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systematically improvable predictions, and we look forward to its application in further
analyses beyond the Standard Model.
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1 Introduction

One the most impressive achievements of the flavor physics program in the 21st century is
the thorough study of rare b — s¢T¢~ transitions, which has resulted in strong constraints
on physics beyond the Standard Model (BSM). These constraints are now one order of
magnitude stronger compared to the situation in ~ 2010 [1-3], forcing the theory commu-
nity to revisit in depth the various issues in theory predictions and the source and size of
their hadronic uncertainties.

There are two categories of b — s¢T¢~ observables that are gathering special interest:
those probing lepton-flavor universal (LFU) physics, and those probing lepton-flavor non-
universality (LFNU). From the point of view of theoretical predictions, the ones that can be
predicted with best accuracy are the LENU ratios, for instance Rx or Ri+, whose Standard
Model (SM) predictions have negligible uncertainties [4, 5]. Nevertheless, b — sfT¢~
observables require in general the calculation of local and non-local form factors (FFs).
LFNU ratios are thus good “smoking guns” of BSM physics, if the corresponding theory
turns out to violate LFU significantly. But in order to infer more precisely a potential
new physics pattern (e.g., the pattern of BSM contributions to the Wilson coefficients of
the EFT at low energies), it is much more advantageous to use all available data. Not to
mention that in the presence of significant LFNU, the hadronic uncertainties in ratios such
as Rx do not exhibit the level of cancellations present in the SM [6-8].

The combination of theoretical and experimental work in the last decade has eventually
led to the establishment of the so-called “B anomalies”. The B anomalies have been in
the focus point since the P. [3] measurement in 2013 [9-13]. They are of interest to the
particle physics community as a whole, as new measurements seem to confirm once and
again the patterns of the early analyses. Global fits to all available data already pointed to
the current pattern of BSM physics even before the Rx measurement in 2014 [14]. Since
then, global fits include also separate analyses with only LFNU observables [15-21].

Exclusive b — s¢t¢~ observables in B — K®¢t¢~ decays were first systematically
discussed by Beneke, Feldmann and Seidel (BFS) in 2001 [22] using QCD-factorization
(QCDF) in the heavy-quark limit [23, 24]. The QCDF approach is characterized by two
elements. First, it exploits the large-recoil relations for local FFs [25-27]. Second, it
incorporates the contributions to the non-local FFs where a hard-collinear interaction with
the B-meson spectator quark is present. The main contribution to the non-local FFs is
given by the perturbative contribution from (sb)(cc) operators, which can be framed as
a local operator-product expansion (OPE) and leads to a contribution to the amplitude
proportional to the local FFEs.

With new more refined calculations of the complete set of local FFs, both within the
light-cone sum rules (LCSR) [28-31] and lattice QCD (LQCD) [32-35], the practice of
using the large-recoil FF relations for the “factorizable” part of the amplitude has been
mostly abandoned. The theory determination of the full set of local FFs is now performed
by simultaneously fitting a parametrization based on the z-expansion to the LCSR deter-
minations at low ¢? and the LQCD determinations at large ¢* (see, e.g., refs. [29, 30]). This
procedure provides a very accurate (and systematic) determination of the ¢? dependence
in the whole semileptonic region.



Concerning the non-local FFs, a comprehensive discussion was given by Khodjamirian,
Mannel, Pivovarov and Wang (KMPW) in 2010 [36], explaining how to extend the BFS
formalism in the low-¢® region and calculating the first correction to the perturbative
contribution from the (5b)(¢c) operators, which is the next-to-leading term in a light-cone
OPE (LCOPE). In that paper, a dispersion relation has also been used to account for the
presence of the narrow charmonium resonances J/v¢ and ¢(2S) in the dilepton spectrum.

Following the same spirit of the z-expansion for the local FFs, a similar approach was
proposed for the non-local FFs in ref. [37]. The analytic structure in this case is much more
complicated, as can be understood directly from the two-loop perturbative corrections [38].
Nevertheless, the z-expansion allows to use data on the non-leptonic decays B — M1 to
fix the residues of several poles in the non-local FFs, providing direct constraints on the
coefficients of the z-expansion. Also in line with the case of local FFs, a dispersive bound
that constrains the coefficients of the z-expansion has been formulated recently [39], thereby
providing a handle on the issue of convergence and truncation. The theory calculations
of the non-local FFs at negative ¢®> (where the convergence of the LCOPE is fast) can
also be used directly in the fit to the coefficients of the z-expansion. In this regard, an
updated calculation of the next-to-leading contribution in the LCOPE has been presented
in ref. [39], pointing to a much smaller effect than the previous calculation in ref. [36].
This change of magnitude is well understood, and can be traced back to missing hadronic
matrix elements and updated input parameters.

Other developments include the calculation of local and non-local B; — ¢ FFs from
LCSRs with Bs-meson distribution amplitudes [39], and the finite-width and non-resonant
effects in B — K* FFs [31].

In the present paper we take the challenge of providing state-of-the-art theory predic-
tions for a variety of exclusive b — su™p~ observables, and performing a global analysis of
the available b — su™p~ data using these improved theory predictions. Since we focus on
b — sutp~ data, we do not include the LFNU ratios Rx and R+ in our analysis.

The most important results of our work are:

e We provide the necessary framework to produce theory predictions both within and
beyond the SM in presence of the dispersive bound for the non-local FFs. We go be-
yond the framework of QCDF in a way that is consistent with fundamental principles
of QCD. Thus, our uncertainties are larger but better understood than those given
in the literature.

e We confirm the substantial tension between the SM predictions and the presently
available measurements in the three exclusive b — su™ ™~ processes considered. Our
predictions within the SM are somewhat more compatible with the data than other
QCDF-based predictions in the literature. However, a strong preference for BSM ef-
fects remains, with BSM-induced shifts to the Wilson coefficients that are compatible
with those found in other works.

e We find that the local FFs, rather than the non-local FFs, are now driving the bulk
of the theory uncertainties. We look forward to new and updated LQCD analyses of
the local FFs.



In section 2 we briefly review the theoretical framework together with the various
definitions and conventions. In section 3 we describe the details and the strategy followed
in our analysis and provide our SM predictions. Section 4 gathers the comparison of our
results to experimental measurements and a model-independent BSM analysis. We discuss
the conclusions that follow from our analysis and give an outlook into future prospects
in section 5. The various appendices contain supplemental information concerning both
analysis results and relevant formulas.

2 Theoretical framework

In this section we review the theoretical framework that we use to study B — K®)¢T¢~ and
B, — ¢fT¢~ decays, which we collectively denote as B — M/{*¢~. The first step consists
in factorizing the short-distance (perturbative) and the long-distance (non-perturbative)
contributions using an effective field theory. While the short-distance contributions —
encoded in the Wilson coefficients — are well known and have been calculated in the
literature with high accuracy, the long-distance contributions — encoded in the hadronic
matrix elements — are the main obstacle to obtaining precise predictions for the observables
of interest. These matrix elements can be classified into local and non-local matrix elements
that are usually decomposed in terms of local and non-local FFs, respectively. We use
the available calculations of these FFs and fit them to the parametrizations proposed in
ref. [29] (for the local FFs) and ref. [39] (for the non-local FFs). In this way we obtain
SM predictions for B — M{T¢~ observables in the region of the momentum transfer
0<¢®< M3 S Using the same framework and allowing a new physics contribution in
certain Wilson coefficients, we also perform a model-independent global analysis of the
experimental data in b — su™pu~ transitions.

2.1 Effective theory

It is convenient to describe the B-meson decays within an effective field theory called the
Weak Effective Theory (WET) or the Low-Energy Effective Theory (LEFT) [40-42], where
degrees of freedom at or above the electroweak scale have been integrated out. In the case
of b — s¢T¢~ transitions, the relevant set of effective operators up to mass-dimension six
which is closed under renormalization contains 114 operators [41]. The WET Lagrangian
for these transitions reads

L = Laup + Lacp + LB (2.1)

Here, Lqorp and Lgcp are the Lagrangians describing electromagnetic and strong interac-
tions among leptons and the five active quark flavors, and ESMZZG contains the dimension
six WET operators:
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Ci(m)  Co(mw)  Cs(me)  Calps) Cs(ms) Celms) Cr(s)  Cs(ps)  Co(ps)  Cro(s)
—0.2906 1.010 —-0.0062 —0.0873 0.0004 0.0011 -0.3373 —0.1829 4.2734 —4.1661

Table 1. NNLO Wilson coefficients at the scale pp, = 4.2 GeV [44, 45].

with Ay = Vi V5. Here, we have included in ESW only the operators that are relevant in
the SM. We use the operator basis defined in ref. [43]:

Of = (57, T%qr) (" Tz , O3 = (51vu4q1)(qry"b1)
O3 = (5p7ub1) Y_(7"p) O1 = (507, T) (7" T"p),
p p

Os = (5.7 700L) D (07" v"p), O = (SLyu w7, TbL) > (07" Tp),  (2.3)

p p
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¢ 62 62
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1672 1672

with ¢ = w,c and ¢ = e, u, 7 while the sum runs over all five active quark flavors, i.e.,
p = u,d,s,c,b. We use the following conventions: Ppr = (1 £75)/2, 04 = %[%,%],
the covariant derivative is given by D,q = (0, + ieQ4A, + igsTAGﬁ)q, and mp = mp(p)
denotes the MS b-quark mass. Throughout this work we neglect the terms in eq. (2.2)
proportional to A, since they are CKM suppressed. The numerical values for the Wilson
coeflicients used in this work are collected in table 1.

In this framework, the decay amplitude for B — K®)¢T¢~ and B, — ¢¢T¢~ decays to
the leading non-trivial order in QED can be written as

AMee — GraeVy Vi

LY
B— M |% . B—M 29/B—M
Jon {(Cg L, + Cyo LY) Fu M _ 2 [szbC'7 Fr _> + 167 ’H“_) } } )

(2.4)
Here, ¢? is the invariant squared mass of the lepton pair and L“‘/( N ue(q) v (7v5)ve(g2)
are leptonic currents. We emphasize that the decay amplitude (2.4) depends on both the

local matrix elements fg,TM and the non-local matrix elements HE*M , defined as

Fii Mk q) = (M(F)|57,PLb|Bg + k) ,
fB*M(k, Q) = (M(k )|§U#VQVPR b|B(g + k),
HE M (k,q) = ZHB*M (p=1u,d,s,c,b), (2.7)
where
My oM (kvq) = iQp/d4w el (2.8)

6
X <M(k)|7{p7up(1?), (Clof + 05+ Ci0; + 0808>(0)}|B(q + k).
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For convenience, we have decomposed the non-local matrix element HE%M into its dif-
ferent contributions HE:M from the electromagnetic current. The numerically dominant
contributions to HE"M come from the operators Of and Of in Hf;’ M We study the
contributions to ’Hf /7 M ysing the parametrization and the corresponding dispersive bound
derived for the first time in ref. [39]. For completeness, we also include the contribution
How ™

from the penguin operators in , which are suppressed by small Wilson coefficients.

The operator Og does not contribute to HCBM_> M at the precision we are working at.

For our numerical analysis, we also take into account Hij and ’Hf:M in the frame-
work of QCD factorization [22, 46]. The relevant formulas are given in appendix C. We
neglect Hf’ ;TM and Hg:M , since they do not receive contributions from the four-quark
operators Of and Of and hence they are numerically suppressed.

