of the relevant terms
of the Weak Effective Theory for our analysis, as well as few details on how to perform
the statistical fit of the Wilson coefficients involved. We analyse the b — ctv and the
B — K™y decays, providing the best fit predictions for Rp+ and Ry /v observables and
for the Bt — KTvv and B — K*Ovv branching ratios. Section 3 is devoted to the global
fits, by including some details of the Machine Learning Montecarlo algorithm used up. At
the end of this section we discuss the correlation for the Rp+ observable and BT — KTvb
decay. Finally, conclusions are presented in Section 4.

2 Effective Field Theories

The Weak Effective Theory (WET) is formulated at an energy scale below the electroweak
scale and the heavy SM states (¢, h, W= and Z9) are integrated out. The NP resides at an
energy that is greater than the experimentally accessible energies, and the Wilson coefficients
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are a measure of the strength with which the NP couples to ordinary particles. The dimension
six operators are constructed from light SM fields. In this section we only present the relevant
terms for our analysis from the WET Lagrangian [48-50]. We start by analyzing the b — ctv
decays and then discuss the B — K ®) v decays. The best fit predictions for Rp+ and R; Jv
observables and for the B¥ — K*vv and B — K*vi branching ratios are obtained.

21b— c1v decays

In the WET below the electroweak scale, the expressions for R;/y were given by [25, 51],
and for Ry by [52]. The relevant effective Lagrangian is

4G
Lpsery = *fVcb [(1+CyL) OyL + Cyr Oyr + CsL Osp + Csg Osg + Cr Or] +h.c.,
(15)

where G is the Fermi constant, V., is an element of the CKM matrix and the effective
operators are defined as

Ovp = CLy"br)TLyuve) Ovr = (CRY"DR)(TLYuVL)
Ost = (crbr)(TrvL), Osg = (cLbr)(TRVL) ,
Or = (cra"br)(TrouVL) , (16)

being their corresponding Wilson coefficients Cy, Cyg, Csr, Csg and Cr, respectively.

Inthe SM, the b — c{v transitions at tree level are mediated by the exchange of a W boson,
which in the WET is integrated out contributing to the C%}’}‘ = 1+ Cy . Wilson coefficient.
This contribution has already been separated in Lagrangian (15), and therefore any nonzero
value of the Wilson coefficients in the Lagrangian will be due only to NP. The dominant
contribution will come from the interference term between Cy and the SM. Furthermore,
the scalar contributions Csy, and Csg are helicity-suppressed by the mass of the lepton [53].

The NP contributions at an energy scale A ~ O(TeV) are defined via the Standard Model
Effective Field Theory (SMEFT) Lagrangian [54]. The relevant terms for our analysis can
be written as, '

LsMEFT = —5 (CZ;EID Oy + Cey Oflzjq%)) : a7
where A is the energy scale, ¢ and ¢ are the lepton and quark SU (2);, doublets, i, j, k, [
denote generation indices, and the dimension six operators are defined as

Oy = @vut )@y  an). 0% = Wyt @y . (18)
with 7/ being the Pauli matrices and CZ';]EID and CZ;%) are the corresponding Wilson coef-
ficients. Here we only include the SMEFT operators containing two left-handed quarks and
two left-handed leptons motivated by our interest in the B anomalies.

The tree-level matching between the WET and SMEFT coefficients at the scale © = Mz
is given by [55]:

V2 3 V2
Cyp = —— = (2C~23 Yo ) , Cvr= —Y=__ (2
VL 4G pA2V,, £q(3) ©q(3) VR 4G A2V, pud
Csp = — V2 3332 Csp = — V2 3332+
4G A2V, teanD” AGp A2V, 'edd
2
Cr = V2 3332 (19)

CAGEpA2V, tean®”
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It is important to note that the contributions from scalar-quark operators Cy4(3) and Cyyq
are universal in the lepton flavour, and therefore can not contribute to the B-meson anomalies.
The contributions from Cyequ(1), Crequ(3) and Ceeqq involve right-handed fermions, which
are suppressed because they do not interfere with the SM electroweak interactions.

In order to better understand the impact of NP on R,y and its relation to Rp+, we
perform a statistical fit of the three Wilson coefficients Cy g, Cyr and C7 including both
observables. As mentioned before, the contribution of the scalar coefficients are negligible.
The fit is performed by numerical minimization of the statistic test x> given by

1

5 2 lo7 —ofrqepic; 10T — of e, (20)

2 _
Xfit = 2
ij

where Opr and O}h({C }) are the experimental measurement and theoretical prediction for
the i-th observable, respectively, and C;; is the correlation matrix. The result of the fit is
represented in Fig. 1, by choosing two-dimensional contours of the Wilson coefficients with
the rest of the parameters as fixed in the best fit point. The scalar contributions Csy, and Csg
are suppressed and the fit is constrained by the vector Wilson coefficients Cyy and Cy g and
the tensor coefficient Cy. The values obtained for each coefficient are:

Cyr =0.296 £0.167, Cyr = —0.409 £0.089, Cr =0.341£0.386. (21)

The predictions for Rp, Rp+ and R,y observables and their uncertainties in the best fit
point are

Rp = 03427093 Rp- = 02887002 Ry =0.34570:0 (22)

compatible with the experimental results within 1 o.

