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We discuss the status of b → slþl− decays in the post-RKð�Þ era. The recent LHCb update of RK and
RK� measurements, which are now compatible with the Standard Model, constrain new physics
contributions to be lepton-flavor universal, allowing only small deviations from this limit. In addition
to the latest LHCb measurements of RK and RK� , we also include the recent CMS measurements of RK and
of the branching ratio of Bþ → Kþμþμ−. We present a model-independent analysis of the b → slþl−

data and investigate the implications of the different sets of observables. In addition, we consider
multidimensional fits and discuss the significance of more complex new physics scenarios compared to
one- and two-dimensional scenarios.

DOI: 10.1103/PhysRevD.108.115037

I. INTRODUCTION

Over the last nine years, the LHCb Collaboration reported
hints for lepton nonuniversality at the 3σ level via mea-
surements of the ratios RK and RK� (see Refs. [1,2] and
references therein). The RK and RK� , which are defined as
the ratios of the branching fractions of B → Kð�Þlþl− for
muons vs electrons, are theoretically very clean, with
uncertainties of less than 1% and central values close to
unity in the Standard Model (SM) due to the universality of
the lepton flavors [3,4]. In addition, there are long-standing
tensions in the angular observables and branching ratios of
exclusive b → s observables [5–13]. The initial indication
of tensions arose in one of the low-q2 bins within the
angular observable P0

5ðB → K�μþμ−Þ [5], which could
potentially be explained by introducing new physics con-
tributions to C9 [14–18]. This interpretation was reinforced,
as the same new physics effect could also account for
inconsistencies in other exclusive b → s decays. However,
in general, the observables of the exclusive decays are
dependent on local matrix elements (form factors), as well

as nonlocal ones, which often make it difficult to distin-
guish between possible new physics effects and hadronic
effects. Although some of the angular observables are less
sensitive to the form factors, they do depend on nonlocal
hadronic contributions, which are not well known. The
significance of the anomalies in exclusive decays is
therefore dependent on the estimated size of the nonlocal
effects. Recent theoretical progress in the evaluation of the
nonlocal contributions [19–21] indicate that the nonfactor-
izable power corrections are small. The crucial point of the
previous situation was that the deviations in the theoretically
clean ratios on one side and in the angular observables and
branching ratios on the other side could be consistently
described with the same new physics scenarios; this was
noted [22–31] after the first LHCb measurement [32] of RK

in 2014 and confirmed by subsequent studies [33–39]
with the first measurement of RK� by LHCb [1] in 2017
(see also [40–55] for later studies). This consistency was
again increased with the updated measurement of BRðBs →
μþμ−Þ from last year [56]. The combination of this result
with the ATLAS and LHCb measurements [57–59]
BRðBs → μþμ−Þcomb

exp ¼ ð3.52þ0.32
−0.30Þ × 10−9 as given in [60]

is in agreement with the SM within 1σ, suppressing large
new physics contributions in the Wilson coefficient C10.
However, the LHCb Collaboration recently presented new
measurements of the ratios that turn out to be compatible
with the Standard Model [61],
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(
RKð½0.1 − 1.1�Þ ¼ 0.994þ0.090

−0.082
þ0.029
−0.027 ;

RKð½1.1 − 6.0�Þ ¼ 0.949þ0.042
−0.041

þ0.022
−0.022 ;

(
RK� ð½0.1 − 1.1�Þ ¼ 0.927þ0.093

−0.087
þ0.036
−0.035 ;

RK� ð½1.1 − 6.0�Þ ¼ 1.027þ0.072
−0.068

þ0.027
−0.026 :

In this paper, we analyze the current situation in a model-independent way. Clearly, the tensions in the angular
observables and branching ratios are untouched by the new LHCb measurements. We analyze the two sets of b → s data
separately, namely, the theoretically clean ratios together with BR(Bs;d → lþl−) on one side and the angular observables
and branching ratios on the other side.
We also include the very recent measurements of RK and the branching ratio of Bþ → Kþμþμ− by the CMS

