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Abstract The LHCb experiment has recently presented  in the ratio [1]
new results on Lepton Universality Violation (LUV) in
O (LUV) BR(BT — K*utu)
B — KYW{T{¢~ decays involving Ky in the final state,  Rg[1.1,6] = - ——lg2e(1.1,61GeV?
which strengthen the recent evidence of LUV obtained in BR(i 0 04_2:10(01‘; )
BT — KT¢T¢~ decays and the previous measurements = 0.846 535 0012 + (D

of B — K*0¢*t¢~. While LUV observables in the Stan-
dard Model are theoretically clean, their predictions in New
Physics scenarios are sensitive to the details of the hadronic
dynamics, and in particular of the charming penguin contri-
bution. In this work, we show how a conservative treatment
of hadronic uncertainties is crucial not only to assess the sig-
nificance of deviations from the Standard Model but also to
obtain a conservative picture of the New Physics responsible
for LUV. Adopting a very general parameterization of charm-
ing penguins, we find that: (i) current data hint at a sizable ¢>
and helicity dependence of charm loop amplitudes; (ii) con-
servative NP solutions to B anomalies favour a left-handed
or an axial lepton coupling rather than a vector one.

1 Introduction

The LHCb experiment at the Large Hadron Collider has
announced evidence of Lepton Universality Violation (LUV)
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crowning with success a huge experimental effort aimed
at detecting deviations from the Standard Model (SM) in
rare B, decays. Recently, another piece was added to the
already very rich set of data on (semi)leptonic and radiative
B, decays: the measurements of [2]

BR(By = Ksutp™)
BR(Bg — Ksete—) 4°€l1161GeV?

+0.2040.02
0.66 714 Z0.04 + @

BR(Bt — K*tutu)
BR(BT — K*tTete™) 4210045, 61Gev?

Ri,l1.1,6] =

Ry++[0.045, 6]

o, g
complementing the analogous search for LUV in B —
K*¢t ¢~ decays, Ry+ [3,4],1 the measurement of BR(By —
wT ™) [9-13], the angular analyses and BR measurements
of B > K®putu~ [14-16], By — ¢utu™ [17-20] and
B — K*eTe™ [21,22]. While hadronic uncertainties make
the detection of possible New Physics (NP) contributions
to B, - K () gt ¢~ differential rates very difficult, at least
with current data, any observation of LUV beyond the per-
cent level due to QED corrections [23,24] would be a clean
signal of NP.

1 Very recently, a new measurement of Rg g+ has been released by
LHCb [5,6]. For the impact on New Physics of the most recent LUV
tests in b — s, we refer to Refs. [7,8].
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Fig. 1 Penguinandbox diagrams givingrisetob — s¢* ¢~ transitions
in the SM

In the SM, b — s£T¢~ transitions can only arise at the
loop level, as all other Flavour Changing Neutral Current
(FCNC) processes, and thus they are particularly sensitive to
NP. The leading diagrams giving rise to these transitions are
illustrated in Fig. 1. Given the hierarchy in the CKM angles,
one has V, , V* <V, Vi ~ V, V5, making the contribu-
tion of virtual up-type quarks in the loops negligible. The
GIM mechanism works differently for different diagrams:
Z-penguins and boxes vanish as mé / m%v and are therefore
dominated by the top quark, while photonic penguins have
a logarithmic dependence on the quark mass, allowing for a
large contribution by the charm quark.

Another fundamental difference between the two classes
of diagrams is due to the chirality of the weak couplings: Z-
penguins and boxes involve both vector and axial couplings to
leptons, while photon penguins couple vectorially to leptons.
This implies that the top-dominated Z-penguins and boxes
give rise to the local operators Qgy ~ l;y“PLsZyHZ and
Qioa ~ By“ PLsZyM ys5¢ at the electroweak scale. Photonic
penguins instead are more complicated: the top quark con-
tributes to Qgy at the electroweak scale, but the charm quark
remains dynamical at the scale m; and therefore contributes
to b — s£T¢~ transitions both via the local operator Qgy
and via the (potentially nonlocal and nonperturbative) matrix
elements of current-current operators involving the charm
quark, Qll’cfs ~ byH Prccy, Prs, denoted by charming pen-
guins [25;27]. This complication, however, does not affect
axial lepton couplings, which remain purely short-distance.