The amplitude in eq. (2.4) is independent of the renormalization scale, with the scale
dependence of the Wilson coefficients C; cancelling the scale dependence of the non-local
matrix elements Hf —M " Tn practice, there is a remaining residual scale dependence due to
the fact that the Wilson coefficients are only known up to NNLO while the short-distance
part of HE%M is only known to NLO. In our framework, the determination of ’Hf M g
based on the OPE calculation at negative ¢> — which has the explicit scale dependence
needed to cancel the scale dependence of the Wilson coefficients C7 9 up to NLO, — and
the experimental data on the charmonium poles. This latter input to the determination is
an observable and thus is scale independent, but this is consistent because, while ’HE"M
is scale dependent, the residues at the charmonium poles are not. The conventional thing
to do would be to vary the renormalization scale simultaneously in the Wilson coefficients
and ’HE_}M in order to estimate the effect of missing NNLO contributions. However,
since this effect will be much smaller than the uncertainties introduced by the local FF

determinations, we choose to fix the scale to up = 4.2 GeV.

2.2 Local form factors

The matrix elements of local currents ]-'f =M and fff’ :M

the local FFs }"(BTY/{V[:

can be decomposed in terms of

Flyn (k.q) o< 3 Fy (@) Spk,a) (2.9)
A

where the explicit form of this decomposition and of the Lorentz structures S/i‘ is given in
appendix A. These FFs have been calculated in lattice QCD (LQCD) for high values of ¢?
(small recoil). Since the low-¢? region is not accessible by LQCD calculations as of yet,
we use the light-cone sum rules (LCSRs) results in this region. The inputs used in our
analysis are listed in section 3.1. We combine LQCD and LCSR results by fitting them to
the parametrization used in ref. [29]:

Fodl ) = — Y of [ =20 (2.10)
— 2 k=0



where the conformal variable z is defined as

\/8+—q2—\/8+—30
. (2.11)
ViS4 —q* + /54 — 50

The parameter s, = (Mp + My)? is fixed and it coincides with the lowest-lying branch

2(q%) =

point of the corresponding FF. The parameter sg can be chosen arbitrarily in the open

interval (00, s4). The common choice

s0 = (Mg + M) (VM5 - \/MM)2 (2.12)

minimizes the absolute value of z in the semileptonic region and hence the truncation error.
To ensure interoperability with the results of ref. [29] we use the masses of sb resonances
as given in table 3 thereof.

2.3 Non-local form factors

In analogy with the local matrix elements discussed above, the non-local matrix elements
fHB—>M /HB—>M.
1 by :

can be decomposed in terms of the non-local FFs

HE Mk, q) o > HITM(¢?) S (K, q) - (2.13)
A

The explicit form of this decomposition and of the Lorentz structures Sﬁ‘ is given in ap-
pendix A.

The non-local FFs HB%M are more complicated objects than the local FFs .7-"(BTM So
far there are no LQCD determmatlons of these FFs. Most theory predictions for HB*M
have been obtained in the framework of QCD factorization [22, 46], which uses a perturba—
tive calculation of the charm loop. However, this treatment of the charm loop is manifestly
invalid close to and above the partonic charm threshold (i.e., for ¢ > 4 GeV?) and misses
potentially relevant power corrections even for ¢ < 4 GeV2. This introduces an uncon-
trollable systematic uncertainty, sometimes estimated using ad hoc models. Following our
previous works [37, 39], we use a different strategy to calculate each individual non-local
FFs HB M which can be summarized as follows:

e We calculate ’HB%M for negative values of the momentum transfer (i.e., at ¢*> =
{-7,-5, 3,—1}Gev2) using a LCOPE,

e We extract the residue of HEYM at ¢ = M3 2 T/ from the measurement of the branch-
ing ratios and angular observables in B — M .J /v decays.

e We obtain data-driven theory predictions by interpolating the two types of inputs for

HB*M over the time-like region 0 < ¢ < Mg/w.

In the remainder of this subsection we discuss these steps in further detail.



For 4m? — ¢® > myj Apag the non-local FFs HBHM can be expanded in a LCOPE [36
39, 47):

1 m C
B—M B—M b B—M 1 ~B—M
=— ACy Fy ——ACT Fry, 2
e 1672 <2M2 ) Tt ) +2Ge ( 9N, ) @
+ higher-power corrections . (2.14)

The first term on the r.h.s. is the leading-power contribution to the LCOPE, which consists
of the local FFs f@fy multiplied by the corresponding matching coefficients AC7 9. These
coefficients have been computed to next-to-leading order in QCD [38, 48-52]. The next-to-
leading power corrections f}f%M cannot be expressed in terms of local FFs and hence re-
quire the calculation of specific non-local matrix elements. The quantities f}f =M have been
computed for the first time in ref. [36], where the authors have found them to have a consid-
erable impact on the numerical values of the functions HB*M However, this calculation
is superseded by the one in ref. [39], where it has been shown that the VEZM contribution
is mostly negligible. The difference between the two results is well understood and results
from (7) the inclusion of missing three-particle distributions amplitudes that were not con-
sidered in ref. [36] and (i¢) an update of the inputs necessary to evaluate these distribution
amplitudes [53, 54]. Higher-power corrections in eq. (2.14) have not been studied yet.

The B — M J/v decay amplitudes are proportional to the residues of the non-local

FBs HE M at ¢* = M3, (36, 37):
AV o Res HEM(g?). (2.15)
q2—>M3/

Therefore, the r.h.s. can be inferred from the measurement of branching ratios and angular
observables in B — M J/vy decays. The exact relations between .Aﬁ/”/ ¥ and Hf/\_)M can
be found in appendix B. Although this would yield larger uncertainties in the final results,
our approach equally applies even if one does not use this experimental information at the

J /1 pole.
We use the parametrization given in ref. [39] to interpolate HB%M This parametriza-

tion reads
HB—>M( 2) QSB_>M— Z BB—)Mpn 2 (216)

where the conformal variable 2 = 2(¢?) is defined as

V§+_q2_\/§+_§0 (217)
\/§+ — q2 + \/§+ - §0

The only difference with the definition (2.11) is that here . = 4M3, reflecting a different
left-most branch point for the non-local FFs compared to the local ones. This implies the

2(25

(=
~—

optimal value of § is also different, due to the fact that the parametrization of eq. (2.16)
is valid for ¢ < 4M,% and not in the whole semileptonic region. In our analysis we use

eq. (2.16) in the region —7 GeV? < ¢% < Mg/w We choose
30 =4GeV?, (2.18)



which implies |2(—7 GeV?)| ~ |£(M? /w)], in order to maximize the convergence of the series
in eq. (2.16). This value of §¢ yields i(m?p(%)) ~ 0.7, while [2(—7 GeV?)| ~ lé(ME/w)\ ~ 0.2.
Hence, although our parametrization should in principle also account for the ¥(25) pole,
we cannot expect the same level of accuracy for predictions of the non-local FFs at the
¥(28) as at negative ¢ or at the .J/1 pole. This observation and the already very large
number of parameters convinced us to keep the value of HEA_)M at this resonance unfixed
for the present work. Nevertheless, we check the values of the Hf)\_)M residue at the 1(25)
pole a-posteriori. We checked that a change in the value of § in the range ~ 4 — 8 GeV?
does not have a noticeable impact on our results for the non-local FFs once the dispersive
bound is enforced.

The analytical expression of the outer functions qu*M and Blaschke factor P are
given in ref. [39] (see also appendix D here). The polynomials p, are orthonormal with
respect to the integration measure dy = (| arg z| — am, g, )dz [39]. They can conveniently
be written using the Szeg6 recurrence relation [55], which is used for their implementation
in the public source code of the EQS software [56, 57]. Details are given in appendix E.

Compared to other approaches proposed in the literature — for instance the ¢® expan-
sion of ref. [58], the isobar model of refs. [59-61], the dispersive approach of ref. [36], and
the “naive” z expansion of ref. [37] — the parametrization proposed in ref. [39] exhibits a
crucial advantage. The coefficients of this parametrization obey the bound

B—K*
2|5
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n=0

A=L,].,0

g \ﬁff;f‘ﬂ <1. (2.19)

This dispersive (or unitarity) bound has been derived for the first time in ref. [39]. We
summarize its derivation in appendix D, where we also extend it to include penguin oper-
ators and one-particle contributions. The left-hand side of eq. (2.19) is referred to as the
saturation of the bound in the following.

3 Theory predictions

In this section we provide our theory predictions together with technical details and the
inputs needed to obtain them. As a first step, in section 3.1, we fit the parametrization
of the local FFs as given in eq. (2.10) to available theory constraints. As a second step,
in section 3.2, we perform a Bayesian analysis to provide data-driven predictions for the
non-local FFs, which relies on the strategy outlined in section 2.3 and uses the parametriza-
tion (2.16). The theory predictions for the non-local FFs critically depend on the results
for the local FFs. Once all the FFs are known we are able to provide predictions for
B — M/ ¢~ observables. Our SM predictions are then presented and compared to those
of previous approaches in section 3.3.

3.1 Local form factors

Analysis setup. The various local B — M FFs ]-"(BTT){W have been calculated using
LQCD in refs. [32-35]. These calculations have been performed at small recoil (i.e., large



¢?). In principle, one could extrapolate the LQCD results at high-¢* to the low-¢? region.
However, this would introduce a systematic error that cannot be controlled, since dispersive
bounds for the local FFs in b — s transitions have so far not been very constraining [62].
For this reason we use LCSR results, which are valid only at low ¢?, to anchor the FFs
at both ends of the phase space. There are two types of LCSRs that can be used for
this purpose: LCSRs with light-meson distribution amplitudes (DAs), and LCSRs with
B-meson DAs. The light-meson LCSRs have currently smaller uncertainties than B-meson
LCSRs due to smaller parametric uncertainties of the corresponding light-meson DAs.

Fitting both LQCD and LCSR results to the parametrization (2.10), we obtain all
the local B — M FFs in the whole semileptonic region, that is for 0 < ¢ < ¢2., =
(Mp — Mys)%. Such combinations have previously been undertaken in refs. [29, 30].

For the local B — K FFs, we use the light-meson LCSR calculation of ref. [28]. We
do not use the B-meson LCSR calculation of the B — K FFs provided in ref. [30] as
recommended by the authors, due to issues with the determination of the sum rule thresh-
olds that are not yet understood. Our fit uses four synthetic points at ¢*> = {0, 6} GeV?
for ff_)K and f:,’?_’K , which are generated using the coefficients and the parametrization
provided in ref. [28].

Similarly, we generate eight synthetic points at ¢> = {¢2.. — 6 GeV?, P —
3GeV?,¢2,.} for all the B — K FFs using the BGL coefficients of ref. [63], which av-
erages the LQCD results of refs. [32, 33]. The synthetic points are eight instead of nine
because we drop the point ¢% = {¢2,,.—6 GeV?} for f87K due to the constraint in eq. (A.9).

For the local B — K* and Bs; — ¢ FFs, we use the B(,-meson LCSR calculations
of refs. [30, 39]. Although the results for these FFs from light-meson LCSR calculations
are more precise [29], we avoid using them due to a conceptional concern about using
distribution amplitudes for non-asymptotic states. The results of refs. [30, 39] have similar
central values, but larger uncertainties compared to results of ref. [29]. Thus, our choice
leads to more conservative estimates of the final uncertainties and aims to have a smaller
dependence on the LCSR approach. In addition, it is not entirely clear how to include the
finite K*-width effect in the results of ref. [29], while this can be done consistently in the
B-meson LCSRs framework, as argued in ref. [31]. Following this reference, we multiply
by 1.1 the central values of the synthetic points of the B — K* FFs given in ancillary files
attached to the arXiv version of ref. [30]. We only apply the P-wave correction factor of
1.1 to the B — K* FFs in the low-¢? region, where the analysis of ref. [31] is valid. The
Bs — ¢ FF results attached to the arXiv version of ref. [30] are used as-is.