Collaboration [62], which both turn out to be compatible with the SM predictions. In addition, we update the Cabibbo-
Kobayashi-Maskawa (CKM) parameters where we have updated the PDG 2020 [63] values to PDG 2022 [64], with the old
and new inputs given as follows:

λ A ρ̄ η̄

PDG (2020) 0.22650� 0.00048 0.790þ0.017
−0.012 0.141þ0.016

−0.017 0.357� 0.011

PDG (2022) 0.22500� 0.00067 0.826þ0.018
−0.015 0.159� 0.010 0.348� 0.010

The complete list of the observables used in the present
fits can be read off the corresponding list in our previous
analysis in Refs. [55,60]. For our analysis we have used the
SuperIso public program [65–69] assuming 10% uncertainty
for the unknown nonfactorizable power corrections (see
Ref. [31] for more details). For other global analyses with the
updated LHCb measurement of RKð�Þ (not including the
recent CMS measurement), see, for example, [70–73].
This paper is organized as follows: In the next section, we

show the one- and two-dimensional fits for different sets of
observables. In Sec. II Awe consider clean observables and
discuss the impact of the new LHCb measurement for the
ratios, and in Sec. II B the fit to the rest of the observables is
given, where the impact from the CMS measurement on BR
(Bþ → Kþμþμ−) as well as the updated CKM values are
visible. In Sec. II C the fit to all b → s data are given and the
impact of various sets of observables are discussed.
Section III includes a 12-dimensional fit and shows via
the Wilks test that beyond C9 adding further degrees of
freedom only improves the fit marginally. Finally, we
summarize in Sec. IV.

II. ONE- AND TWO-DIMENSIONAL FITS

A. Fits to clean b → sll observables

First, we analyze the significance of new physics (NP)
within the clean observables, RKð�Þ and BRðBs;d → μþμ−Þ.
In Table I we show the one-operator fits to these clean
observables, both before1 and after the latest RKð�Þ mea-
surements. The change is a drastic one, as only small
deviations from lepton universality are now allowed. There

are still lepton-flavor universality violating (LFUV) ratios,
namely, RLHCb

K0
S

ð½1.1 − 6.0�Þ, RLHCb
K�þ ð½0.045 − 6.0�Þ [74] and

RLHCb
K ð½1.1 − 6.0�Þ [61] with 1.7, 1.4, and 1.1σ NP signifi-

cance, respectively.2

TABLE I. One operator NP fit to clean observables before and
after update of RKð�Þ by the LHCb Collaboration.

Only LFUV ratios and Bs;d → lþl− pre-RKð�Þ update
(χ2SM ¼ 30.63)

Best-fit value χ2min PullSM

δCe
9 0.83� 0.21 10.8 4.4σ

δCμ
9 −0.80� 0.21 11.8 4.3σ

δCe
10 −0.81� 0.19 8.7 4.7σ

δCμ
10 0.50� 0.14 16.2 3.8σ

δCe
LL 0.43� 0.11 9.7 4.6σ

δCμ
LL −0.33� 0.08 12.4 4.3σ

Only LFUV ratios and Bs;d → lþl− post-RKð�Þ update
(χ2SM ¼ 9.37)

Best-fit value χ2min PullSM

δCe
9 0.17� 0.16 8.2 1.1σ

δCμ
9 −0.18� 0.16 8.1 1.1σ

δCe
10 −0.15� 0.14 8.3 1.1σ

δCμ
10 0.15� 0.12 7.7 1.3σ

δCe
LL 0.08� 0.08 8.2 1.1σ

δCμ
LL −0.09� 0.07 7.7 1.3σ

1In this paper, pre-RKð�Þ indicates the fit to the data before the
LHCb update on RKð�Þ as given in [60].