Computing the matrix element of Q}I’CZES is a formidable
task. While the calculation of decay ami)litudes for exclu-
sive b — s€T¢ transitions is well-defined in the infi-
nite b and ¢ mass limit [28-30], and while in the same
limit the uncertainty from decay form factors can be elim-
inated by taking suitable ratios of observables [31,32], in
the real world amplitude calculations must cope with power
corrections [33,34], which can be sizable or even domi-
nant in several kinematic regions [35-39]. For example, the
Operator Product Expansion is known to fail altogether for
resonant B — K®J/y — K% putu~ transitions [40],
and its accuracy is questionable close to the cc threshold.
For this reason, estimating corrections to QCD factorization
(QCDF) in the low dilepton invariant mass (low-g2) region
of B— K®¢t¢~— and By — ¢+ ¢~ decay amplitudes is a
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crucial step towards a reliable assessment of possible devia-
tions from SM predictions in these decay channels. Unfortu-
nately, first-principle calculations of these power corrections
are not currently available, and a theoretical breakthrough
would be needed to perform such calculations, see, e.g., the
discussion in [34,41,42].

Therefore, as of now, a conservative analysis of semilep-
tonic B decays can only rely on the use of data-driven meth-
ods to account for the theoretical uncertainties and to quantify
possible deviations from the SM. In this regard, it is impor-
tant to stress that while the contribution of Qgy to the decay
amplitude should depend on helicity and on g2 according to
the form factors, long-distance contributions from the charm
loop matrix element should show some additional helicity
and ¢ dependence. It is then very interesting to use a g>
and helicity-dependent parameterization of power correc-
tions [33,34] when analyzing experimental data: A sizable
deviation from what expected from purely local matrix ele-
ments would be a clear confirmation of the presence of power
corrections.

Obviously, the charm loop matrix element cannot gener-
ate any Lepton Universality Violation (LUV), so that ratios
of decay Branching Ratios (BRs) for different leptons in
the final state can be very reliably predicted in the SM
[23,24,43,44]. However, once lepton non-universal NP is
introduced, the hadronic uncertainty related to the charm
loop creeps back in, due to the interference between SM and
NP contributions in decay amplitudes, so that the inference
of NP parameters from LUV observables is not free from
hadronic uncertainties. Thus, the relevance of a careful and
conservative treatment of hadronic uncertainties in assessing
the compatibility of b — s£T£~ data with the SM, and in
inferring what kind of NP could lie behind the evidence of
LUYV, cannot be overstated.

Several analyses [45-50] have recently discussed the
implications for NP with a particular focus on the “clean”
observables: LUV measurements and BR(B;, — utu™).
The aforementioned “clean” observables have also been con-
sidered together with other interesting tensions with the SM,
see forinstance [51-53] for the case of the so-called “Cabibbo
anomaly”, and Refs. [54-61] for possible connections with
the long-standing puzzle of the magnetic dipole moment of
the muon.

In this work, we focus on b — s£1£~ transitions in a
bottom-up perspective. Building on our previous analyses
[35,36,38,62-64] and on the data presented in [1-4,9-22],
we aim at answering two fundamental, and deeply related,
questions:

1. Do current data on differential BRs display a non-trivial
¢ and helicity dependence of charming penguins, point-
ing to sizable long-distance effects?
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Fig. 2 The result for the 1.0
optimized observable P; (see

Ref. [73]) from a global fit -
within the SM in three different |. ...... &
approaches for the charming b
penguin contribution, compared
to experimental data. Only the
approach fully relying on LCSR
estimates (Refs. [71,72]) and
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2. What is the overall significance for NP in light of the
new data, and how do hadronic uncertainties affect the
interpretation of the present evidence of LUV?

To this end, following the strategy we originally proposed
in Ref. [35], in the following we consider a generic parame-
terization for non-factorizable QCD power corrections, and
let data determine the ¢ and helicity dependence of charm-
ing penguins. In particular, in our analysis we determine
short-distance and long-distance contributions in a simulta-
neous fashion exploiting the constraining power of the up-to-
date experimental information on b — s£7 £~ together with
the current theoretical knowledge of hadronic correlators and
matrix elements for this class of rare B meson decays.

Notice that the approach recently followed in Ref. [65]
to allow for an arbitrary lepton-universal correction ACg to
Co is less general, and therefore less conservative, than our
approach, unless AC, g is promoted from a parameter to a ¢ -
and helicity-dependent function.

The paper is organized as follows: in Sect. 2 we present
our parameterization for charming penguins and discuss the
implications of current data on QCD long-distance effects;
in Sect. 3 we present a global analysis of NP effects using
both the Standard Model Effective Field Theory (SMEFT)
and the Weak Effective Hamiltonian; in Sect. 4 we wrap up
the present study with our conclusions.

2 Charming penguins from current data

For the convenience of the reader, let us briefly summarize
our approach to hadronic uncertainties. We write down the
helicity-dependent SM decay amplitudes for B — K*¢1¢~

[GeV?]

in the following way [33,66]:

2
A {c VLA+—[ﬁC T,\—16712hA” ,
g | m

R (§L—:172§R) 4)

my mb

H o CMV1, . Hp

with A = 0, & and C7 9.10 the SM Wilson coefficients of the
operators Qgy, Q104 and Q7, ~ mpbgro,, F*s;, normal-
ized as in Ref. [63].