We generate synthetic points at ¢> = {16 GeV?, g2} for each of the local B — K*
and By — ¢ FFs using the coefficients and the parameters of the LQCD calculations of
refs. [34, 35].1 For both the LCSRs and LQCD results of B — K* and Bs — ¢ FFs, the
correlation between the (axial-)vector £V and tensor .7-"%37 7V FFs are not known. Hence,

we are forced to treat these two sets of FFs as uncorrelated.

LOur LQCD inputs stem from private communications with the authors of both references, which provide
more data points than what is publicly available. No such updates are available for the local Bs — ¢ FFs.
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Transition Constraints # Priors # LQCD ref. LCSR ref.
B— K 12 8 [63] [28]
B — K* 117 19 [34, 35] [30]
Bs — ¢ 47 19 [34, 35] [39]

Table 2. Details of the fit of the local B — M FFs. The number of constraints is the total number
of synthetic data points from LQCD and LCSR analyses. The number of (uniform) priors is the
number of independent o coefficients.

We combine the LQCD and LCSR synthetic data points discussed above using the
parametrization (2.10). We truncate the series at k = 2, taking into account that the num-
ber of independent o coefficients is reduced by the constraints (A.9) and (A.24)—(A.25).
We checked that truncating the series at k& = 3 does not sensibly impact the results. We
perform one fit per process. The details of these fits are summarized in table 2. Posterior
samples are drawn with the EOS software using a Markov chain Monte-Carlo (MCMC)
method based on the Metropolis-Hastings algorithm. A Gaussian mixture density is then
iteratively adapted using the Population Monte-Carlo (PMC) algorithm [64] to the poste-
rior samples that are obtained with the MCMC method. Although this step is not strictly
necessary, it allows to reuse the posterior for the local FF coefficients in subsequent analyses
and to sample from the posterior in a computationally efficient way. We then use our local
FF results as priors for our theory predictions for non-local FFs and within the WET fits.

Results. The three fits to the local FF coefficients are excellent: the p values of the best-
fit points are 72%, > 99%, and > 99% for B — K, B — K*, and By — ¢, respectively.
These large p values are due to the sizable uncertainties of the LCSR inputs. The posterior
distributions of the akjE coeflicients in each fit are perfectly described by a single multivariate
Gaussian distribution: when adapting a Gaussian mixture density to these posteriors using
the PMC algorithm, all but one components are pruned out, and the remaining component
yields perplexities larger than 99%. The parameters of these distributions are given in the
ancillary files BToK-local.yaml, BToKstar-local.yaml and BsToPhi-local.yaml. The
mean values and uncertainties of the af coefficients are also given for convenience in
appendix F. As an illustration, three of the local FFs are plotted in figure 1, where we
juxtapose our results with those of refs. [29, 30].

Due to our use of the extended LQCD data set (see footnote 1), our results for B — K*
present comparable uncertainties to those of ref. [29] but a slightly different shape. In
contrast, our results for By — ¢ are less precise than those of ref. [29] due to our use of
the B-LCSR results over the light-meson LCSR results therein.

3.2 Non-local form factors

Analysis setup. We produce synthetic correlated data points for the non-local B — M
FFs HETM from the LCOPE expression (2.14), which holds for 4m? — ¢® > myApaq. To
ensure a rapid convergence of the LCOPE, we use it only at four negative values of ¢:
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Figure 1. Plots of a selection of the local B — M FFs discussed in this work. Our results (in
orange) are juxtaposed with those of ref. [30] for B — K and ref. [29] for B — K* and B; — ¢
(both in blue). We show the medians as solid lines and the central 68% uncertainty interval as
shaded areas. For the B — K process, we show the product of the FF ffﬁK and P(¢?) =1— q;

mip

J
for readability, see eq. (2.10). The conversion between the form-factor basis used for these plots
and in the literature and the basis used in this work is presented in appendix A.

{-7,-5,-3,—-1} GeV2. This approach follows the recommendation in refs. [37, 39]. At
leading power, the computation of the non-local FFs requires two inputs (cf. eq. (2.14)):
the local FFs and the matching coefficients AC? g.

We evaluate the local FFs at each point in ¢?, using the posterior distributions of the
fit described in the previous paragraph. We also determine their covariance matrix across
local FFs in the same channel and across different ¢? values. The correlations between
(axial-)vector local FFs and the tensor ones are unknown, except for the B — K LQCD
results. We encourage the authors of local FF calculations to provide these correlations,
which play an important role in rare B decays.

We evaluate the matching coefficients AC7 g using the analytic NLO results provided in
ref. [38]. The numerical evaluation is carried out using the code attached to the arXiv ver-
sion. The parametric uncertainty of the matching coefficients is estimated by varying the c-
and b-quark masses in the MS scheme, following the central values and uncertainties of the
world averages [65]. As explained in section 2.1, we keep the scale p, = 4.2 GeV fixed in our
analysis. We determine the parametric covariance matrix across the two different matching
coefficients and across different ¢? values. The imaginary part of the matching coefficient
arises first at NLO in a4 and hence by simply varying its input parameter one is likely to
underestimate its total uncertainty. To compensate for this effect, we add an additional
as/m ~ 5% systematic uncertainty to the imaginary parts of the matching coefficients.
This systematic uncertainty is assumed to be uncorrelated across matching coefficient and
¢ points, and is therefore added in quadrature to the parametric covariance matrix.

At next-to-leading power, the computation of the non-local FFs requires knowledge
the non-local soft-gluon matrix elements VE7M (cf. eq. (2.14)). It has been shown in
ref. [39] that Vf*M is negligibly small at negative ¢2. We choose to only account for these
contributions by increasing the uncertainty of the non-local FFs, by adding the square of
their central values to the diagonal of the total covariance matrix.
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To account for potentially large contributions beyond next-to-leading power (BNLP),
we add an additional relative uncertainty to the diagonal of total covariance matrix. This
additional systematic uncertainty is chosen to be

mypA
A’HCBTM b{3had B—M

= 2 X /Hc,)\

BNLP ~ 4m2 — g (3.1)

e
where Apag = 0.1 GeV. We hold that our approach yields very conservative estimates for
the non-local FFs.

We emphasize that there are both (7) sources of cross correlations between the local
and non-local FFs for the same process and (4) cross correlations between FFs for different
processes.

(i) The first type of correlations arise from the fact that the non-local FFs depend on
the local FFs (cf. eq. (2.14)). Most of these correlations can be accounted for by
working with the (mostly uncorrelated) set {F, Fr/F,H/F} instead of {F, Fr, H}.
Accounting for the remaining correlations throughout the different steps in the anal-
ysis is computationally expensive. To ensure that they are negligible, we perform an
iterative procedure. The theory points at negative ¢? are first computed using the
posteriors of the fit to the local FFs. We then perform a simultaneous fit of the local
and non-local FF parameters and use the best-fit point to update the theory points
(the covariance matrix is not updated). This procedure is iterated until convergence,
that is until the posterior predicted FF values at negative ¢ match the input val-
ues. We finally perform a x? test to quantify the compatibility of the final theory
points at negative ¢? and the points obtained without this procedure. For the three
channels under consideration, we find p values exceeding 99% and conclude that the
correlations between local and non-local FFs can be safely neglected.

(79) The second type of correlations arise from the small uncertainties of the matching
coefficients AC79. Since these uncertainties are very small, so are the total correla-
tions. In principle, also the LCSRs calculations of refs. [30, 39] for the B — K* and
Bs — ¢ local FFs are correlated, since they use a similar set of inputs and distribution
amplitudes. However, these correlations are unknown. Therefore, we do not account
for these correlations in this work either.

Our setup yields independent likelihoods for the processes B — K{(T¢~, B —
K*¢"¢~, and By, — ¢4~ that feature 8, 24, and 24 degrees of freedom, respec-
tively. They account for two real-valued degrees of freedom per data point and four data
points per non-local FF. The multivariate Gaussian distributions describing the values of
Hf"M JF ){B_’M at negative ¢? are provided as ancillary files BToK-nonlocal-data.yaml,
BToKstar-nonlocal-data.yaml, and BsToPhi-nonlocal-data.yaml. The normalization
to F f_)M reduces the dependence of these likelihoods on local FFs.

In addition to these likelihoods, we also use the residues of the non-local B — M
FFs at ¢% = M; o The likelihoods for these residues are obtained from the experimental
measurements of the branching ratios and angular observables in B — M.J/¢ decays,
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as discussed in section 2 and detailed in appendix B. This extraction involves elements
of the CKM matrix. The latter are computed in the Wolfenstein parametrization where
the parameters are chosen to be Gaussian and based on the “Spring 2021” results by the
CKMFitter collaboration [66]:

A =0.816 £ 0.009, A = 0.22500 £ 0.00023,
p = 0.1584 £ 0.0066 , 7 = 0.3507 £ 0.0086 . (3.2)

The B — M J /1) branching ratios are taken from the most recent PDG world average [65].
The angular observables are taken from LHCb measurements [67-69], which are the most
precise measurements currently available. Both types of observables suffice to constrain
the residues of the non-local FFs on the J/1 pole up to a global phase.

Within our analysis, we simultaneously fit 2-polynomials to the joint likelihood com-
prised of the synthetic data points at negative ¢? and the experimental information at
¢ = M; S For convenience, we carry out these fits using Lagrange basis polynomials.
Subsequently, the result are converted to the basis of orthogonal polynomials in eq. (2.16).
This step is documented in detail in appendix E. Since we consider Lagrange basis polyno-
mials of degree five (i.e., O (25)), there are 12 real-valued fit parameters per non-local FF.

e For B — K we constrain eight real-valued parameters from the synthetic data points
at negative ¢® and one real-valued parameter from the B — J/¢ K branching ratio.
We are therefore left with three unconstrained parameters, one modulus and two
phases.

e For B — V (ie, B — K* and Bs — ¢) we constrain 24 real-valued parameters
from the synthetic data points at negative ¢? and five real-valued parameters from
the B — J/4V branching ratio and angular observables. We are therefore left with
seven unconstrained parameters, three moduli and four phases.

Therefore, the joint likelihood from the synthetic data points and the nonleptonic decays
is mot sufficient to constrain all fit parameters by construction: our analysis features a
total of 17 blind directions. We parametrize these blind directions as follows:

o the moduli and phases of the residues of the non-local FFs at the ¢ (2S5) pole; and
o the phases of the residue of the longitudinal (A = 0) non-local FFs at the J/v pole.

As discussed in ref. [39] and revisited in section 2.3, the dispersive bound for the non-local
FFs provides some control over the truncation error of the expansion (2.16), which has now
become a parametric uncertainty. Application of this bound is explained in section 3.3,
where SM predictions are derived. In our analysis, the use of this bound is essential
for phenomenological applications, since it provides means to constrain the seventeen
otherwise “blind” parameters, which would otherwise yields unbounded uncertainties.

We can now motivate the choice to expand the non-local FFs up to order 2°: it is the
lowest order that allows a nontrivial use of the dispersive bound. Truncating the expansion
at lower order would not yield sufficiently many unconstrained fit parameters and therefore
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Transition Constraints # Priors # Comment Experimental ref. 2 p value [%]
B— K 10 9 BY%B* [65] 2.6 11
B — K* 30 29 BY%B* (65, 67 0.34 56
Bs — ¢ 33 29 65, 68, 69]  0.48 08

Table 3. Summary of the goodness of fit for the posteriors of the non-local B — M FFs. The
17 unconstrained parameters discussed in the text do not enter the likelihood, which makes a
goodness-of-fit discussion possible. We use the neutral and charged modes for the branching ratios
of B— K®J /1, as well as the two angular analyses of By — ¢J/¢ decays, which differ in the
decay of the J/1 to either muon or electron pairs.

fall short of a maximally conservative estimate of the uncertainties due to the non-local FFs.
We have explicitly checked that expanding the non-local FFs up to 2 leads to virtually
the same size of parametric uncertainties; albeit with minor distortions of the shape that
are compatible with the 2° results within their respective uncertainties.