2.2 B —» K®vv decays

In the WET, the B — K v processes receive contributions from the effective operators
appearing in the Lagrangian [29]

4GF aem

Loossvp = ny [ (CNPW | eSMwy o' o’ 0,”;”] the.,  (23)

v,/

where the semileptonic four-fermion operators are

= Sy PLb)(By* PV, 0% = (5y, Prb)(Dy" PV, (24)

Cwr

015 020 025 030 035 040 015 020 025 030 03s 040 050 -045 040 035 030 025 020

Cu Cu Cur

Fig. 1 Fit to the WET parameters to the R+ and Ry ratios at 1o (purple), 2o (blue), 30 (green) and 4 o
(yellow)
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being Pr.. = (1 £ y5)/2. The SM matching is CSM v = Vip Vs Xsm 8,,, where V;; are
the elements of the CKM matrix, and Xgv = —12. 64 4+ 0.15 [29, 56]. The branching ratios
in the WET are calculated as

BR(B* — K*vi) = ABK NP 4+ cfM™Y) 4 o2, (25)

v,/

BR(BO N K*O\)l_)) ABK* Z |(CNPUV SMUV’) + C}){v/|2

+ ABK* Z |(CNPUU + CzMVU/) _ CEV/|2’ (26)

v,/

where ABK = (5.66 £ 0.17) x 1070 [29] and ABK" = (8.88 £ 1.08) x 1076, ABK" =
(2.00 £+ 0 29) x 1076 [31].
The tree-level match between the relevant SMEFT and the WET Wilson coefficients is [55]

NP V2m 23 '23 23 23
L = G A e (Cz”r;(l) = Cg3 0w Coqay + SW/Cwq(@)’
«/in
cw o — N (va 23 S /C23) . 27
R GFAzaem o wd -

When performing a fit that considers only the parameters C23 and CISQ3 (third generation
of neutrinos), we observe that the resulting values are located at the intersection between
two parallel bands, which occur at C 23 +C %3 = constant, consequence of the constraints

2.0

-0.5

Bt — Ktvi

T T T T T T T T
-2.0 -15 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Fig.2 Fitto the WET parameters for B — K 5 branching ratios. The teal areas correspond to BR(BT —
KTvb) = (2.340.7) x 107> and the purple area to BR(B® — K*0v7) < 1.8 x 1075, while the red areas
are the best fitat 1 o and 2 o
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imposed by the observable Bt — K*v; and the ellipse that corresponds to the constraints
imposed by the observable B® — K v as shown in Fig. 2. The two minima are located at

(CP, C¥) = (=14+£06, —=09+£0.6) and (C;’, C¥) = (0.4£0.6, 0.9 £0.6)
(28)
and in both minima the predictions for the observables are

BR(BY - Ktvd) =(224+0.7) x 107,  BR(B? - K*v) = (1.3+0.2) x 107,

(29)
compatible with the experimental measurements. Our results are in agreement with the results
of [29] for their cLFC scenario. If only couplings to left-handed quarks are allowed, the best
fits are obtained for C3> = 0.9 £0.3 or —2.0 £ 0.3, corresponding to BR(BT — K vb) =
(1.5+0.6) x 107 and BR(BY — K*v¥) = (1.841.0) x 107, Therefore, we can conclude
that C23 alone can reduce the tension to the 1 o level, while the addition of C?f is necessary
to fully describe the experimental data.

3 Global Fits

In this section we will update and extend the results obtained in [19], which used a subset
of the SMEFT operators first proposed by [57-59]. The dimension-6 Lagrangian in the
“Warsaw-down” basis takes the form [19]

g
kl = - = _
Lnp = =5 [C1 iyt @y o) + Ca iyt €)@y ' qo], (30)

where ¢; and g; are the SU(2); doublets for the i-th generation of leptons and quarks,
respectively, A is the energy scale where the UV theory is matched to the SMEFT, C; and
C3 are the Wilson coefficients for singlet and triplet interactions, with the identification
CZIk(ll) = Cl)‘fﬂ‘Zz and CZIk(IS) = C3)‘fj)‘Zl’ being Af and A9 the matrices that determine the
flavour structure of the NP interactions. We will fix the value A = 1 TeV, which assumes that
the NP effects can be observed in flavour physics experiments. Flavour-changing charged
currents can only be mediated by triplet interactions, and therefore C5 is necessary to describe
the Rpw and R,y anomalies. Flavour-changing neutral currents, on the other hand, are
mediated by both Cy and Cs, in particular the contributions to b — s£* £~ are proportional
to C1 + C3, while b — svv receives tree-level contributions from C; — Cs. Finally, the
matrices X are a reflection of the flavour structure of the UV theory. One simple case, proposed
by [57], considered that the UV theory only affected one generation of fermions in a certain
interaction basis, which needs to be rotated to the mass basis. In this case, the matrices must be
hermitian, idempotent ()\2 = X)) and tr A = 1 and, as explained in [19], can be parameterized
by two complex numbers, «“? and 8¢, in the following way:

lat)2 @t1pba ota

1
atapta |gtaz gha . 31)

lg
- l,q|2 l,q12 _ _
Crlata P+ 1t \"ale Tged T

In order to be consistent in our analysis, we must not restrict ourselves to the ratios R e
and Ry . We have performed the fits including all observables implemented by sme111i ver-
sion 2.3.3 [60] (nearly 600 in total, covering Higgs decays, diboson production, semileptonic
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charm decays, lepton flavour violation, electroweak precision tests, and various B-physics
channels) plus R; /,/,1.