The factorizable part of the amphtudes corresponds to
seven 1ndependent form factors, Vo 4, To + and S smooth
functions of q [67,68]. Instead, & ;L(qz) represents the non-
factorizable part of the amplitude [34,35,69], dominated by
the charming penguin contribution. Nonperturbative meth-
ods working in Euclidean spacetime such as lattice QCD
cannot directly evaluate /i (¢2) as at present there is no way
to evade the Maiani-Testa no-go theorem [70], which pre-
vents the computation of rescattering and final state inter-
actions away from the threshold. In particular, rescattering
from an intermediate DE*) — D™ state, or from any other
on-shell state with flavour content ¢¢5d, into a K™ and a
(virtual) photon is currently not computable. Notice that this
intermediate state is always kinematically accessible since
mp, > m' D )+ m D), irrespective of the dilepton invariant
mass. Such contribution is intrinsically nonperturbative (it
could become computable, and negligible, in the m;, > m,
limit) and could give a large imaginary part to the charming
penguin already at low g2. Another kind of charming pen-
guin corresponds instead to the decay of the B meson into a
K and a virtual c¢ pair, which decays into the lepton pair
through the exchange of a photon. This class of charming
penguins, giving rise to singularities in ¢, can be estimated
using light-cone sum rules for g% < mz or for Euclidean ¢

@ Springer
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Fig. 3 95% probability contours of the posteriors for the functions
ACy (qz) defined in Eq. (7) in the three approaches for charming pen-
guins. For comparison, the result obtained in the data-driven approach
with 2015 data is also reported, along with the short-distance contribu-
tion and the factorizable QCD corrections

[41,71,72]. To summarize, we can only count on a model-
dependent estimate of a subclass of charming penguins in a
limited physical region of small ¢?.

Given our ignorance of the charming penguin amplitude,
we parameterize the hadronic contribution as follows [38]:

Vi—(¢»
()q2

0 _
T - ;

h-(g®) = —8 2

+h‘3)q4 +0(q%,
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The parameterization in Eq. (5) is a variation of a sim-
ple Taylor expansion formally in g2/ (4m3), see [34], whose
radius of convergence (for the leading contribution expected
from the cc loop) is up to the J/¥ resonance. While this is
clearly not the only possible way to parameterize the hadronic
contribution, such a choice has been originally introduced in
Ref. [38] with two specific goals in mind. First, from Eq. (6)
above it is evident that h@) is equivalent to a shift in C7,

i.e. AC7, while nD corresponds to a lepton universal cor-
rection ACy. Second, the remaining & parameters appearing
in (6) are not equivalent to a shift in the Wilson coefficients
of 07,,9v and thus they represent genuine hadronic effects.
One could take into account the presence of cc¢ resonances
by adding the corresponding poles to the parameterization.
However, when Taylor expanding the full parameterization
around q2 = 0, this would just amount to a redefinition of
the h;’) coefficients.”

As discussed in detail in [35,71], the hadronic contribu-
tions introduced above correspond to the following ¢2- and

2 Note that our expansion parameter becomes O(1) in the ¢ bin
[6,8] GeV 2. Here we work under the approximation that higher-order
terms do not matter in the hadronic ansatz adopted. Any possible rele-
vance of the neglected higher-order terms would be phenomenologically
interesting to further assess the importance of large hadronic effects in
the analysis.
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Table 1 68% and 95% HPDI of the posterior distribution of the
hadronic parameters h;’) . The bold highlights ranges not including 0.
Genuine hadronic effects encoded in h(()o) and h? are found to be non-