Results. The quality of the fits to non-local FF for the three processes B —+ K, B — K*
and Bs; — ¢ is very satisfactory, with p values in excess of 11%. A summary of the inputs
and the goodness of these fits is given in table 3. For further discussion of our results,
including determinations of uncertainties and discussions of the saturation of the disper-
sive bound, we draw posterior samples for all non-local FF parameters. The parameters
included in the likelihood of each fit follow a multivariate Gaussian distribution. The re-
maining parameters with blind directions, i.e., the longitudinal phases of the residues on the
J /¢ pole and all phases and moduli describing the residues on the 1(2S5) pole, follow their
respective priors. For these phases, we draw from independent uniform priors on the inter-
val [0, 27). For these moduli, we draw from independent uniform priors whose intervals are
conservatively chosen to contain at least 99% of the samples that are allowed by the bound.

We present the central value and standard deviation of the analytic functions ﬁf)\_)M
— defined in egs. (D.14)—(D.15) — in tables 6-8. The central values and covariances are
additionally provided in the three ancillary files BToK-hatH.yaml, BToKstar-hatH.yaml,
and BsToPhi-hatH.yaml. These distributions do not yet respect the dispersive bound.
To illustrate this, we produce posterior-predictive distributions for the saturation of the
bound by each process. These distributions are illustrated in the left-hand plot of figure 2.
For B — K we find a clear peak at ~ 40% saturation. For B — K* and Bs — ¢ the bound
is clearly violated, and we find clear peaks at ~ 250% saturation. This is not surprising,
since the bound has not been taken into consideration for the sampling of the parameters.

3.3 Standard Model predictions of B; — Myt p~ observables

Analysis setup. Using the preceding results within this section, we compute data-driven
SM predictions for a variety of observables. In addition to the parametrized approach to
non-local FFs ’HffM , we account for non-local FFs Hg,,_)\’M that arise from four-quark

operators with and without charm fields and from the chromomagnetic operator, as dis-
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Figure 2. (Left) Posterior-predictive PDFs p5 =M

bound by a single process B — M in the absence of applying the bound. We only display the
interval r € [0,5]. (Right) Reweighted PDFs pZ = (r) as defined in eq. (3.4), that is after applying
the bound. The changes in the shape of B — K* and Bs; — ¢ in the right-hand plot are due to
different factors in the penalty function in eq. (3.4).

(r) for the relative saturation r of the dispersive

cussed in section 2.1 and detailed in appendix C. Our predictions arise from re-weighted
importance samples of the posterior-predictive distributions.

As discussed earlier in this section, the application of the dispersive bound for the
non-local FFs is central to our approach. We apply it to the samples for each of the three
processes, and we use the process B — K to illustrate how we apply it. Let r27K be the
saturation of the bound due to the longitudinal and only non-local FF in B — K{T(~:

PBoK = SRR, (33)
n

We compute this saturation for each of the importance samples for this process. Since we
assumed the processes to be uncorrelated, we can re-weight each sample with a relative

TB—>K)

weight w( , which is computed as

* * * BS s
w(rBK) = /dTB—>K /dT,Bs—xppg—)K (rBE") P —>¢>(7,B ~9)

x P (208K 4 opBolC g g By (3.4)

Above, pg_”{ " and pgs_>¢ are the PDF of the raw saturation of the bound due the other

processes under consideration, as shown in left-hand plot of figure 2, and P is a penalty
function that enforces the strong dispersive bound. The application to weights for the
other processes is straight forward. For a strict handling of the bound, the penalty function
would read P(r) = (1 — r). However, to account for the perturbative uncertainty in the

OPE

calculation of x — which sets the scale for the bound, see appendix D for the definition

— a different penalty function can be used. Here, we use the approach of ref. [70], which
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applies the penalty function

0 ifr <1,
—2InP(r) = (r —1)? (3.5)
——5— otherwise.
o
We use 0 = 5%, which comfortably accounts for the perturbative uncertainty of ref. [39].
We show the PDF for the process-specific saturation of the re-weighted importance samples
in the right-hand plot of figure 2. As shown, the samples with saturation in excess of 100%
have been effectively removed by re-weighting.

Results. We begin with the predictions for the differential branching ratios for the three
processes under consideration, which we illustrate in figure 3. Our predictions are juxta-
posed with the predictions obtained in the QCD factorization framework of refs. [22, 46].
In these references, the large-energy symmetry relations to the local FFs (the “factoriz-
able contributions”) are used. The likelihoods used to constrain the remaining local FFs
are described in section 3.1. Predictions for further observables, including the angular
observables, are obtained and provided in appendix F.
Several observations regarding figure 3 are in order:

e The central values of the two different predictions are in excellent agreement within
uncertainties. However, our predictions show a larger uncertainty than the QCDF
predictions.

o Our predictions exhibit increasing uncertainties when approaching the J/1 pole, as
expected. No such increase is present in the QCDEF approach, since it does not
account for this resonant effect.

« We find very similar shapes across both approaches for B — K® pu*pu~. However,
the shapes of the two predictions for By — ¢u™p~ differ significantly, with a larger
slope visible in our predictions.

We verify that our predictions for the B — M1)(2S) branching ratios are consistent
with experimental data. Although we obtain central values an order of magnitude larger,
the sizable uncertainties of O (100%) make our results trivially compatible with data.

As a last remark, we emphasize the theory predictions in our approach can be sys-
tematically improved with more precise local FF calculations — which are the largest
contribution to the uncertainties in our SM predictions — and/or saturating the dispersive
bound adding more channels, for instance A, — Au™p~.

4 Confrontation with data

Having correlated predictions within the SM at hand, we confront them with the available
experimental measurements in section 4.1. We then continue with a simple BSM analysis
of the data in section 4.2.
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Figure 3. Comparison between our SM predictions for the differential branching ratio in the three
channels and the result obtained in QCD factorization [22, 46], including the form-factor relations

in the large-energy limit.

4.1 Compatibility of the SM results

Analysis setup. We confront our SM predictions obtained in section 3.3 with the
presently available experimental measurements from the ATLAS, BaBar, Belle, CMS,
and LHCb collaborations. For this purpose, we restrict our analysis to the processes
B— Kutu=, B— K*utp~, and Bs — ¢u™p~. A summary of the three likelihoods that
describe the data is presented in table 4.

The experimental constraints on the branching ratios are driven by LHCb measure-
ments. For each B — M transition, these measurements are performed relative to the
branching ratio of the normalization channel B — M.J/¢. Since our setup also pre-
dicts these non-leptonic branching fractions, we use LHCb measurements of the ratios
B(B — Mu*p~)/B(B — MJ/v).2 This avoids double-counting of the experimental un-

certainty of the normalization mode in our setup.

Results. In figure 4 we compare our predictions with the available experimental data
of the branching ratios and the P observable for B — K*u*pu~ in bins of ¢%. Further
plots confronting our SM predictions of the remaining angular observables with the data are
provided in appendix F. The bins are chosen to align with those of the LHCb measurements
for ease of comparison. We find a clear discrepancy between the central values of the
predictions and the measurements of certain observables. The compatibility of the data
with the SM predictions is determined with a goodness-of-fit test at the best-fit point of
the hadronic parameters for the local and non-local FFs. We emphasize that we fit all the
hadronic parameters, i.e., we permit the fit to move away from the prior prediction of the FF
coefficients as obtained in section 3.1 and section 3.2. A summary of our fit results is shown

2These ratios are extracted from LHCb publications using:

stat _ 02’2‘“ syst 1 syst Hee stat )2 syst o
Oratio = 1w ) Oratio — 17/ Op — /e (OJ/d)) + (O-J/ID) ’

where p, 05" and ™' are the mean, the statistical uncertainties and the systematic uncertainties, while
20 and J/+ denote B(B — Mutp™) and B(B — MJ/v), respectively.
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Process Description # of obs. Collaboration Comment Ref.
binned B 2 BaBar [71]
B— Kutp~ binned B 1 Belle [72]
binned B 10 LHCb B°%&B™ [73]
binned ang. obs. 12 ATLAS 6 obs. [74]
binned ang. obs. 16 CMS B°&B™T; App&F,  [75-77)
binned ang. obs. 64 LHCb B°&B™; 8 obs. [78, 79]
B— K*utu~ binned B BaBar [71]
binned B Belle B%&B™ [80]
binned B CMS [75, 76]
binned B LHCb B°&B* [73, 81]
+ _  binned ang. obs. 12 LHCb 4 obs. [82]
Bs = ¢p"
binned B 4 LHCb [83]
Bs — ptp~ B 1 ATLAS+CMS+LHCb world average [84]

Table 4. Summary of the experimental likelihoods used in our analysis. Binned branching ratios
(B) and angular observables (ang. obs.) are binned in the squared dimuon invariant mass ¢2. The
measurements cover the range from ¢2 ~ 1 GeV? to ¢® ~ 8 GeV. Present measurements of the
angular observables below ~ 1 GeV? suffer from inconsistent treatment of muon mass effects, and
are not used here. Bins above ~ 8 GeV? and below the J /1 pole are presently not available. For the
Bs — ¢ptp~ angular analysis of ref. [82], we marginalized the likelihood w.r.t. the CP-violating
observables A;, which are not relevant to our analysis.

) SM BSMy, 10
Analysis
xX° d.o.f. p value [%)] x° d.o.f. p value [%)]
B— Kutp~ 54 (23) 10 <107 (1.1)
B— K*utu~ 106 (103) 103 41 (48) 99 (99) 101 53  (54)
Bs — ¢utu” 19  (13) 9 2.7 (16) 13 (13) 7 69 (7.8)
Bs »ptp” & B—Kptp~ 59 (28) 11 <107° (0.33) 20 (200 9 1.7 (1.8)

Table 5. Summary of the goodness of fit at the respective best fit points for the individual analyses.
We provide two sets of values, the main numbers include both the theory priors and the experimental
likelihoods, while the values in parenthesis only account for the latter.

in the “SM” columns of table 5. In this table we give two values per each channel. The first
value is obtained by evaluating the x? of the experimental likelihoods and the multivariate
priors for the local and non-local FF parameters. The second value, given in parenthesis,
only accounts for the experimental likelihoods. Our findings can be summarized as follows:

 In our approach, the SM predictions of each individual B — K*u*u~ observable is
in good agreement with the data. The p value of the SM best-fit point exceed 40%
and doesn’t require a large departure from the local and non-local FF priors. This
observation differs from what can be found in the literature (see ref. [16] for a channel
specific analysis). The reason for this is partially explained by the input used for the
local FF fit. Performing the same analysis using the FF parameters of ref. [29] results
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Figure 4. Updated SM predictions for the normalized differential branching ratios and the opti-
mized angular observable P2, which we overlay with two BSM scenarios. The scenario labeled “BSM
best fit” corresponds to the process-specific BSM best-fit point of the likelihoods of figure 5. “BSM
benchmark” is obtained by setting C§M = —CEM = —0.5 and adapting all hadronic parameters.

The small uncertainty in the first bin of P} compared to the literature is due to a smaller soft gluon

contribution [39].

in an increase of the tension. The tension between the SM prediction and the data
is dominated by the full angular distribution, which yields ~ 90% of the overall x2.