2A reanalysis of RLHCb
K0

S
ð½1.1 − 6.0�Þ and RLHCb

K�þ ð½0.045 − 6.0�Þ
regrading possible misidentifications would not change the
NP significances much given the large experimental
uncertainties [75].
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The corresponding two-operator fits are shown in Fig. 1.
The two upper plots clearly show that the new data confirm
lepton universality. The 1 and 2σ regions in the case of
fCe

9; C
μ
9g and also in the case of fCe

10; C
μ
10g are located

around the diagonal. The favored regions in the case of
fCe

10; C
μ
10g are bounded along the diagonal because we

have included BR(Bs;d → μþμ−) in the fit, which implies
strong constraints on C10 in general. The lower left plot in
Fig. 1 shows the two-operator fit to fCμ

9; C
μ
10g. The 1 or 2σ

regions are now also grouped around the secondary
diagonal and contain the SM values. Only small NP
contributions are still possible after the new measurements.
We note, however, that without BR(Bs;d → μþμ−) in the fit,
i.e., without the strong constraint on Cμ

10, much larger
values of Cμ

9 and Cμ
10 would be possible along the

secondary diagonal. Such larger contributions are then,
in principle, possible, but due to unnatural cancellations of
these two contributions in the ratios RK and RK� only. The
lower right plot is trivial. It shows that our set of clean
observables does not constrain the universal coefficient C9,
but that BR(Bs;d → μþμ−) constrains the universalC10. The
slight shift along the C10 axis compared to the pre-RKð�Þ fit
is due to the modified SM prediction of BR(Bs → μþμ−)
owing to the updated CKM inputs.

B. Fits to all b → sll data except clean observables

In Table II we show the one-parameter fits to the rest of
the b → s observables—excluding the clean observables
discussed before. These fits are, of course, almost
unchanged compared to the situation before the new
measurements of RK and RK� . The slight differences in
the NP significance are due to the new measurements by
CMS and also the update of the CKM parameters.
However, the comparison of the one-operator fits to the
clean observables in Table I and of those to the remaining
b → s observables in Table II no longer show, for the
nonuniversal Wilson coefficients Cμ

9 and Cμ
LL, any con-

sistency, which means that the remaining large tensions in
the rest of the b → s observables, in particular, in the
angular observables and in the branching ratios, should be
described with lepton-universal operators; only small
deviations from the lepton universality are allowed. Let
us emphasize that the NP significances given in Table II
are based on the assumption of 10% power corrections to
the angular observables and branching ratios.

C. Fits to all b → sll observables

This brings us to the fits to all b → s observables, where
we now use lepton-universal operators only—assuming

FIG. 1. Two-dimensional fits to clean observables. The colored regions correspond to the post-RKð�Þ fits and the gray contours
correspond to the fits prior to the recent RKð�Þ update [60].

B ANOMALIES IN THE POST-RKð�Þ ERA PHYS. REV. D 108, 115037 (2023)

115037-3



again 10% power corrections for the angular observables
and branching ratios. The results are given in Table III,
where we can see that the favored universal coefficient is
C9 in order to explain the tensions in the angular observ-
ables and branching ratios. In principle, Cμ

9 and Cμ
LL can

explain the tensions, but these new physics contributions
would not be compatible with the constraints induced by
the clean observables as we showed above. In Table IVone-
operator fits using chiral-universal coefficients3 are shown.
One finds a rather large NP significance for the fits to CLL
and CLR, i.e., for left-handed quark currents.
In addition, we present the two-dimensional fit results

in Fig. 2. The lower right plot in the fC9; C10g plane is the
crucial one. It shows that the universal coefficient C9, not
C10, explains the present anomalies best. This is also a
consequence of the C10 dependence of the Bs → μþμ−

branching ratio that is SM-like. The two-operator fits in
the upper row, fCμ

9; C
e
9g and fCμ

10; C
e
10g, essentially are

again consequences of lepton-flavor universality. In both

plots, the 1 and 2σ ranges have moved to the diagonal and
have become thinner compared to the ones of the pre-RKð�Þ