vanishing at the 2o level in the model-dependent approach based on

Ref. [38], while h$> deviates from zero at more than 20 in the data
driven fit

Hadronic parameter Approach 68% HPDI 95% HPDI
RAY x 104 Data driven [1.69, 5.83] [—0.26, 8.33]
Based on [38] [1.91, 5.25] [0.26, 7.12]
A x 10t Data driven [—4.56,2.76] [—8.44, 6.52]
Based on [38] [—4.30,0.21] [—6.21,2.84]
N hf) x 10* Data driven [—1.25, —0.34] [—1.73,0.12]
Based on [38] [—0.18, 0.07] [—0.34,0.19]
R} hﬂf) x 104 Data driven [—0.40, 0.65] [—0.92, 1.22]
Based on [38] [—0.12,0.11] [—0.26, 0.25]
5)1‘h§)) =RAC; x 102 Data driven [—0.30, 2.98] [—2.08, 4.85]
Based on [38] [—1.06, 1.41] [—2.12,2.37]
3 h@ =3I AC7 x 102 Data driven [—8.89, 1.39] [—14.15, 6.57]
Based on [38] [—3.27, —0.66] U [1.46, 1.60] [—3.64,2.75]
R hi x 10° Data driven [—3.61, 1.88] [—6.52, 5.00]
Based on [38] [—1.87,3.03] [—4.26, 5.95]
Shi x 105 Data driven [—7.59,2.26] [—11.41,7.67]
Based on [38] [—5.04, 3.82] [—8.81, 8.38]
fh x 10t Data driven [1.33, 2.78] [0.52, 3.51]
Based on [38] [0.10, 0.90] [—0.33, 1.29]
s x 104 Data driven [0.77, 2.64] [—0.32, 3.48]
Based on [38] [0.03, 0.89] [—0.45, 1.29]
Ra =0 AC Data driven [—0.02, 1.23] [—0.68, 1.87]
Based on [38] [—0.32,0.73] [—0.88, 1.23]
3hY =3 4c Data driven [—0.90, 2.68] [—2.69, 4.58]
Based on [38] [—0.05, 1.91] [—1.40, 2.47]
RhP x 100 Data driven [-3.61, —1.09] [—4.93,0.23]
Based on [38] [—0.99,0.71] [—1.83, 1.63]
AP x 10° Data driven [—4.25, —1.14] [~5.74,0.59]
Based on [38] [—1.71,0.22] [—2.63, 1.23]
Rh? x 105 Data driven [0.15, 1.77] [—0.70, 2.65]
Based on [38] [0.98, 2.33] [0.29, 3.05]
3h? x 10 Data driven [—1.96,2.10] [—4.11,4.15]
Based on [38] [—1.40, 1.30] [—2.61,2.79]

helicity-dependent shifts in Co:

16m%(m3 + mK*)n2

ACo.1(g%) =~ NIRRT (h-(g%) = h1(q*))
ACon(@?) = —— 1T 2 o)
’ (mp +mg+)A1(g?)q?
I N .
ACy3(q%) = o mi?qlg)@(g;g; ) ho(q®)
16m3B(m3 + mK*)(m% — q2 — m%(*)rr2
- gD A2gH)g?
x(h-(g*) + h1(g?) - )

An analogous parameterization can be introduced for
charming penguins in B — K£1¢~, as well as for By —
@£ ¢~. When considering hadronic contributions in B —
K* decays versus those in B; — ¢ decays the consideration
of flavour SU(3) breaking comes into play. Given that the
degree of SU(3) breaking originating from mgs > mg, my is
not quantifiable ab initio, we performed some tests by adding
ad hoc SU(3) breaking parameters that multiplicatively mod-
ifies the hadronic terms in By — ¢ decays vis-a-vis those in
B — K* decays, i.e.,

W70 = (14 g +i8hE~ K" (8)

@ Springer
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The two parameters, ég and §;, are taken for simplicity to
be independent of helicity and simply modify the real and
imaginary parts of the hadronic terms independently. We set
a Gaussian prior on §g and §; with u = 0 and 0 = 0.3
representative of 30% SU(3) breaking centered at no SU(3)
breaking. The posterior distribution of §g and §; are not sig-
nificantly different from the prior distributions leading us to
conclude that the experimental results are not precise enough
to draw conclusion about SU (3) breaking within this hypoth-
esis. For the rest of the discussion we assume exact flavour
SU (3) symmetry for power corrections, which is justified
given the current experimental uncertainties. In the future,
realistic departures from the SU(3) limit could be probed
by data and the present investigation of QCD effects could
be further generalized along these lines in a straightforward
manner.

Using the HEPf it code [74,75] and the form factors and
input parameters used in Refs. [35,36,38,62—-64], we per-
form a Bayesian fit to the data in Refs. [9-22] within the
SM, adopting three distinct approaches to account for power
corrections to QCDF:

1. A model-dependent approach in which LCSR results are
extended over the full range of ¢ taking analiticity con-
straints into account (in particular, the singularities of
the amplitudes in qz) [41,71,72,76,77], where the results
either stem directly from a LCSR computation performed
at q2 < 1 GeVZ, or from an extension of these results in
the whole phenomenological region by means of disper-
sion relations. Within this approach, the parameterization
in Eq. (6) is replaced by the ones in Eqs. (7.14) and (7.7) of
Ref. [71] for K* and K respectively. In this case, the size
of charming penguins in B — K*£*£~ is comparable to
the ones provided by QCDF O(«y) corrections CQCDF,
while the size of charming penguins in B — KE'W
too small to be phenomenologically relevant.

2. A model-dependent approach in which the LCSR results

of Ref. [71] are used to constrain the /)-parameters in
Eq. (5) only for g2 < 1 GeV? (with no specific structure
assumed in relation to the singularities in ¢?).
Using the results of Ref. [72] instead of Ref. [71] would
imply an even smaller hadronic contribution at g <
1 GeV?2. Within this approach, the size of charming pen-
guins in B — K*£*¢~ can depart from the LCSR esti-
mate once away from the light-cone region, while charm-
loop effects in B — K {£7 ¢~ are still regarded as negligi-
ble in light of the estimates in Refs. [71,72].