« A similar conclusion also apply, although to a lesser extend, to By — ¢ut ™. The SM

best-fit point can account for the experimental data with a p value of 16%. However,

this agreement requires a sizable distortion of the hadronic parameters, and especially

of the local FFs. Here again, the tension is smaller than in the literature due to local
FF inputs (see ref. [16] for a channel specific analysis). As can be seen in figure 1,
the inputs used in the present work imply larger uncertainty on these FFs, hereby

reducing the tension between the SM predictions and the measurements.

e For B — Kpu*pu~, the tension between the SM and the data is sizable. The SM
best-fit point can barely account for the semi-leptonic branching ratios, and this low
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agreement is only obtained through a large distortion of the local FFs. Note that
contrary to B — K*u*u~ and By — ¢utpu~, for the local FFs in B — Kutu~ we
use light-meson LCSR results that have smaller uncertainties than the corresponding
B-meson LCSR results (cf. section 3.1).

e We finally observe that for the three processes under consideration, the SM best-fit
points show an upper deviation with respect to the prior describing the moduli on
the (2S5). This produces a significant tension with respect to the measurements
of the B — M1 (2S) branching ratios. This behavior is expected as it allows to
decrease the predicted semi-leptonic branching ratios in the physical region, as
required by the data.

4.2 BSM analysis

Analysis setup. As an outgrowth of our SM predictions, we conduct a simple BSM anal-
ysis, accounting model-independently for effects in the operators O} and Of, only. Clearly,
this simple analysis should be followed up with an analysis that takes into account the full
basis of sbup operators at mass dimension six. However, it would require a magnitude
more in computing resources and time than what has been used in the present analysis.

Our analysis involves the theoretical likelihoods for the local and non-local FFs as
discussed in the previous section, the experimental likelihoods for the various measurements
listed in table 4, and non-informative (i.e., flat) priors for all fit parameters. Since we only fit
for Wilson coefficients in the sbuu sector of the WET and we wish to emphasize the effects
of the non-local FFs, we choose not to include the lepton universality testing ratios Ry ().

Given the large number of parameters, we choose to conduct our BSM analysis as three
individual analyses, labeled B — Kutu~ + By = ptp~, B — K*utp~, Bs = ¢utpu~.
The combination of B — Ku*p~ and Bs — ptp~ data is required to simultaneously
constraint Cg and Cyg. All three analyses share independent but identical uniform priors
for the Wilson coefficients Cg and Cyg.

Since we choose to conduct three individual analyses, our application of the dispersive
bound is limited to the process under study, thereby weakening the bound somewhat. This
leads to posterior regions that are slightly more conservative than they could be. The three
analyses differ in their respective likelihoods and in the sets of hadronic parameters. Due
to the use of the absolute branching ratio of By — pu*u~ decay, the simultaneous analysis
of B — Kuputu~ + By — ptpu~ requires additionally priors for the Wolfenstein CKM
parameters. The latter are chosen to be Gaussian as given in eq. (3.2). Except for the By
decay constant fg,, all hadronic parameters follow from our results in the previous section.
For this decay constant we use a univariate Gaussian prior of fp, = 0.2303+0.0013 GeV [63].

Results. We show the three marginalized 2D posteriors for the individual likelihoods in
figure 5. We observe that the channel-specific results are in good agreement with each
other: the point (Re Co®3™, Re C1oP%M) = (—1.0, +0.4) is compatible with all channels at
the ~ 1o level. This shift away from the SM point is compatible with albeit somewhat
larger than what has been discussed previously in the literature [85-89]. To compute the
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Figure 5. 1 and 20 contours of the posterior samples of the C&FSM CESM fit. All other Wilson
coefficients are assumed SM-like. The strong dispersive bound is applied to all samples. The pulls
are 5.70, 2.70 and 2.60 for B — Kutp~ + By — ptp~, B — K*uTp~, and By — ¢utu~,
respectively.

SM-pull in the marginalized posterior plane, we approximate the posterior distributions
with Gaussian mixture densities and compute the isobar of the distribution corresponding
to the SM point. We find pulls of 5.70, 2.70 and 2.60 for B — Kutu~ + Bs — putu™,
B — K*utp~, and By, — ¢u™p, respectively.

A summary of our fit results is shown in the “BSMjy 1¢” columns of table 5. We observe
a small improvement of the goodness-of-fit in B — K*u™p~ with respect to the SM fit,
as expected from our previous comments. For B, — ¢ut ™, the global x? also improved,
resulting in larger p value, but the one associated to the experimental likelihood only
changed marginally. As can be inferred from the number in parenthesis, the best-fit point
can now be obtained without distortion of the hadronic parameters. The B — Kpu™p~ fit
is also improved in the presence of BSM physics, but a tension remains. We find that the
large %2 value is driven by Belle 2019 measurement of the semi-leptonic branching ratio.
Being in agreement with SM predictions, this measurement is de facto in tension with the
measurements of the other collaborations.

From our results we conclude that the non-local FFs are not the source of the tension
between SM predictions and data: floating these FFs is insufficient to bring the three
processes in agreement with the SM. We also find that the local FFs are driving the
uncertainties. For the process B; — ¢u' ™ in particular, the tension with the SM increases
substantially when we use light-meson LCSR results [29] instead of the B-LCSR results [39]
for the local FFs; see the discussion in section 4.1.
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5 Conclusions and outlook

We have carried out the first global analysis of exclusive b — sy~ data within the frame-
work of parametrizable non-local form factors (FFs) [37, 39]. Our results include correlated
theory predictions for the local (tables 9-11) and non-local (tables 6-8) FFs as well as SM
predictions of the branching ratios (table 13) and the angular observables (table 12) for
the three processes B — Ku*p~, B — K*utu~, and By — ¢u™p~. Numerical results for
these quantities are attached to this article as supplementary material. All of our numerical
results have been obtained using the EOS software in version 1.0.3, which has been modified
for this purpose. Through EOS, we make both our analytical and numerical results available
to the community at large, for immediate use or for comparison with other software.

We compare our SM predictions to those obtained within the QCD factorization frame-
work, which is ubiquitously used in the literature. We find overall good agreement between
them, albeit with substantially larger uncertainties within our approach. We confront
our SM predictions with the large body of data available from various experiments. For
B — Ku*u~, we find substantial tensions between the SM predictions and the available
experimental data. For B — K*u™p~ and By — ¢u'pu~, the tension is less pronounced,
dominantly due to the substantial uncertainties of their respective local FFs.

Our results further include simple, process-specific model-independent BSM analyses
of three available data sets. Our analyses are in mutual agreement with a BSM-induced
shift to the Cy and C1g Wilson coefficients in the sbup sector of the Weak Effective Theory:

(Re CyPM Re C1oPSM) ~ (—1.0,40.4) .

We have not yet achieved a simultaneous global analysis of the data, which poses serious
computational obstacles. Chief among them ranks the fact that sampling from a posterior
with ~ 140 parameters requires magnitudes more computation power and time than the
analyses presented here.

Our approach shows that a parametrization of the non-local FFs is viable large-scale
statistical analyses of exclusive b — s¢T¢~ processes, although nontrivial and computation-
ally expensive. This holds for producing SM predictions and (simple) BSM analyses of the
available data, which we illustrate at the hand of b — su™p~. Our results clearly illustrate
that systematic uncertainties due to the non-local FFs have now been transformed into
parametric uncertainties. Our results also show that the onus has been shifted toward the
local FFs, due to their dual role: they enter the observables directly at timelike g2, and
they produce the presently largest uncertainty in the prediction of the non-local FFs at
spacelike ¢°.

Our work is only the first step toward controlling the hadronic uncertainties due to
non-local FFs in a statistical analyses of the available data. It should and will be followed
up in future analyses, e.g., by

o performing a simultaneous analysis of the three decay modes;
 using LFU-probes such as Rk, Ri+ and Ry in the BSM analyses;

o using A, — Aptp~ data to obtain complementary constraints on the BSM Wilson
coeflicients.
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We wish to end on the message that our analysis is systematically improvable. Re-
ducing the uncertainties of the local FFs will reduce the overall uncertainties of the theory
predictions both within and beyond the SM more than linearly. We look forward to im-
pending updated and new lattice QCD analyses of the local B — K®) and By — ¢ FFs.
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A Definitions of local and non-local form factors

Form factors (FFs) are scalar-valued functions, which parametrize hadronic matrix elements
of exclusive semileptonic decay processes. In this appendix, we collect our definitions of
local and non-local FFs that are relevant to B — K®¢t¢~ and By — ¢¢T¢~ decays. Our
definitions coincide with the ones in ref. [39]. Throughout this work, the FFs are understood
to be functions of the squared dimuon mass miﬂr = ¢, ie., }“(%Y/{VI = }“(%Y/{M(f)
and HP7M = HE7M(42). Even though we focus on the B — K and By — {K*, ¢}
transitions, the same definitions can be used for any B, — P(seudoscalar) and B —
V (ector) transitions, respectively. Hence, in the following we do not specify the exclusive

final states but only their spin and parity.

A.1 B — P transitions
We define the B — P FFs as follows:
_ — 1
Fu7 P (k)= (P(k)] 5%, PLb|Bla+ k) = 5 [SLFPTSL T (A1)

Fr T (kq) = (P(K)|50,,¢" PrO|B(g+ k) = oMb SpFro" (A.2)

Hf_’P(k,q) =4 /d4xeiq'x

6
X <P(k)|7'{j,im(33), <Clof+0205+20i01+0808>(0)} |B(q+k))
i=3

=MpSIHE P, (A.3)
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where ji" = 7, Qppyup. In these definitions we have used the two independent B — P
Lorentz structures Sﬁ‘:

M2 — M?2
%qﬂ, (A4)

2(q - k)
Sp(k,q) = 2k, — Z S (k,q) =
where A\ = 0, ¢ denotes either longitudinal or timelike polarization of the underlying current.

Our FF basis is related to traditional basis of local FFs (defined in, e.g., refs. [30, 90])
and the non-local FF HB7F of ref. [36] by

]_—B—>P ff_}P, (A.5)
ftBﬁP _ éB’HP (A.6)
B—P _ (12 B—P
]: —P _ - , A7
Mg (MB+MK) T (A7)
B—P _ B—P
—Q. . A.
Hi Q 2M2” (A8)

The following identity holds at maximum recoil:
P =0)= 7" =0). (A.9)

A.2 B — V transitions
We define the B — V FFs as follows:

fB*)V(k q) = (V(k,n)| 57v,Prb \B(q +k))

% o {SL FEBoV _ sl ]_—‘1‘3—>V S0 ]_—B—>V Séu}_tB_)V}v (A.10)
}“B”V( q) = (V(k,n)| 509" Prb|B(q + k))
% - [SJ_ FELV - Sl FEPY - S0, FEY] (A.11)

HEY (k, q) —z/

6
x (V(k,n)| T {j;;m(x), (Cl(’)f + CL05+ > CiO; + 0808>(0)} |B(q + k))

1=3
= MR [SLAHEY =S| Y - Sy mEY] (A.12)

In the above, 7 is the polarization vector of the vector meson. In these definitions we have
used the four independent B — V' Lorentz structures Sé‘u:

V2 Mp i Mp 4(q- k) 4MZ
St (k = ———€, Sl (k,q) = o — ———qak o )
au( >Q) \/m €apkq > a,u,( aQ) \/§ m Aein Qoky + A C] qu (A 13)
2 M 4i My, M2 ’
S&u(k, q) = P2 anqu’ Sgu(k’ q) = # [qQQQkH —(q-k) qaqu} ,

where A =1, ||,0,¢ denotes the different polarisations of the underlying current, and Ay, =
MM3E, M2, ¢?%) is the Killén function.
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Our FF basis is related to the traditional basis of local FFs (defined in, e.g., refs. [30,

90]) and the non-local FFs P~V of ref. [36] by

J—_‘B—>V \4 2 )\kin VB—)V
Mp (Mg + My) :

FBoV _ V2 (Mp + My) 4B-v
|| MB 1 )

(M} — ME — ¢*)(Mp + My )2 APV — X APV

fOB—>V _ 5 ,
2MVMB(MB -+ Mv)

}—tB_W A(J)B—)V

)

V2 Akin
Y = M2k Y
B
J—_'BWV — \/i(M% B MV)TB—>V
]\42 ’
]:B—>V _ ¢*(Mp + 3M — )TB—>V ¢* Ncin BV
M3MV M%MV(M2 M2) ’
VAL
B~>V Qc \[]1\}1;) HBHV
M?2% — M?2
%f—ﬂ/ \/>Qc B Vv HB—>V
M3}
> A
ki
HEY = Q. M4 i |(MB+3MP — g HE Y - WA s Hy Y

The following identities hold at maximum recoil:

_ Mg+ My
oMy
TB—>V(q _0) TB—>V(q _0)

Mp — My

BHV

APV (g =0) - APV =0),

B Decay and transversity amplitudes

(A.14)
(A.15)

(A.16)
(A.17)

(A.18)
(A.19)
(A.20)
(A.21)
(A.22)

(A.23)

(A.24)
(A.25)

In this appendix we list our definitions of the decay amplitudes and the transversity ampli-

tudes. We give our formulas explicitly for B — K and B — K™ transitions, but analogous

formulas apply to, for example, Bs — ¢. We use the notation introduced in appendix A.