This broad inclusion is methodologically essential for several reasons. First, the Lan-
grangian (30) directly contributes to many other physical observables, for example the
previously mentioned BR(B — K ®)v) and even Lepton Flavour violating processes, like
B — Ket T, due to the off-diagonal terms of A¢. This way, while the dominant sensitivity
to our parameters (C1, C3, 89) comes from B-physics observables, the full set constrains
the flavor mixing encoded in A9 after rotating to the mass basis, breaks approximate degen-
eracies in the parameter space, and validates the stability of the preferred region. Second,
the running of the Renormalization Group equations causes the mixing of the operators in
Lagrangian (30) with other SMEFT operators. For example, the insertion of O (1) (O¢4(3)) is
necessary for the one loop corrections to Oy, (1) and Oy (1) (Oyq(3) and Oy (3)) operators that
are relevant for interactions between Z bosons and fermions. Third, including observables
from multiple sectors provides crucial null tests: improvements in b — ctv or b — svv
channels should not reappear as new tensions in light-lepton channels, charm physics, or
electroweak precision measurements.

The goodness of each fit is evaluated with its difference of x? with respect to the SM,
A XSQM = XSZM — )(ét, being th as defined in (20). Besides, the package smelli computes

the differences of the logarithms of the likelihood function as Alog L = —%A XSZM and, in
order to compare two fits A and B, we use the pull between them in units of ¢, defined as [61]
Pully, g = V2Erf '[F(Ax} — Axping —na)l. (32)

where Erf~! is the inverse of the error function, F is the cumulative distribution function of
the x 2 distribution and 7 is the number of degrees of freedom of each fit.

For comparison with our previous results, the SM input parameters are chosen to be the
same as in [19] and we have considered the two scenarios defined in this paper. In addition,
motivated by the tension in the new BT — K Tvi measurement at Belle II [28] together with
the alleviation of the tension in the R ratios, we have introduced a new scenario called
Scenario III:

e Scenario I: Includes only mixing between the second and third generations through B¢
and B9, thatis, o’ = @7 = 0and C; = C3 = C.

e Scenario II: The only assumption is C; = C3 = C. Mixing with both first and second
generation leptons through ', 8¢, a7 and B¢ is considered.

e Scenario III: C;| and C3 are independent parameters, and we do not consider mixing in
the lepton sector, that is al = ﬁ[ =0.

Scenarios I and II assumed that C; = C3 = C because at that time, the R« observables
presented deviations as compared to their SM predictions, while the constraints set by the
B — K®vi decays were quite stringent. However, at present the experimental situation
has reversed, with the tension in the Ry« ratios disappearing [47] and a new anomaly
appearing in BY — K™Tvi, pointing towards different NP contributions to C; and Cs.
Scenario III assumes that C| and C3 are independent parameters. Additionally, since there
are no longer discrepancies in muonic observables, we do not consider mixing in the lepton
sector (¢t = B¢ = 0); we are also discarding mixing to the first quark generation since it
played no role in our previous fits. In all three scenarios, only real values for the fit parameters
are considered.

The results of the best fits to the rotation parameters and the coefficients C are summarized
in Table 1. Scenarios I and II present a similar best fit point, with C ~ —0.12, 84 = 0.8

I we implemented the observable Ry, using the form factors in [51].
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Table 1 Results of the best fits to

. Scenario | Scenario 11 Scenario 11T
the rotation parameters and the
coefficients C in Scenario I, IT _ 40.03 _ _
and II1 Cy 0.1 1_8'8;‘ 0.12£+0.03 0.205 0iO(Z).OIS
+0. +0.
C3 -0.111903 ~0.12£0.03 —0.120-07
at - 0.0 40.07 -
Bt 0.00 +0.02 0.000 4+ 0.014 -
af - —0.076 -
+1.22 +1.05 +1.36
B4 0.787 136 0.8575¢ 0.647 55,
Pull 5710 5510 6.250
AXdm 39.8 43.12 46.66
p-value 12x 1078 3.5%x 1078 4.1x 10710

and the rest of the rotation parameters compatible with zero. The A XSZM is also similar, with
Axdy = 39.8 in Scenario I and Ax2y; = 43.1 in Scenario II, which results in Scenario I
having a better pull because there are less degrees of freedom, i.e. it is a simpler hypothesis.
As anticipated, Scenario III results in a much better fit as compared to Scenarios I and 1I,
since it requires the minimum number of parameters needed to describe simultaneously the
anomalies in R and B — K, with Axg,; = 46.66 and a pull of 6.25 0.