3. A data-driven approach in which all & parameters are
determined from experimental data. Here, the size of non-
perturbative charming penguins can be comparable to the
short-distance contributions CQSD for all decay channels.
Such an approach can be motivated by further contribu-
tions from intermediate-state rescattering like D{* — D™

@ Springer
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Fig. 4 Probability denqity function (p.d.f.) for Cy NP (first panel), szz%
(second panel) and C (third panel). Green, red and orange p.d.f.’s
correspond to the model dependent approach from Ref. [71], to the one
from Ref. [38], and to the data-driven approach

pairs, for which no theoretical estimate is currently avail-
able.

In Fig. 2, as a representative example, we show the out-
come of the fit in the SM for the optimized observable P;
[73] in the three different approaches to power corrections.
As shown in the plot, no tension from data emerges from this
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Table 2 68% HPDI of the posterior distribution of the SMEFT Wilson coefficients from a fit to the full set of b — s€ ¢~ data in the NP scenarios
A, B, C,D and E, along with AIC = ICsy — ICnp

NP scenario

Approach

A CYP

. cLe
B: C2223

. NP
c: cN

L2 o0
D: {C2223’ C23;2}

D: {C)P, C))

L@ Qe Ld d
E: {C2223* C2322’ C2223’ C§223}

E: (C)P, NP, 5N, )

Data driven
Based on [38]
Based on [71]
Data driven
Based on [38]
Based on [71]
Data driven
Based on [38]
Based on [71]
Data driven
Based on [38]
Based on [71]
Data driven
Based on [38]
Based on [71]
Data driven
Based on [38]
Based on [71]
Data driven
Based on [38]
Based on [71]

68% HPDI AIC
[—3.04, —1.10] U [1.48, 1.99] 20013
[—1.44, —1.01] 43
[—1.37, —1.12] 94
[0.65, 1.05] 38
[0.67,0.88] 60
[0.77,0.96] 75
[0.53,0.79] 39
[0.66, 0.90] 54
[0.56,0.79] 20
{[0.20, 1.03], [—0.82, 0.15]} 37
{[0.61, 0.86], [—0.37, 0.11]} 57
{[0.90, 1.10], [0.53, 0.79]} 96
{[=0.81,0.46], [0.51, 0.83]) 37
{[=0.67, —0.20], [0.47, 0.76]} 57
{[~1.33, —1.06]. [0.15, 0.34]} 96
{[—0.06, 1.18], [0.99, 0.35], [~1.30, 0.34], [—1.25, 0.561} 30
{[0.83, 1.32], [—0.05, 0.76], [~0.59, —0.10], [—0.58, 0.27]} 54
{[1.03, 1.23], [0.69, 0.97], [—0.49, —0.17], [=0.25, 0.43]} 105
{[~1.05,0.75],[0.38, 0.81], [~0.57, 1.82], [—0.31, 0.12]} 30
{[—1.45, —0.59], [0.29, 0.70], [0.06, 0.82], [—0.37, 0.08]} 54
{[~1.55, —1.27],[0.11,0.31], [0.17, 0.52], [—0.47, —0.14]} 105

observable in the data-driven approach or in the one from Ref.
[38]. In general, as already noted in [35], an excellent fit to the
data (except, of course, for LUV ratios and with the notable
other exception of the time-integrated BR(By, — utu™))
can be obtained within these two approaches. On the other
hand, LCSR results extended to larger values of ¢ yield a
poor fit of several BRs as well as tension in some of the
angular observables, giving rise to the so-called P; anomaly.

We note that for g> — 0, P{ is only sensitive to the com-
binations ACy 142 (qz). Also, AC9 142 (qz) rapidly vanishes
towards ¢g> = 0 in our model-dependent approach based
on Ref. [71]. This is the result of helicity suppression [33],
expected to hold on the light cone, i.e. only at ¢g> = 0 [71].
Therefore, in the model-dependent approach based on Ref.
[38] we enforce such cancellation only at q2 = 0. Moreover,
in the data-driven approach we do not require it to happen.
Consequently, in the first bin of P{ in Fig. 2 the red and
orange bands lie above the green one.

The result shown for P¢ highlights the major role played
by long-distance effects. In Fig. 3, we further investigate this
aspect showing the ¢ and helicity dependence of the charm-
ing penguin contributions. In the plot we show the 95% prob-
ability regions of the posteriors for the functions ACo ; (g%
obtained in the global fit in the SM under the three differ-

ent approaches. In the same figure, as a guideline, we also
show the size of the SM short-distance contribution to Qgy,
labeled by CQSD, as well as the size of the factorizable QCD
corrections.