B.1 B — K¢te~

We decompose the amplitude of B(p) — K (k){*(q1)¢f(q2) as

Gr ooV, Vi Ly
AR = TE e T Tt {(c9 LY, + Ci LYy) FP7X - qTV [2imyCr FE + 167T2H5HK”

V2
_ Grae Vi Vi

V2 Ar NEU

— 96 —

(Tl — LA)SRATE + (L4 + LY)SIARE — L4 SLARY

(B.1)



where

[ " KU x B2 _ 4m?
Ly 4y = we(q)7" (5)ve(qz) , = GraVy, Vi oA By= 41— o

The transversity amplitudes in eq. (B.1) read
2mbM B

M
CrFEYE 16 Bk

AKM _ \KU {(Cg T Cho) FBK 4 -
b

}(m)

with A =0, t and Fr, BoK — HB —K = 0. Since we restrict ourselves to the case where the
leptons in the final state have the same mass, the equality AKX = AKM AKM holds. The
definitions above — neglecting lepton masses — imply
dT(B — Kt07)
dq?

In our numerical evaluation we account for nonzero lepton masses.

]AK”] + ]AK“ . (B.4)

B.2 B — K*¢t¢~ and B, — ¢¢t4~
We decompose the amplitude of B(p) — K*(k,n) £T(q1)¢~ (¢2) as

N Gra. V,V* « LY X
K*ee _ UF Qe VipVig B—K V o B—K* 29/B—K
A = —ar {(Cg LY, + Co L) F R Z [szbC7 Fr H + 167 3'-LMH }}

_ Gpae. Vi, Vi e (L L K0 o K Q0 K
= e N (@l — 1) S AL - SLAGY - 85,45
+ (L/‘L/ + Lffl) [SL AK*M S(LLHAﬁS;M SO .AK Eq + Lff\‘SZ;MAt *M} . (B5)
where
— - K*00 _ « | @BevAin
L/\L/(A) = ug(q1)7" (v5)ve(q2) N = GraeVyVis m . (B.6)

The transversity amplitudes in eq. (B.5) read
meMB
2

Ay =N (Co Co) FEH GBI 10n B | L

' (B.7)
with A =1, ||, 0, t and ]-"BHK* HP7E" = 0. Since we restrict ourselves to the case where
the leptons in the final state have the same mass, the equality A{( e AK St Af%“ holds.

The definitions above — neglecting lepton masses — imply

dT(B — K*H (™) _ “AK*M‘ n ‘AK*M’ + ’AK*M’ ] , (B.8)
-

dg?

In our numerical evaluation we account for nonzero lepton masses.
The transversity amplitudes AK M (R) defined in eq. (B.7) are related to the transversity

amplitudes AK ‘EE ) defined in, for 1nstance refs. [91, 92] via
il Al Al <Al
QR AK*M g L AkinA 7, (B.9)
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B.3 B — Kv
We decompose the B(p) — K (k)v(q,¢) amplitude, with ¢ = J/1,1(2S), as
Ky 4GF c c o », *
AR = 7‘/;b‘/ts (K(k)1(q,e)| CLOf + CL05 + ZCiOi + C30s[B(p)) + O(VipViys)
=3

AGRV, Vi, .
\/f At}’KL eMSIALY + OV Vi) - (B.10)

where ¢ is the polarization vector of the vector charmonium 1, and

3/2

A
K = GpVy Ve, | -=—Xin__ B.11
N FVipVis QFM%Mi ( )
The transversity amplitude in eq. (B.10) reads
K M3
AFY = NEY B Res HEE (), (B.12)

My fy 23

where fy, is the decay constant of the charmonium state considered. Note that in this case
the transversity amplitude only depends on the non-local FF HOB ~K and that

Res HE7M(®)= Res HB%M )
QR M) = e HE()

This formula holds for B — K*i and Bs; — ¢ decays as well. The definitions above
imply
_ _ K2
(B — Ky) =[] (B.13)
B.4 B — K*i and B; — ¢y
We decompose the B(p) — K*(k,n)¢(q, €) amplitude, with ¢ = J/1,4(2S), as

ey AG _ 6 _
AB™Y = 28y v (K (k) (g, €)| C1LOS + C20% + > Ci0; + Cs0s | B(p)) + O (Vi Vi)

\/> 1=3
_4GF VWi :
= 5 s T (St ALY = SLATY = SLAT H o), (B.14)

where ¢ is the polarization vector of the vector charmonium 1, and

* A mn
NEW = GpV, Vit | L2 (B.15)
27 Mp
The transversity amplitudes in eq. (B.14) read
AV = NEY B ME e HEE (7). (B.16)
quﬁp q —>M2
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The definitions above imply

(B — K*y) = [AY ’”\ + \AK””

\AK*“’

(B.17)

Our notation for transversity amplitudes Aﬁ{*w defined in eq. (B.14) is related to notation
for the transversity amplitudes Af v adopted by the LHCD collaboration (see, e.g., ref. [67])
through the equalities

K* K* K*i
‘AK*w ‘A ’ AETY] ’All ‘AK*w Mg ‘A
JT(B— K*) ~T(B = K My [r(B— K*p)
(B.18)
B.5 B — K*y and Bs; — ¢~
We decompose the amplitude of B(p) — K*(k,n)v(q,¢) as
_ 4GF e . BoK*  i1p 22,B—K*
Agey = \f T6m —— Vi Vis g™ {ZmbC’ﬂ: R l6m 7—[”_’ }
_ 4GF € ‘/tb‘/tz *Ou_¥ |1 1 AK*y I K*y
where ¢ is the polarization vector of the photon, and
. aeMp(M3 — M%)
NE™Y = GFthv;;\/ ¢ 27% LA (B.20)
The transversity amplitudes in eq. (B.19) read
AL = N (myCr R = 1672 MHE ) (B.21)
with A =1, ||. The definitions above imply
_ _ o2 |2
(B — K*y) = A7+ 4l (B.22)

C Contribution of ’Hg,;:M in QCD factorization

Our approach allows to parametrize exclusively the non-local matrix element Hflf M de-
fined in eq. (2.8). The matrix element HgﬁM HB%M —&—HBHM is added to our results for
HEIM . The latter is computed using formulas given in refs. [227 46], which are obtained in
the framework of QCD factorization. In this appendix, we give explicitly the formulas that
we use to evaluate HﬁZM . We neglect ’HB_>M and ’Hg_}M because their contributions
are suppressed by small Wilson coefficients.

Starting from eq. (15) of ref. [22], we compute Hﬁ;’M with the following adaptations:

e We remove all contributions proportional to @, since they are already accounted for
by HBHM.

o We remove all factorizable contributions, since they are already accounted for by the
local FFs ]-"f_’M and Fﬁ:M.
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C.1 B — K¢t~

Using the results of refs. [22, 93], one obtains

HB—}K —

sbo ~ e For — tua, (C.1)
where

S t Qs 9 9 o 9

TV (Y(b) — o (CoFy, + OuFy, + O ))> , (C.2)
Qg My 1 7 . -
r= - ﬁFB ((C - 6) F2(s)b+C8HF8( )> ; (C.3)
_ ™ysfpfp [dvw

twa = 16MEN, / 5, )/0 du @ (u)To,— (u, w) - (C.4)

The FZ(S% functions are given in ref. [38], while the functions Fég) and Ty (u,w) =

—T),—(u,w) are given in ref. [22]. We have also introduce the notation

1 4 64
v = (703 i 17605+ 2 Ca) h(g?,my)
1
2 32
“(6C3+32C5+ —C
9 ( 3+ 5 + 3 6) )

where h(g?,m) is defined in eq. (11) of ref. [22].

C.2 B — K*T¢ and B, — ¢£te4~

Using the results of ref. [22], one obtains

HB—)K* 1 B—K* 1 J,—_-B—)K

sb,A B 1672 A o 167 2 — 0xotwa s (CG)
where
5 ? Qs 9 9 e 9
= 2M123 (Y;(b) N E (CQFQ(,S)I) + ClFl(,s)b + CSHFS( ))) ) (C?)
Qg My Cl (7 off (7)>
== —— | F F, .
br dn Mp ((CQ 6 ) bsp T Cs Fg ') (C.8)
_ mbS)\kln foV / /
fee = T MEN.(ME — ) B du @y ()T —(v,w).  (C.9)

In the equations above, we have used the same notation as in the B — K/{T{~ case.

For the evaluation the non-local FFs HB _>¢, we use egs. (C.6)—(C.9) replacing the
B — K* local FFs with the By — ¢ ones and taking into account that the function
T}, (u,w) in the weak annihilation term is slightly different [46].
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D Dispersive bound

Dispersive bounds (or unitarity bounds) are constraints on the FFs. They have been origi-
nally applied to kaon decays more than half a century ago [94-97], and then in the nineties
to B-meson decays (see, e.g., refs. [98-101]). They have been and still are successfully used
to control the truncation error of the various parametrizations needed to extrapolate (or
interpolate) the local FFs in the whole physically-allowed region.

In ref. [39], three of us extended this method to the non-local FFs in B — M{tT¢~
decays for the first time. The formulation of a dispersive bound for non-local FFs is much
more involved than the one for local FFs. This is due to the complicated analytic structure
of the non-local FFs, where the energy of the first branch point at 4M3 is smaller than
the threshold (Mp + My;)?. Conversely, the lowest-energy branch point of the local FFs
coincides with the threshold (Mp + Mys)?.

In this appendix we summarize the derivation of the bound of ref. [39], to which we
refer for further details. We also complement the derivation ref. [39] by including the one-
particle contribution and the penguin operators Oz . ¢; the operator Og does not contribute
at the precision we are working at.

To obtain the dispersive bound for non-local FFs we define the correlator

HE
() =i [atec 01T {04 (o), 0" (g0} 0) = (T~ ) ), (D)

where

—-16 2, ) 6
O'(q;x) = ( q: l) /d4y€+zq'y T{E’Y“C(x +9), (Cﬁof + C205 + ZQ‘Q’)(@")} ;

=3

1672 : 4

0"1(q:0) = <+ q; Z) / bz e T{cwc(z), (ClOf 4005 + ZC&O@)(O)} . (D.2)
i=3

We are only interested in the discontinuity of the correlator II due to on-shell intermediate

states with flavor quantum numbers B = —5 = —1, which we label Discyz II. We use it to

define a new function x via a doubly-subtracted dispersion relation:

x(—m}) = L /ds m, (D.3)

where we have already chosen —mg as subtraction point.