In Scenario I1I, since a® = B¢ = 0, there is no mixing in the leptonic sector, and the
NP only affects the third generation, i.e., )\g3 =1 and Afj = 0 for all the other entries.
Meanwhile, with a fit value of ¢ close to one, there is a large mixing between the second
and third quark generations, resulting in A%, = 0.29, A%, = 0.71 and A; = 2%, = 0.45. This
mixing structure thus provides large contributions to b — s v;V; and b — ¢ T~ v, transitions
while leaving b — setTe™ and b — s u+ ™ unaltered at tree level.

The role of each parameter of the fit in constraining each class of observables is shown
in Figs. 3 and 4. The one-dimensional slices of the likelihood function for Scenario III
is included in Fig. 3. The global fit (in orange) consists of 593 observables. However, it
can be seen that it is largely dominated by the two classes of observables that we have
been discussing in the previous sections: b — cfv (in blue) and b — svv (in purple). In
particular, the » — svv observables determine the likelihood function in the direction of
the parameter Cy, both b — cfv and b — svv contribute to the likelihood function in the
direction of C3, and b — cfv observables present the most important contribution to the
likelihood in the direction of 9. A similar picture emerges in Fig. 4 when the contours of

- \\ ~— Global _ ~—— Global
15 \ 15
\ b ety
10 |\ — b sup 10 — b sw
= \ \/ 3
® 0 \ ® 01~
7 \ g -

\,/

G Cy 8t
(a) (b) (c)
Fig.3 Negative of the logarithm of the likelihood function when varying (a) C; (b) C3 and (¢) 4 with respect
to their values at the best fit for Scenario IIT
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““““

(a)

Fig.4 Regions of constant likelihood in Scenario III for (a) C| and C3 plane (b) C| and B9 plane and (c) C3
and B4 plane, with the rest of parameters as in the best fit point of Scenario III

constant likelihood are considered. As indicated by the matching conditions in (19) and (27),

the Wilson coefficient Cy, relevant for the b — c£v decays depends on C 23(233) = C3AZ3

while the coefficient C23 of the b — svv observables depends on both Cgs(zf) = C1Ag3 and

C3323 —-C )\q
tg(3) — “3723:
After applying the running of the Renormalization Group equation and the matching
conditions (see [19] for details), the Wilson coefficients relevant for the » — ¢t~ v, and

b — s v, vy processes at the scale u = my, are
Cyr =0.089, CcP =061, (33)

while the other coefficients in (19) and (27) do not receive contributions from Scenario III.
There is also a contribution to the Wilson coefficient CS which enters the b — s £~ decays
for ¢ = e, u [19, 62]. Since this contribution is generated radiatively from Cg, it is lepton
flavour universal for the light flavours, C§ = Cg = —0.58, and consequently it does not
affect the R g+ ratios, which remain at their SM values Ry =~ 1. However, this contribution
does enter in the branching ratios of B — K G ptu~and By > ¢ utu.

We have obtained the predictions for all the observables included in the fit, as well as the
pull in the SM and in Scenario III (NP pull). Figure 5 shows the comparison of the pull of
each observable with respect to their experimental value in the SM (orange line) and in the
Scenario III (blue line). Here the observables in which the SM and Scenario III differ more
than 1 o are highlighted. We observe that the highlighted observables are all related to the
B-meson anomalies: RZD* (observable 4) and RZD (observable 92) improve by 3.30 and 1 o
respectively; BR(BY — K Tv1) (observable 9) improves by 1.7 ¢ and BR(BT — K*Tvv)
(observable 161) by 1 o while BR(BY? — K*0v¥) (observable 144) gets worse by 1 0. And
finally, regarding the branching ratios of b — sutu™ at high g2, BR(B* — K*utu™)
in the [16 — 17] GeV? (observable 51) and [15 — 22] GeV? (observable 87) bins, as well
as BR(BSi — ¢iu+u_) in the [15 — 19] GeV? bin (observable 111), improve by around
1o while BR(B* — K*utpu™) in the [17 — 18] GeV? bin (observable 211) gets worse
also by 1. As pointed out in Section 2.2, it is not possible to describe BT — K*vv and
BY — K*0u¥ decays only with left-handed effective operators, consequently resulting in
a worse pull for B — K*Ovi. As for the BY — KTt~ differential branching ratios,
both LHCb [1] and CMS [18] find some tension between the [17 — 18] GeV? bin, which is
measured above the SM prediction, and the rest of the bins in the g2 > 15 GeV?, which are
below their SM prediction, and our fit reproduces said tension.
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5
—— Scenario Il
—— Standard Model
4
3 -
3
o
2 -
1 -
“
832 X
O i 111 [y
161
0 100 200 300 400 500 600
Observable

Fig.5 Pull of the observables considered for the global fit in the SM (orange line) and Scenario III (blue line).
The observables are ordered by decreasing SM pull, and the ones in which the SM and Scenario III differ
more than 1 o are specially marked