The posteriors of ACg;(¢%) in Fig. 3 display non-
negligible hadronic contributions — comparable in size to
CgD rather than CSCDF — in the whole region of low dilep-
ton mass probed by current data. This is not surprising since
power corrections are naively expected to be larger than per-
turbative QCD corrections of O(w /(47)) [25-27]. A depar-
ture from LCSR expectations even at very low ¢? is hinted
at in the data-driven approach, which matches the outcome
of the approach based on Ref. [38] only for ¢> > 4m3.

As can also be seen in Fig. 3, by comparing the Data
Driven determination of ACo ; (qz) from current data with
the one obtained in our 2015 analysis [35)3 it is evident how
improved data on differential BR’s allow for a much better
knowledge of the charm contribution. In this respect, it will
be interesting to see whether more precise data will bring
stronger evidence of such hadronic effects. At present, hints
of large hadronic contributions from data are still statistically
mild, as can be read from Table 1. There, we report the highest

3 The outcome of the 2015 analysis has been rederived adopting the 4’s
parameterization of this work.
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probability density intervals (HPDI) for the posteriors of the i
parameters adopted in the two more conservative approaches.
Some /’s corresponding to genuine hadronic contributions
deviate from 0, but still only at the 2o level.

To summarize, the data driven scenario stands out as our
most conservative choice for a statistically robust inference
on NP contributions in current b — s£7¢~ data, accounting
also for possible large contributions from QCD rescattering.*
In the following we take it as areference, but for completeness
we present results on NP also in the other two approaches.

3 New physics in B decays

While experimental data on BR’s and angular distributions
can be reproduced within the SM in both the data-driven
approach and in the model-dependent one based on Ref. [38],
reproducing the central values of the LUV ratios for B —
K®¢t¢~ as well as the current measurement of BR(B; —
wT 7)), undoubtedly requires physics beyond the SM.
Given the bounds from direct searches of NP at the LHC, it
is reasonable to assume in this context that NP contributions
would arise at energies much larger than the weak scale.
Then, a suitable framework to describe such contributions is
given by the SMEFT, in particular by adding to the SM the

following additional dimension-six operators:
018, = (LayuLa)(@2r" 03),
022% = = (Layut* L) (Q2y"t" 03),
055, = (021, 03)@27"e).
0383 = (LayuL2) (doy"ds)
0593 = (&2yue2)(daytds) )
where t4=1-2:3 are Pauli matrices (a sum over A in the equa-

tions above is understood), weak doublets are in upper case
and SU (2), singlets are in lower case, and flavour indices
are defined in the basis of diagonal down-type quark Yukawa

couplings. Since in our analysis operators OZLZ%(L3 always
enter as a sum, we collectively denote their Wilson coeffi-
cient as Csz%. For concreteness, we normalize SMEFT Wil-
son coefficients to a NP scale Axp = 30 TeV and we only
consider NP contributions to muons.® Matching the SMEFT

4 While large hadronic effects will lead to a conservative estimate of NP
in Co, in our global analysis — where R ratios signal NP irrespective
of the hadronic treatment — such conservative approach will also impact
the inference of a non-vanishing NP contribution in Cyg,; -

> Notice that these operators may be further generated at one loop via
SM RGE effects, see, e.g., Refs. [78,79]. In addition, here we do not
consider the possibility that, integrating out NP, one would generate

sizable Q75" as studied e.g. in [80,81].

6 The focus on LUV effects in muons is mainly motivated by the ~ 2.3¢
tension of the SM with the current experimental average for the time-
integrated BR(B; — 7).
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Fig. 5 Posteriors in the (CNP Re h(_l)) plane for B — K*£T¢~ (left

panel) and in the (CNP Re h(l)) plane for B — K {7 ¢~ (right panel).
The colour scheme is defined in the caption of Fig. 4. Contours cor-
respond to smallest regions of 68.3%, 95.4% and 99.7% probability

operators onto the weak effective Hamiltonian one obtains
the following contributions to operators Qgy and Q104 and
to the chirality-flipped Qg,, and Q7 , [82]:

o = ae)\tA%\]p ( ISy + Sy + C2322)
C%P = ﬁ <C2322 C22231) - Csz%;))
cst = ﬁ <C2223 + C2223)
Cho' = #ljzw (szzz C2223) (10)

with «, the fine-structure constant, v the vacuum expectation
value of the SM Higgs field, A, = V,;V,;, and alignment in
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Table 3 Experimental measurements with symmetrized errors (for
Rg+ and PS/ we report the LHCb ones) and posteriors for key observ-
ables in the SMEFT scenarios considered here. Scenario A corresponds
to NP contributions to Cgy only; scenario B to NP contributions to Cszg3

only; scenario C to NP contributions to Cjo only; scenario D to NP
contributions to CZLZ% and Cz%ezz§ and scenario E to NP contributions to