The function x can be calculated using the local OPE proposed in refs. [102, 103].
This calculation is described in detail in ref. [39]. The inclusion of the penguin operators
changes only the prefactor of the function fﬁ%) defined in ref. [38]:

CrCi + Cy — CpCi + Cy + 6C5 4+ 60C5 . (D.4)

The O (as) corrections of the penguin operators to the corresponding matching coefficient
have not yet been calculated and hence we neglect them. The Wilson coefficients C3 and
(5 are numerically small, thus the value of x found in ref. [39] remains unchanged:

xOPE(—m3?) = (1.81 £0.02) - 1074 GeV 2. (D.5)
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The discontinuity Discyz II can be expressed in terms of hadronic quantities using

unitarity:
Discys I1"%(s) = i ( ””) X;dpr (2m)* 6™ (pr — ) (010" (g; 0)|T) (|0 (g; 0)[0)
(D.6)
where s = ¢-q and the sum runs over all on-shell hadronic states I'. The B} meson is the only

one-particle state below the threshold (Mp + Mjs)? with a non-vanishing contribution.?

Its contribution to Discyz II reads

_ 2 i
Disch P T1M4(s) = Sim (1 = g) (0[O B2) (BLIOT10)o(s — ME). (D7)

The matrix element in this equation can be estimated using again the local OPE:

(010"(q; 0)| B5) ~

N |

q"q“
03,1(M%;) <g;w¢ T Mz

B;

) (0]57ab] B) (D.8)

where (3 is defined as in eq. (3.6) of ref. [39]. Using the definition of the B} decay
constant

(0157ab| By) = inaMp: fB: (D.9)
where 7, is the B} polarization vector, the function Disczg_ PTT can be written as

. - .Tr 2
DlSCég Pophad () = iy ‘03,1(MJ%§)

M. f5:6(s — Mpy) . (D.10)
We can now estimate the numerical contribution of the B} to x"d. We find
X'PH(=mP) = 1.53-107 5 GeV 2. (D.11)

This contribution is very small compared to Y°FF and hence we conclude that the one-
particle contribution has no impact on the dispersive bound. A large one-particle contri-
bution — like in the case of the dispersive bounds for the local B — D* FFs — would have
made the dispersive bound for the FFs HEYM more constraining.

Following ref. [39], we replace the definitions of the B — M non-local FFs of appendix A
in eq. (D.6). Thus, the contribution to Discys IT of the BK, BK*, and Bs¢ states can be

written as

2MEN32(ME, M2 s)

i sl ()= g M (o) 05T
- 3 (’Hfff( ’ HHE @]+ (9] )9(5 SBK)

2
Mg,

+ )‘+

g3 ol

Mg\/W<‘HBﬁ¢ ‘+‘Haﬁ¢

2
/Hf(s)ﬁd)(s)‘ >9(S_SES%¢)

fo. (D.12)

3Resonances above the threshold (Mp+M. M)2 are considered features of a multi-body branch cut, rather
than one-particle contributions.
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Here, s?7M = 3, = (Mp+ Ms)? and the ellipsis denote the contribution of further states
with the right quantum numbers.

We can now insert the OPE result (D.5) and the hadronic representation of Discys II
of eq. (D.12) into the dispersion relation (D.3):

my,

XOPB(=m2) 32” / ds M N2 (MB, M, 5) ‘HB—>K )‘2

st(s+mi)3
B—)K
3272 7 Mg /\(MBaMK*’ BaK* 2 B—K* (|2
3 / s3(s +m?)3 2 ‘% ‘ ‘H ¢ )‘
sfﬁK* A= LH
1602 T Mp JAME M, s Beo M3, |2B.6 (2
N S HET )]+ R )
s3(s+mi)3 s
i A=L,]|
+.... (D.13)

We call this equation the dispersive bound. Using the change of variable (2.17), the whole
complex s-plane is mapped into the unit disk of the 2-plane. In particular, the integration
between §, and infinity becomes an integration over an arc of the unit circle. We then
define the functions

HEGT(2) = o (2) P HEFT (2), (D.14)
1TV (2) = o7V () PR HEDY (3), (D.15)

which allow us to write eq. (D.13) as (using 2 = ')

+aoB—K +a B—K* +aBs—e
. 2 2
1>2 / doc|HES (¢! ’ +Z / dor|[HER (e + / dor |7 (2(0)]
_aB—K _aB—K* —aBs—¢
(D.16)
where o57M = |arg 2(54)|. The outer functions ¢¥7M are defined such that they are free

of kinematical singularities and the dispersive bound (D.13) can be written in the simpler
form of eq. (D.16). Their analytical expression can be found in appendix C of ref. [39].
The Blaschke factor P removes the dynamical singularities of ’HB_’M so that the HB oM

is analytic in the open unit disk. They are defined as in ref. [39]:
YR (D.17)
p=Jjpes) T
where 2, = 2(s = Mi)

The functions HCB/\*V are expanded in a series of orthonormal polynomials in the arc

of the unit circle between —aB~M and +af—M.
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The polynomials up to order seven are available in the public EOS code [56], see also
appendix E. Inserting the expansion (D.18) into eq. (D.16) the dispersive bound can be

‘BBS_W’ }} <1.

This inequality is of paramount importance for the study of the non-local FFs HBﬁM .

finally written as

’ B—>K*

{2\% SR>
0

n=

It implies that the coefficients of the polynomials p, are bounded by model mdependent
constraints. Clearly, the bound becomes more constraining when considering B — K,
B — K*, and B; — ¢ non-local FFs simultaneously. In principle, one could also add
additional channels to saturate the bound, such as Ay, — A¢T¢~ or any multibody decay
mediated by b — s¢T¢~ transitions.

E Details on the parametrization of non-local form factors

The polynomials p,, of the parametrization (2.16) are — up to a normalization factor —
Szegd polynomials [55]. As such, they can be obtained via the following recurrence relation:

Po(2) =1, (%) =1,
o(2) i) =1, A -

o ( ) =Z2Pp_1 — Pn— 1(I)n 15 (I)n(z) = (I)n—l - pn—lzq)n—l )
which holds for real z. The orthonormal polynomials then follow from

D,(2) e 2
pa(2) = =22, Ny= [2a7M ] (1-03)| (E.2)
Nn i=0

where of7M = ]arg 2(§+)| and the Verblunsky coefficients p; are obtained from an or-

thogonalization procedure. For 8y = 4 GeV? we find

207 M {po,...ps} = (E.3)
2.482,{0.7623, —0.7982,0.8072, —0.8101,0.8114,—0.8121}  for B K,
={2.276,{0.7977, —0.8298,0.8372, —0.8396,0.8406, —0.8412)  for B — K*,
2.183,{0.8129,—0.8432,0.8500, —0.8522,0.8531, —0.8536 } for Bs — ¢.

5B%M of the parametrization (2.16) are constrained by the dispersive

The coefficients
bound eq. (2.19). However, the non-linear experimental constraints at the J/v pole as well
as the parametric correlations due to the presence of the bound imply that the posterior
distributions of these coefficients are not Gaussian. This makes the estimation of parametric
uncertainties very challenging. Hence, we introduce an intermediate step to perform our
fits: the analytic functions HB*M defined in egs. (D.14)—(D.15) are first fitted using ad hoc
Lagrange basis polynomials in 2. Our fifth order Lagrange basis polynomials are defined

such that they interpolate ”HB*M at the following points:

2 € {2(=7GeV?),2(=5GeV?), 2(=3 GeV?), 2(=1 GeV?), 2(m3 ), 2(ming))} . (EA)
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The resulting parametrization reads

where ¢;(2;) = J;; are the Lagrange basis polynomials of degree five, and hB%M =
’HB_>M (%;). For convenience, the complex Hf/\_)M values at negative ¢* are descrlbed with

Cartesmn coordinates, while residues on the charmonium poles are described with polar co-
ordinates. Since no phenomenological constraint is used at the 1 (2S5) pole, the correspond-
ing values are left unconstrained and allow an estimation of the parametric uncertainty.
The use of Lagrange basis polynomials ensures that the posterior distributions of the
parameters hffM are Gaussian distributed before the application of the bound. This is
confirmed empirically by the excellent description of these distributions by multivariate
Gaussian distributions. The perplexity of the posterior samples is in excess of 99%. The
ancillary files BToK-hatH.yaml, BToKstar-hatH.yaml, BsToPhi-hatH.yaml contain the
multivariate Gaussian distributions that describe the posteriors for the three channels. The
mean values and standard deviations of the parameters are also given in tables 6-8. Note
that we have not yet enforced the dispersive bound to the intermediate results presented
in either the ancillary files or in the tables; users are expected to apply the bounds in their
analyses. We apply the bound to the coefficients BB”M of eq. (2.16) through the following

procedure:

1. We draw samples of the Lagrange polynomials parameters from the distributions
described in the ancillary files. The parameters that are not fixed in our fit are
varied uniformly in the ranges provide in tables 6-8.

2. We perform a change of basis from the Lagrange polynomials to the orthonormal
polynomials p,. The change of basis is achieved by evaluating the r.h.s. of eqs. (D.18)
and (E.5) at an interpolated point 2;. It reads

PoM (P*l)m hB=M with Py, = pa(2) - (E.6)

We emphasize that the BB =M samples are not Gaussian distributed.

BB—>M

3. We subsequently apply the dispersive bound to the samples using the proce-

dure discussed in section 3.3.

Our theory predictions are then obtained using these weighted samples of the ﬂB*M coef-
ficients.

F Our results in a nutshell

For the reader’s convenience, in this appendix we organize our results schematically and
refer to the table, figure or ancillary file where they can be found. We also provide supple-
mental tables and figures. Additional material can be obtained upon request.
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Parameter Posterior

TGV Re HE K (4.0£2.1) x 107°

Im }nyK (—4.2+1.0) x 1076

55 Gev?) ReHPrK  (10.0+£2.1) x 107°

Im {5 (—524£1.2) x 107°

A(—3GeV?) ReHE;PM  (16.3+£2.1) x 107°

Im HE7H  (—6.6+£1.4) x 107

5(—1GeV?) Re K (23.0£3.0) x107°

Im HEPHK (—8.4+£1.7) x 107°

Sm? ) AbsHEPK  (1.225£0.013) x 1073
z\m

T Arg HBRK [0, 27] %)
2 Abs HE7K [0,0.5]*)
¥(25) Arg fHB—>K [O, 27‘(] (*)

Table 6. Posteriors of the B — K non-local FFs fit. The ranges of the parameters that are not
constrained in the fit are marked with a star *). These large ranges contain more than 99% of the
posterior probability. They are suggested by the authors to reproduce the results of this work, as
described in the text. The multinormal distribution describing the constrained parameters is given
in the ancillary file BToK-hatH.yaml.