3.1 Comparison with Previous Results

The inclusion of the new experimental measurements at LHCb for Ry [47, 63] has sig-
nificantly impacted our global fit, as compared to previous results presented in [19]. In the
previous fit, we found that a sizable contribution to ot was needed to describe the R K
anomaly via NP affecting the electron decay mode. Now that the experimental measure-
ments for Ry are compatible with the SM predictions, the current fit no longer requires
large deviations in «. In consequence, there is no mixing in the leptonic sector, with Ag ~ 1
affecting the tau decays (required to describe LFUV in b — ctv; processes), while Afj ~0
for ij # 33. In the quark sector, the central values found by the fit present no significant
changes as compared to the previous one, with large NP effects in 89 needed to describe
the anomalies in flavour-changing b — ¢ charged currents. However, we observe that 89
presents a larger allowed range, including even regions with 8¢ > 1, that is, with larger
NP effects in the second generation than in the third generation. In the previous fit, 89 was
constrained by the LFV decays B — K™ e, which received NP contributions through
CA%A?Z ~ CBlatBt. With the new fit preferring values of af much closer to zero, the
impact of 87 in the LFV observables is decreased, and instead, 8¢ is controlled mainly by
the b — clv decays.

This is illustrated in Fig. 6, where the two-dimensional section of the likelihood function
for the parameters or’-¢ in Scenario II, with the rest of the parameters set at the best fit
point of this scenario, is compared between the previous fit (left) and the new fit (right).
In [19] we found that the better fit, with the inclusion of previous discrepancies on Rgx and
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Fig.6 Regions of constant likelihood for ot and /3‘Z parameters in Scenario II as (a) in the previous work [19]
and (b) in the current work

R+ results, corresponded to Scenario II. However, the present experimental measurements
of these ratios do not have discrepancies with the SM predictions anymore. In fact, it can
be seen that the main difference is the region allowed for the Ry ) observables, inside the
red lines: in the previous fit, the allowed region corresponded to 0.04 < |o/| < 0.10, which
was not compatible with the SM value ot = 0 owing to the experimental anomalies at that
moment. On the other hand, the allowed region in the current fit is 0 < |o/z| < 0.12, which
includes the SM point since the anomalies are gone. The global fit, in orange, follows the
same logic.

The predictions for Rp, Rp+ and R,y observables in the best fit points for Scenarios I,
II and IIT are shown in Fig. 7(a). Rp and Rp+ exhibit very similar values in both scenarios
II and 111 (as «’9 does not affect these predictions), and these fitted values align well with

SM 2.5
0.7 Experimental
¢ Scenario I
0.6 A Scenar?o 11 2.0
¥ Scenario 11
I T S e e e > 1.5
o 0.5 o + +
=
~1.0
0.4
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R 0.5 $ 4
A L]
03 R S W S
0.0
RY, Ry, Rf. Ry BR(B* — K*vw) BR(B" = K*vp)
(a) (b)

Fig.7 Predictions for selected (a) b — c€v LFU ratios and (b) b — svv branching ratios. The predictions in
Scenarios I, IT and I1I and their expected error are represented with blue markers. The SM prediction and its 1 o
error are represented by the yellow regions. The experimental measurement and its 1 o error are represented
by the green regions
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experimental results. The current fit is largely dominated in the b — c£v sector by the R
ratios, as their uncertainty is much smaller than in the case of R,y . It would be therefore
desirable to improve the measurements of R,y in order to obtain an independent handle of
the b — clv sector and further clarify the present anomaly.

Figure 7(b) includes the predictions for B¥ — K*vi and B — K*Ovi branching
ratios, not included in our previous analysis. In both cases we can see how the scenario I
and II, in which the coefficients C; = C3 were not independent, fail to correctly capture the
NP contribution, yielding values very close to the SM predictions. In contrast, Scenario III
manages to improve the results in the charged sector, although the results in the neutral sector
are worsened.

For comparison, the values obtained for b — s ¢7¢~, b — c£v and b — s v D observ-
ables in Scenario II are presented in Table 2. For each observable, the significance of the
deviations with respect to the experimental values, in units of o, is provided. The ones in the
column “Previous fit” are referred to the experimental measurements that were available in
Ref. [19], while the ones in the column “Current fit” correspond to the updated values derived
in this work. In the case of the R ratios, the current fit improves the pull for RU-LO01 and

K*O
RE?;B‘S' 1 the later by almost 2 o. At the same time, the pull for R%f + 001 hag increased to

1.1 0. The reason for this change is that this is the only bin where some of the tension with the
SM prediction still survives, and our fit reproduces this tension. The updated measurements
of Rp and the inclusion of the observable Ry, with its large uncertainty, have a lesser
impact on our fit. However, for the Ry ratio that includes the decay mode to electrons,
Rf)* , the current fit represents an improvement over the previous one due to the reduced NP
effects in af.