LO Qe Ld ed
C2233: Cozpns Copz and €y

Approach Ry Ry~ Rk~ P P By — up
[1.1, 6] [0.045, 1.1] [1.1, 6] [4, 6] [6, 8] x10°
Exp. - 0.848(42) 0.680(93) 0.71(10) —0.439(117) ~0.583(095) 2.86(33)
A Data driven 0.84(4) 0.86(4) 0.81(13) —0.47(5) —0.53(7) 3.58(11)
Based on [38] 0.76(4) 0.89(1) 0.85(3) —0.44(5) —0.55(6) 3.58(11)
Based on [71] 0.76(2) 0.89(1) 0.83(1) —0.45(4) —0.59(4) 3.58(11)
B Data driven 0.83(4) 0.85(2) 0.75(5) —0.48(5) —0.54(7) 2.64(21)
Based on [38] 0.76(3) 0.86(1) 0.76(3) —0.46(5) —0.56(6) 2.74(11)
Based on [71] 0.72(3) 0.85(1) 0.74(3) —0.63(3) —0.74(2) 2.65(10)
C Data driven 0.82(3) 0.86(1) 0.75(5) —0.49(5) —0.55(7) 2.56(19)
Based on [38] 0.83(2) 0.85(1) 0.76(3) —0.48(5) —0.57(6) 2.40(16)
Based on [71] 0.84(3) 0.87(1) 0.74(3) —0.73(3) —0.80(2) 2.55(16)
D Data driven 0.83(4) 0.85(2) 0.75(6) —0.49(5) —0.55(7) 2.58(23)
Based on [38] 0.77(4) 0.85(1) 0.76(3) —0.47(5) —0.57(6) 2.67(21)
Based on [71] 0.71(3) 0.87(1) 0.77(3) —0.48(4) —0.62(4) 3.20(16)
E Data driven 0.84(4) 0.82(4) 0.68(8) —0.48(6) —0.55(7) 2.54(29)
Based on [38] 0.79(4) 0.81(3) 0.65(8) —0.47(5) —0.56(6) 2.64(24)
Based on [71] 0.80(4) 0.82(2) 0.67(4) —0.49(4) —0.64(4) 2.80(22)

the down-quark sector assumed, i.e. Q; = (V;‘i ujr, djL)T
[63].

We perform a Bayesian fit to the data in Refs. [1-4,9-22]
in several NP scenarios characterized by different combina-
tions of nonvanishing Wilson coefficients. To perform model
comparison of different scenarios, we compute the Informa-
tion Criterion (IC) [83]:

IC = —2log L + 4oy, 1, (11)

where the first and second terms represent mean and variance
of the log likelihood posterior distribution, respectively. The
first term measures the quality of the fit, while the second
one counts effective degrees of freedom and thus penalizes
more complicated models. Models with smaller IC should
be preferred according to the canonical scale of evidence of
Ref. [84], related in this context to (positive) IC differences.
For convenience, we always report AIC = [Csy — I Cnp-
As is evident from the discussion in Sect. 2, different
assumptions on charming penguins yield different results
on NP Wilson coefficients, since LUV ratios depend on the
charm loop through the interference between NP and SM
contributions. It goes without saying that a conservative infer-
ence on NP requires a conservative, i.e. data driven, estimate
of charming penguins. Of course, since the SM reproduces
much better experimental data in the data-driven approach
(and also in the one based on Ref. [38]) than in the approach
from Ref. [71], with the first scenario performing better than
the second one, the variation A7 C due to NP (or equivalently

the significance of NP) will be the smallest in the data-driven
approach and the largest in the one based on Ref. [71].

Let us first consider three very simple NP scenarios: sce-
nario A, in which deviations can only arise in Cy, scenario B,
in which only CZLZ% can be nonvanishing, corresponding to
C(I)\IP =-C %P, and scenario C, in which only C %P is allowed
to float. Already in these simple NP scenarios there are dra-
matic differences in the fit depending on the assumption on
charming penguins. Under the data-driven approach (and the
one based on Ref. [38]), scenarios B and C perform much bet-
ter than scenario A, while the opposite is true in the approach
from Ref. [71]. As reported in the top panel of Fig. 4, in the
data-driven approach charming penguins can even interfere
destructively with C9NP , allowing for a second solution for
LUV observables with positive Cglp, albeit with a smaller
AIC with respect to the solution with negative Cg“) (see
Table 2).” The correlation of CSJP with the hadronic param-
eters Re 1" for final states involving K* and K mesons is
shown in Fig. 5. In the approach based on Ref. [71], scenario
A is ideal since it allows to strongly improve the agreement
of both LUV and angular observables, while in scenario B
the constraint from By — p* ™ limits the improvement