Posteri
% Parameter e
A=1 A=l A=0
2(—7GeV?) ReHITH"  (1.781£0.092) x107*  (1.801£0.086) x 107" (~0.6+2.3) x 10~
zZ\— €
AT (5.8840.60)x107°  (5.87+0.58)x107°  (—4.9+1.1)x107°
2(—5GeV?) ReTJTH"  (1.861+£0.097) x107*  (1.8824£0.088) x 107" (4.4+2.2)x 10"
zZ(— € *
AR (6.90+0.73) x107°  (6.87+0.70)x107°  (=6.0+£1.2)x107°
2(—3GeV?) ReHZX"  (1.87£0.10)x 107" (1.8874£0.093) x 107" (9.6+2.1)x 10"
zZ\— €
AT (818+0.91)x107°  (8.14+0.087)x107°  (~7.5+1.4)x107°
2(—1GeV?) ReAZY " (178+40.13)x 107 (1L78+0.12)x 107" (1.55+0.28)x 10~*
A Gl €
ImH A (9.841.2)x 107° (9.7£1.2)x107° (—9.5£1.8)x107°
o) AbsHETET  (3.491£0.096) x 107*  (3.71£0.11) x 10™*  (1.104£0.020) x 1073
z{m
) g 2.94040.028 3.34340.036 [0, 2]
. Abs LI 0,03 [0,0.3] [0,0.3)
zlm
¥ (289) Arg'HB_'K [072ﬂ(*) [O,Zﬂ(*) [0,277}(*)

Table 7. Posteriors of the B — K™ non-local FFs fit. The ranges of the parameters that are not
constrained in the fit are marked with a star *). These large ranges contain more than 99% of the
posterior probability. They are suggested by the authors to reproduce the results of this work, as
described in the text. The multinormal distribution describing the constrained parameters is given
in the ancillary file BToKstar-hatH.yaml.
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Zi Parameter Posterior
A=1 =] A=0
TGN Re }:Lf;—’d* (2.0340.18) x 107*  (2.0240.15) x 107*  (~1.8+4.4) x 107°
Im #2577 (6.74+0.88) x 107°  (6.58£0.80) x 107°  (—6.14+1.9) x 107°
5(_5GV?) Re HB—’¢ (2.1140.19) x 10~*  (2.1140.16) x 10~* (4.2 +£4.0) x 107°
Im#A257%  (7T9+1.0)x107°  (7.69+£0.92) x 107°  (—=7.3+1.9) x 107°
S(—3GeV?) Re?—i{fi_’¢ (2.14£021) x107*  (2.11£0.16) x 107*  (1.1040.38) x 1074
Im#AZ57% (9.3+1.3) x 107° (9.14+1.1) x 107° (—9.042.2) x 107¢
(167 Re }:Lf;—’d* (1.9940.23) x 107 (1.9940.18) x 107*  (1.844+0.42) x 1074
ImAZ57%  (1L10£0.17) x 107 (1.10£0.15) x 107°  (—1.14£0.25) x 10~°
o AbsHZ37?  (3.624£0.14) x 107* (356 +£0.13) x 107*  (9.90£0.37) x 107*
2mays) Arg HP;7? 2.62+0.15 3.078 4 0.066 [0, 27] )
o AbsHZ37? [0,0.3]%) [0,0.3]*) [0,0.3]*)
2(miy(as)) Arg TLE [0, 27 ) [0, 27] ) [0, 27 )

Table 8. Posteriors of the By — ¢ non-local FFs fit. The ranges of the parameters that are not
constrained in the fit are marked with a star (). These large ranges contain more than 99% of the
posterior probability. They are suggested by the authors to reproduce the results of this work, as
described in the text. The multinormal distribution describing the constrained parameters is given
in the ancillary file BsToPhi-hatH.yaml.

Coefficient ~ This work Ref. [30] Coefficient ~ This work Ref. [30]
af 0.39+0.02  0.3340.02 ad 0.36 +£0.02  0.30+£0.03
af —0.56 +£0.16 —0.8740.14 ol —0.71+£0.19 —0.774+0.15
ag 0.36 £0.37  0.014+0.75 al 0.07+0.42  0.01+0.87
o 0.72+0.14  0.20+0.17
a9 0.66 +0.25  —0.45 +0.41

Table 9. Posteriors of the B — K local FFs fit. We have used the exact relation (A.9) to reduce
the number of parameters to 8. The posterior distribution is accurately described with a single mul-
tivariate Gaussian distribution, whose parameters are given in the ancillary file BToK-local.yaml.
We compare our results to those of ref. [30].

Local form factors. Tables 9-11 contain the central value and the standard deviation of
the coefficients of the parametrization (2.10). The correlations between these coefficients
are given in the ancillary files BToKstar-local.yaml, BsToPhi-local.yaml and BToK-
local.yaml. We compare our results with those of refs. [29, 30] for the FFs fB7K AB=K"
AIBSA)(ZS

and in figure 1.

Tables 6-8 contain the central value and the standard de-
viation of the posteriors of the analytic functions ﬁfﬁM defined in eqs. (D.14)—(D.15)
at ¢ = {7 GeV?, —5GeV?, —3GeV?, —1 GeV?, mQJ/w’m?/)@S)} . The correlations of each

BToK-

Non-local form factors.

of these functions across the different ¢® points are given in the ancillary files
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Coefficient This work Ref. [29] Coefficient This work Ref. [29]
o 0.344+0.03  0.37+0.03 adl 0.3240.02  0.31+0.03
aflo ~1.12+0.20 —1.37+0.26 ol —0.95+0.14 —1.0140.19
ago 2184+ 1.76  0.13+1.63 ot 2114128  1.53+1.64
agt 0.2940.02  0.30+0.03 ad? 0.62+0.03  0.67+0.06
ah 0.46+0.13  0.3940.19 ol 0.97+0.32  1.32+0.22
oy 1224073 1.19+1.03 als 1.81+£245  3.82+2.20
ajh 0.55+0.34  0.53+0.13 al? 0.6040.18  0.50 £0.17
g 0.58£2.08  0.48+0.66 ad? 1.70£0.99  1.61+0.80
af 0.360.03  0.38+0.03
af -1.09+£0.17 —1.174+0.26
o 2.73+£1.99 2424153

Table 10. Posteriors of the B — K* local FFs fit. We used the exact relations (A.24)—(A.25)
to reduce the number of parameters to 19. The posterior distribution is accurately described
with a single multivariate Gaussian distribution, whose parameters are given in the ancillary file
BToKstar-local.yaml. We compare our results to those of ref. [29].

Coefficient This work Ref. [29] Coefficient This work Ref. [29]
aglo 0.38+£0.04  0.4240.02 ap! 0.34+0.04  0.30£0.01
i ~1.264+0.40 —0.98+0.24 ol —0.774+0.32 —1.10+0.08
ag® 2.834+3.83  3.27+1.36 asl 0.934+2.76  0.58 £ 1.00
aft 0.30£0.03  0.29£0.01 o 0.64+0.06  0.65+0.04
agh 0.4840.30  0.35+0.10 al 1.1840.69  2.10+0.33
! 1.994+1.84  1.70+£0.79 ol 1.78+5.14  6.74+1.80
a2 0.33+£0.54  0.95+0.13 al? 0.7440.43  0.40 £0.08
o —0.60 £3.19  2.1540.48 al? 1.934+2.59  1.04+0.61
oy 0.384+0.05  0.36+0.01
of -0.91+0.39 —1.2240.16
o 3.80+£4.09 3.74+1.73

Table 11. Posteriors of the B, — ¢ local FFs fit. We used the exact relations (A.24)-(A.25)
to reduce the number of parameters to 19. The posterior distribution is accurately described
with a single multivariate Gaussian distribution, whose parameters are given in the ancillary file
BsToPhi-local.yaml. We compare our results to those of ref. [29].
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Process ¢° bin Fr[107'] S3[1072] S4[107'] Ss5[107'] App[107'] S7[1072] Ss[1073] So[10™*]
't [0.1,0.98]3.007035 1177035 0.927007  2.3970:03 —0.977002 —0.9970:00 —6.627035 —3.7771°%¢
:i [1.1,2.5] 7.6870%%  0.407575 —0.09700%  0.667030 —1.5370 31 —1.1770:3% —6.227 125 —4.047355
X [2.5,4.0] 8.087019 1024048 1 go+0.18 3 74027 () 9g+0.16 _() gg+0.35 g got2.7L 3 g1+3.05
O; [4.0,6.0] 7.187037 —2.48F557 —2.21701% 3377022 1.197033 —0.6710:5% —2.7470 15 —6.1279.99

[6.0,8.0] 6.077038 —4.06 55 -2.5710 08 —4.05703% 2451030 0361112 —3.997521  14.273) 0
o [0.1,0.08]3.30535  1.263037  0.94700% 2467097 —0.917007 ~1.14%0 15 —2.3170:63 —4.117555
% [1.1,4.0] 8.0570%) —0.447557 —0.747013 —0.3870 45 —0.8710 35 —1.3810:27 —3.597585 —4.4675 52
T [4.0,6.0] 7.54703 —3.011137 —2.187022 —3.00705L  0.917593 —0.9010 52 —2.6675 38 4.607}33
& [6.0,8.0] 6557031 402179 9 581020 3 6GH0.38 1 ggt0-66 () g3+1.07 o ggF1l8 g 44533

Table 12. SM predictions for the angular observables for the B® — K*%u*p~ and B, — ¢ptpu~
decays. Note that we provide the central 68% intervals and that the posterior-predictive distribu-
tions are not Gaussian.

hatH.yaml, BToKstar-hatH.yaml, and BsToPhi-hatH.yaml. These results are prior to
the dispersive bound application.

Standard Model predictions. Table 13 contains the median and the standard devi-
ation of our SM predictions for the B — Myt~ branching ratios. We compare these
predictions to experimental measurements and two BSM scenarios in figure 4. Table 12
contains the and the standard deviation of our SM predictions for the B — Vu*u~ an-
gular observables. We compare these predictions to experimental measurements and two
BSM scenarios in figures 6 and 7 for B — K*utu~ and By — ¢u™u~ decays, respectively
(see figure 4 for the plot of Pf). For the original definition of the angular observables see
ref. [91]. We use the conventions defined in the appendices of ref. [104]; see also the discus-
sion of angular conventions in ref. [105]. Our SM predictions are also valid for B — MeTe™
observables up to tiny effects due to the lepton masses.
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0.68
4.597565

[ ]
B = K%t~ [2.5,4.0]
[ ]
[ ]

+0.41
4.21%0 4y

0.73
6.42*% 05

Process ¢ bin B [1077] B 1077
SM LHCb SM LHCb
(0.1,0.98] 4.287042 2.934+0.16 4.187540 2,924 0.22
[1.1,2.0]  4.38794% 210+0.14 4.20M02° 210+0.17
2.0,3.0] 4.78%5%9 2.83+0.16 4.69703% 2.82+0.21
B o Kt 30,40] 4671040 2.5440.15 45775935 2.54+0.20
[4.0,5.0] 4577940 2921 +0.14 4487933 22140.18
5.0,6.0] 4.49%538 231+0.14 4.39703% 2.3140.18
6.0,7.0]  4.387945 245+0.14 4.28703% 2.4540.18
7.0,8.0] 4287571 2314014 417757 2.3140.18
[0.1,0.98] 7.217092 7511028 9.867 4 8.9470%
1.1,2.5] 4557078 3.847048  6.24709%  4.56102%

0.59
5.0170 2

4.0,6.0] 6.817097 5947049 9747098 7 080T
6.0,8.0) 7.88712%  7.22%047  11.2%10 8581083
[0.1,0.98] 9.8971%5 6.70+0.47 111731 6.8140.58
[1.1,2.5]  6.4770:32 4334042 7.237120 4414047
By = ¢utp~ 2.5,4.0] 6.567132 345+0.38 7.30712% 3.5140.43
[4.0,6.00 9.84113% 6104049 108715 6.2240.58
6.0,8.0] 11.472% 6204048 12.6723 6.30+0.58

Table 13. SM predictions and measurements by the LHCb experiment [73, 81, 83] for the integrated
branching ratios B and the integrated normalized branching ratios B = B(B — Mu*tu~)/B(B —
M J/4). Our predictions for the integrated B account for correlations between the normalized pre-
dictions and the normalization channel. Ignoring tiny differences due to the masses, the predictions
for the modes B® — K°%u*p~ and BY — K*tpuTpu~ can be obtained by rescaling with the ratio
of B lifetimes. Note that we provide the central 68% intervals and that the posterior-predictive

distributions are not Gaussian.
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Figure 6. SM predictions for the angular observables of the B — K*utu~ decays. Our SM

0.3

predictions are also given in table 12.
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Figure 7. SM predictions for the angular observables of the By, — ¢u™p~ decay. Our SM

predictions are also given in table 12.
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