The impact of the new measurement and the reduced NP effects in «* can also be noticed
in other b — se"e™ observables, for example in the inclusive branching ratio BR(B —
X; eTe™), that has changed from 1.3 o to 1.6 o in the [14.2, 25.0] GeV? bin and from 0.23 &
to 0.74 ¢ in the [1.0, 6.0] GeV? bin. Also in LFU ratios, like other bins of R x» that were
5?60’ 8.121 changing from 0.86 0 to 1.3 0 and RE?;?’ 8.12]
from 10 to 0.59 . By contrast, b — s "~ observables like the angular observables

14

measured by Belle [64], for example R

Table 2 Comparison of the predictions for b — s€¢~, b — cfv and b — svi observables between our
previous fit and the current fit in Scenario 111

Observable Previous fit Current fit

RU-1 60 0.83438 (0.28 o) 1.0009 (1.1 0)
R?;@%“S’]'” 0.88373 (2.10) 0.92444 (0.026 &)

RY 500! 0.84052 (1.4.0) 0.99609 (0.41 ¢

RY 0.35166 (0.170) 0.35131 (0.51 0)

RY. 0.2898 (0.41 o) 0.28951(0.23 o)

Rlp. 0.29041 (0.75 ) 0.28997 (0.77 o)
Ry . 0.30608 (1.10)
BR(BT — K+vD) 57715 x 1076 (1.10) 9.7026 x 1076 (1.40)
BR(B? — Kk*0yp) 1.2523 x 1073 (1.50) 2.1038 x 1075 (2.3 0)

The significance of the predictions in the column “Previous fit” are referred to the experimental measurements
that were available in Ref. [19], while the significances in the column “Current fit” correspond to the present
values
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P’y and P’s or the branching ratios BR(B — K*u ™) and BR(By — ¢ 17 117) remain
unchanged between both fits, because the value for 8¢ has not changed.

3.2 Machine Learning Analysis

In this section we detail the Machine Learning (ML) methodology employed in this work,
building on the framework established in [19]. While our scenarios contain between 3 and 6 fit
parameters (a modest dimensionality for which standard sampling techniques are in principle
adequate), we employ an ML-based approach for several compelling reasons that prove essen-
tial for this analysis. The confidence intervals extracted from our global fit exhibit pronounced
non-Gaussian features: the likelihood surfaces develop curved ridges in the (Cy, C3, 89)
parameter space, weakly constrained directions emerge from approximate degeneracies, and
the mixing of parameters across different scales (C; ~ O(0.1) vs. B4 ~ O(1)) compli-
cates straightforward grid-based sampling. These features arise naturally from the interplay
between multiple observables with different sensitivities to the Wilson coefficients, and accu-
rately capturing them is crucial for reliable uncertainty propagation to physical predictions.

Given the relatively modest dimensionality of the parameter space, one might expect
standard sampling techniques like Markov Chain Monte Carlo (MCMC) to be sufficient.
However, the ML emulator offers distinct advantages for this specific analysis due to the
likelihood’s complex topology. While MCMC is efficient for posterior integration, standard
algorithms can struggle to mix efficiently in parameter spaces featuring the narrow, curved
ridges present in our global fit. The tree-based regressor adaptively partitions these non-
Gaussian boundaries. Furthermore, once trained, the emulator allows for the instantaneous
generation of millions of sample points. This computational speed is crucial for producing
high-resolution confidence contours and performing the SHAP sensitivity analysis, tasks that
would be computationally prohibitive if dependent on running fresh, high-statistics MCMC
chains for each projection.

ML, specifically gradient-boosted regression trees implemented via XGBoost (eXtreme
Gradient Boosting) algorithm [65], provides an efficient and robust solution tailored to these
challenges. The choice of tree-based methods over alternative ML architectures such as
neural networks is deliberate and advantageous for our specific use case. Regression trees
partition the parameter space in an adaptive manner by sequentially applying binary splits.
This approach directs computational resources towards regions of high curvature or rapid
variation without assuming global smoothness or continuity. This property is particularly
valuable in our context, where the likelihood function exhibits narrow ridges, sharp transitions
near best-fit points, and plateau-like regions corresponding to weakly constrained parameter
combinations.

Neural networks, by contrast, are universal function approximators that learn smooth inter-
polations through gradient descent on continuous activation functions. While powerful for
high-dimensional problems with abundant training data, they typically require significantly
larger training sets and careful regularization to avoid over-smoothing the fine structure
present in the likelihood landscape. Moreover, neural networks are prone to over-fitting in
low-dimensional regimes without extensive hyperparameter tuning, and their training can be
sensitive to initialization and learning rate schedules.

Boosted decision trees, on the other hand, achieve the required accuracy with modest
training requirements and provide stable performance under reseeding without extensive
tuning. Using the XGBoost algorithm we train an ensemble of regression trees capable of
approximating the log-likelihood function of our fit. We build a training sample of 10,500
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Fig.8 (a) Linear regression between the actual values of the A ng (horizontal axis) and the values predicted
by the XGBoost model (vertical axis) in the validation setin Scenario I1I. (b) Histogram of the sample of points
generated by the ML-based Monte Carlo algorithm in Scenario III, in blue, compared to the x2 probability
distribution function, in red

parameter points with their corresponding likelihood values and split it into two parts: 84%
of the points for training and 16% of the points for validation of the model. We train the
ML model with a learning rate of 0.03 and allow early stopping after 5 rounds of stagnant
learning. The training process converges after 776 boosting rounds, indicating that the model
has learned the essential structure of the likelihood landscape without over-fitting.