7 Given the large dimensionality of the problem, we adopted in this
study Metropolis-Hastings sampling. To handle multi-modal distribu-
tions we have generated a large number of chains (~ 500) and checked
the stability of the relative weight of the two modes under variations of
the number of chains.
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Fig. 6 Posteriors in the (CZLZ%, C2Q3§2) plane (first panel) and in the
(CgIP, C %P) plane (second panel). The colour scheme is defined in the
caption of Fig. 4. Contours correspond to smallest regions of 68.3%,
95.4% and 99.7% probability

in angular observables (see Table 3), and scenario C cannot
improve the agreement with angular observables at all. Going
back to Fig. 2, note that the global fit of scenario A would
be perfectly in line with the hadronic contributions estimated
in Refs. [71,72], related to what reported in green in the fig-
ure; while for scenario B and, most importantly, for C, the
prediction for the observable P; would confront well with
data only in the instance of sizable charming-penguin ampli-
tudes. Conversely, under the data driven hypothesis, scenar-
ios B and C allow to reproduce all observables, including
LUV and By — ™, and therefore stand out as the pre-
ferred NP scenarios. The case where hadronic uncertainties
are treated as in Ref. [38] is in a somewhat intermediate posi-
tion, with scenario C somewhat disfavoured with respect to
scenario B due to the constraints on the charming penguin at
low ¢2. Obviously, as can be seen in Fig. 4, the p.d.f. for C%P

@ Springer

in scenario C is almost independent of the hadronic uncer-
tainties, while the overall quality of the fit strongly depends
on the charming penguins, since in this scenario one needs
hadronic contributions to reproduce the angular distributions
and BRs.

More general scenarios with two or more nonvanishing
NP Wilson coefficients, such as scenario D, where Cé‘z% and

C2Q3e22 are allowed to float, or scenario E, where all the coef-
ficients of the operators in Eq. (9) are turned on, are slightly
penalized by the number of degrees of freedom unless the
approach from Ref. [71] is considered, as can be seen from
Table 2. For the reader’s convenience, in Table 2 and in
Figs. 6, 7 and 8 we present results for scenarios D and E also
in the weak effective Hamiltonian basis through Eq. (10).

It is interesting to look at the shape of the probability den-
sity contours for the NP parameters in scenario D reported
in Fig. 6. In the data-driven approach, CgIP is well com-
patible with 0, while a nonvanishing NP axial lepton cou-
pling emerges from the experimental information coming
from “clean observables”. A slight preference for a nonva-
nishing CgIP is present in the model-dependent approach of
Ref. [38], while a strong evidence for CSJP is obtained in the
one based on Ref. [71], together with a slight hint of a nonva-
nishing C}\ . Therefore, Fig. 6 represents a clear example of
how the choice of the parameterization for the charming pen-
guins can strongly impact the inference of the underlying NP
picture, allowing to go from a purely axial NP coupling to a
purely vectorial one in the two extreme cases, with dramatic
consequences for the model building related to B anomalies.

Concerning scenario E, it is worth noticing that in the
case of the approach from Ref. [71], right-handed operators
allow to improve the agreement with Ry, given the current
experimental hint for Ry # Rg+ at the 1o level, see the
discussion in [63]. In the data-driven approach (and in the
one based on Ref. [38]) this can be achieved also through the
interplay of hadronic corrections with LUV NP (see Table
3). See Figs. 7 and 8 for a comparison of the posteriors for
NP coefficients in scenario E.

4 Conclusions

We have presented a global analysis of the experimental data
onb — s¢T¢ transitions from Refs. [1-4,9-22] under three
different assumptions about the size and shape of the charm-
ing penguin contribution: a data-driven approach, a model-
dependent based on Ref. [38] and a model-dependent one
based on Ref. [71]. We have shown how current data point
to helicity and g2 dependence of the charm loop, as evinced
in red in Table 1 from the HPDI of some of the key hadronic
parameters investigated. We have discussed the interplay of
NP and hadronic contributions and the dependence of the
inferred NP from the assumptions on the charm loop.
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Fig. 7 Posteriors for CZLZ%, Cz%ezz, Czl‘zd23 and C§‘21234 Contours and colours as in Fig. 6

More conservative hypotheses point to two simple NP sce-
narios, either a nonvanishing C é‘z% , with a AJC with respect
to the SM of 33 (53) in the data-driven approach (in the
one of Ref. [38]), or a nonvanishing CNY, with a AIC with
respect to the SM of 34 (48) in the data driven case (in the
one based on Ref. [38]). The approach based on Ref. [71],
instead, favours a more complex scenario with four nonvan-
ishing NP coefficients with a AIC of 98, although a AIC of

88 can be achieved in the simple scenario of a nonvanishing
Cév P Clearly, more data on both LUV observables and dif-
ferential decay rates is needed to improve our understanding
of the charm loop and to single out the correct interpretation
of LUV in terms of NP contributions. Hopefully, the LHC
[85,86] and Belle II [87] will provide us with the needed pre-
cision to identify the NP at the origin of the current evidence
of LUV.
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