The correlation between the actual values of the XSZM in the validation dataset and the
corresponding predictions by the ML model is included in Fig. 8(a) for Scenario III. The
Pearson coefficient for linear correlation is r = 0.96, indicating an excellent agreement. The
histogram for the predicted x 2 values in Fig. 8(b) shows how, once again, the ML-generated
points closely follow the general shape of the x? distribution.

Furthermore, tree-based models offer superior interpretability through SHAP (Shapley
Additive exPlanations) values, which decompose the model output into additive contributions
from each input parameter. SHAP analysis reveals not only the global importance of each
parameter but also how individual data points drive the fit quality in different regions of
parameter space. This diagnostic is particularly valuable for validating that the dominant
constraints indeed arise from the expected B-physics channels, as we demonstrate below.
In summary, while neural networks could in principle approximate our likelihood function,
the tree-based approach provides the optimal balance of accuracy, efficiency, robustness, and
interpretability for the specific characteristics of our 3 — 6 dimensional, non-Gaussian fitting
problem with moderate training data availability.

We perform a SHAP analysis to quantify the relative contribution of each parameter to
the model likelihood. Figure 9 summarizes the global feature importance and directional
effects within Scenario III. Features are ordered from top to bottom according to their global
importance (mean absolute SHAP value). This hierarchy aligns with the underlying physics:
the dominant influence of C3 reflects the strong sensitivity of the global fit to charged-
current observables such as R, while the second largest contribution from C; highlights
the complementary role of neutral-current processes like B — K ®)vi. The smaller but
non-negligible contribution of 8¢ indicates that quark-mixing effects modulate both sectors
without dominating the overall likelihood. This consistency between feature importance and
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Fig. 9 SHAP summary plot for Scenario III showing the impact of each fit parameter (C3, C1, and 9) on
the model output (likelihood). Each point represents a sample from the parameter space, with the horizontal
position indicating the SHAP value (contribution to the log-likelihood) and the color indicating the feature
value (red for high, blue for low)

the expected physical dominance of charged- and neutral-current operators confirms that the
ML approach captures the correct EFT dynamics rather than overfitting numerical noise. The
horizontal position of each point represents the SHAP value, corresponding to the impact
of that parameter on the log-likelihood, while the color encodes the relative magnitude of
the parameter. The plot reveals both the strength and direction of each parameter’s influence
on the model outcome: broad distributions correspond to features with large overall impact,
whereas dense clusters near SHAP ~ 0 mark regions where the model is relatively insensitive
to small variations.

We can study the behavior of each feature in detail by plotting the logarithm of the
likelihood while varying the other parameters, as shown in Fig. 10. Note that the parameters
follow the shapes obtained in the global fit as presented in Fig. 3 (with negative sign). The
columns of dots visible in the three plots result from an over-representation of the best-fit
points in the data sets for C; = —0.11, C3 = —0.12 or 8¢ = 0.6. This effect arises from
using a combination of two different data sets: one with randomly generated points across
the parameter space, and another with points in a grid used for the elaboration of Fig. 4. In
the latter, each pair of parameters is sampled while keeping the remaining parameter fixed at
its best-fit value. We can see this way how increasing or decreasing affects the SHAP values
reproducing the behaviour shown in Fig. 9.

We also compare the two-dimensional confidence regions extracted from the ML emulator
with those obtained from exact likelihood evaluations. Figure 11 shows the 1o and 2o
contours in the (Cy, C3), (C1, ), and (C3, B?) planes, with ML-derived contours in blue

SHAP value
SHAP value
SHAP value

(a) (b) (c)

Fig. 10 Distribution of SHAP values for each parameter of the fit at the sample of 10500 generated points:
(@) C1, (b) C3, (0) B4
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Fig. 11 Comparison between the 1 o and 2 o likelihood contours obtained using the ML approximation (blue)
and the actual contours (green) in (a) C| and C3 plane, (b) Cy and B9 plane and (¢) C3 and B9 plane

and exact contours in green. The excellent agreement across all three projections demonstrates
that the emulator accurately captures not only the location of the best-fit point but also the
shape, orientation, and extent of the confidence regions. This high-fidelity reconstruction
validates the ML approach and enables us to use the rapidly-generated samples for detailed
correlation studies and uncertainty propagation that would be computationally prohibitive
with exact evaluations alone.

3.2.1 Correlations Between Rp= and BR(BT — K+Vl_’)

The inclusion of the new experimental results on Rp+ ratios at Belle II [16], together with
the introduction of our new Scenario III, in which the Wilson coefficients C; and C3 are
treated as independent parameters and lepton-sector mixing is neglected, leads to substantial
modifications of results obtained in [19]. In that study, we found an almost-perfect correlation
between these two observables. Figure 12 presents the ML-generated predictions for Rp+
and BR(B™ — K*vb) in Scenario II (as considered in the previous work) and Scenario III.

2.00
SM
1.754 Experiment
8, Scenario 11
— 1.501 ... Scenario III
X
X 1.259
A
+
1,00
T
+ 0.754
a
~ 0.501
0.251
0.00 T T T T
0.22 0.24 0.26 0.28 0.30 0.32

Rp-

Fig. 12 Values of the observables R+ and BR(BT — K1 v7) in the ML-generated samples for scenario IT
(orange points) and scenario III (blue points), compared to the SM prediction (yellow region) and experimental
measurement (green region)
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As can be seen, the strong correlation observed in Scenario II disappears once Scenario III
is considered.

The lack of a consistent correlation between the enhanced BT — K Tv branching ratios
and R p= raises important questions about lepton flavor universality and the potential presence
of NP phenomena. Further experimental results and theoretical works are necessary to clarify
these discrepancies and to understand the underlying physics.

Constructing a UV complete model that reproduces the interplay between Rp+ and
BR(B* — K*vb) is out of the scope of this work. Nevertheless, several frameworks pro-
posed in the literature account for the R anomalies while enhancing BR(BT — Ktvv).
These include models based on vector leptoquarks [66, 67], non-universal Z’ bosons [68] or
scenarios involving combined scalars and fermions sectors [69]. Our EFT analysis identifies
the essential operator structure and flavor patterns that such UV completions must satisfy to
remain consistent with the full set of flavor and electroweak constraints.

In summary, this section demonstrates that the ML framework provides essential capa-
bilities for this analysis: accurate emulation of the non-Gaussian likelihood landscape with
modest training requirements, efficient generation of large representative samples for high-
resolution confidence regions and correlation studies, robust performance without extensive
hyperparameter tuning or sensitivity to initialization, and interpretability through SHAP anal-
ysis that validates the physical consistency of the fit. These advantages, particularly when
compared to alternative methods such as neural networks or brute-force grid sampling, justify
the central role of ML in our methodology and demonstrate its value as a quantitative tool
for precision phenomenology in particle physics.

4 Conclusions

In this work, we have performed an analysis of the anomalies in B-meson decays by using
an effective field theory approach and considering the NP effects on the Wilson coefficients
of the effective Lagrangian. The new deviation observed on B* — K Tvi decay at Belle II
is included in the global fits. Consequently, a new scenario (Scenario III) is considered in the
present study, with only mixing between the second and third quark generations and no mixing
in the lepton sector, being the Wilson coefficients for the singlet and triplet four fermion
effective operators independent. Both the recent experimental measurements of BR(BT —
K*vv) and Ry/y are included in the analysis. Besides, branching ratios associated with
B — D™ty decays are considered. The fact that the global fit is dominated by these classes
of observables underlines their potential as probes to NP.

We use a ML algorithm in our analysis, by checking the agreement between the results
obtained for this procedure and both the general shape of the A x 2 distribution and the analysis
of the impact of each parameter on the global fit. In our Scenario III, the B — K®vp
observables constrain the parameter Cy, both B — D® ¢y and B — K®vb constrain Cs,
and B — D™ {v observables present the most important constraint to 7. The results of the
global fit after including a wide range of flavour and electroweak observables are displayed in
Table 1, and the predictions for the most relevant observables are summarized in Table 2. The
comparison with the previous scenarios considered in [19] is included in the discussion. Our
results show that Scenario III, which introduces independent parameters C; and C3 without
mixing in the lepton sector, provides the best fit to experimental results, achieving a pull of
6.25 o. This scenario successfully accounts for the discrepancies observed in Rp+ and Ry
measurements while maintaining consistency with the Standard Model in the Rk ratios.
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Furthermore, it improves the predicted branching ratio for BR(BT — K Tvb) although it
does not fully explain BR(B® — K*Ovi). It is worth noting that this tension in the neutral
mode points to a limitation in the assumed flavor structure of Scenario III. Our analysis
relies on left-handed SMEFT operators (C, C3) which strictly correlate the charged and
neutral channels. Reconciling the current experimental divergence between BT — K+vv
and B — K*%vi would likely require the inclusion of right-handed currents or more
complex flavor structures beyond the minimal set considered here, as the fit is currently
driven by the dominant signals in R » and the charged neutrino mode.

The results are pointing in the direction of NP that interacts mainly with the third generation
of leptons, reminiscent of the U (2) flavour symmetry hypothesis [70, 71]. The situation would
be clarified further with measurements of R,y achieving a resolution similar to that of R ),
and with additional T observables, for example the longitudinal polarisationin B, — J /¥ tv
or the branching ratio of B — K®¢t¢~,

We developed and applied an ML framework that emulates the highly non-Gaussian
structure of the likelihood landscape with minimal training cost. Our results show that this
method significantly improves accuracy, efficiency, and interpretability. It enables the gener-
ation of high-resolution confidence regions and detailed correlation analyses. Additionally,
the method remains robust to hyperparameter choices, and offers transparent interpretability
through SHAP analysis. Together, these features establish ML as a powerful and reliable tool
for global fits in precision particle phenomenology, outperforming conventional approaches
such as neural networks and grid sampling.
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