measurements. Moreover, the 1σ range of the fCμ
10; C

e
10g

fit includes the SM values. It becomes clear that these
two-operator plots essentially reproduce the one-operator
fits to the corresponding universal C9 and C10. Also, the
NP significance is similar as one can read off from
Tables III and V.
The plot in the lower rowon the left shows the two-operator

fit to fCμ
9; C

μ
10g. Compared to the pre-RKð�Þ update, the 1 or2σ

ranges now move in the direction of the second diagonal to
allow a partial compensation of the Cμ

9 and the Cμ
10 con-

tributions within the RKð�Þ ratios. Because of this unnatural
compensation, this specific two-operator fit should be
considered critical. In comparison with the corresponding
plot in Fig. 1 with the fits to the clean observables, one
needs now a larger Cμ

9 for the explanation of the present
tensions, which again indicates the present measurements
are best described by flavor-universal operators.
As one can read off from Table V, all two-operator fits

discussed have a large NP significance up to 6σ besides the
case fCμ

10; C
e
10g.

Next, we will have a closer look at the 2 two-operator fits
to fCμ

9; C
μ
10g and fC9; C10g. We consider the bounds of the

RKð�Þ ratios separate from the ones induced by the Bs;d →
μþμ− branching ratios. Likewise, in the case of the
remaining b → slþl− observables, we examine the impact
of the low- and high-q2 observables separately. Since the
validity of soft-collinear effective theory (SCET) in the
low-q2 bin ½6; 8� GeV2 (near the J=ψ resonance) is ques-
tionable, we separate this bin from the other low-q2 bins up
to 6 GeV2.

TABLE III. One-operator NP fits to all b → sll observables
before and after the update of RKð�Þ by the LHCb Collaboration.

All observables pre-RKð�Þ update (χ2SM ¼ 253.5)

Best-fit value χ2min PullSM

δC7 −0.02� 0.01 248.7 2.2σ

δCQ1
−0.05� 0.02 252.3 1.1σ

δCQ2
−0.01� 0.01 252.4 1.0σ

δC9 −0.95� 0.13 215.8 6.1σ
δC10 0.08� 0.16 253.2 0.5σ

All observables post-RKð�Þ update (χ2SM ¼ 271.0)

Best-fit value χ2min PullSM

δC7 −0.02� 0.01 267.2 1.9σ

δCQ1
−0.04� 0.03 270.3 0.8σ

δCQ2
−0.01� 0.01 270.4 0.8σ

δC9 −0.96� 0.13 230.7 6.3σ
δC10 0.15� 0.15 270.0 1.0σ

TABLE II. One-operator fits for all except clean observables
before and also after the LHCb-update of RKð�Þ .

All observables except LFUV ratios and Bs;d → lþl− pre-RKð�Þ

update (χ2SM ¼ 221.8)

Best-fit value χ2min PullSM

δC9 −0.95� 0.13 185.1 6.1σ
δCe

9 0.70� 0.60 220.5 1.1σ
δCμ

9 −0.96� 0.13 182.8 6.2σ

δC10 0.29� 0.21 219.8 1.4σ
δCe

10 −0.60� 0.50 220.6 1.1σ
δCμ

10 0.35� 0.20 218.7 1.8σ

δCe
LL 0.34� 0.29 220.6 1.1σ

δCμ
LL −0.64� 0.13 195.0 5.2σ

All observables except LFUV ratios and Bs;d → ll̄ post-RKð�Þ

update (χ2SM ¼ 261.6)

Best-fit value χ2min PullSM

δC9 −0.97� 0.13 221.9 6.3σ
δCe

9 0.70� 0.60 260.4 1.1σ
δCμ

9 −0.98� 0.13 219.7 6.5σ

δC10 0.36� 0.20 258.3 1.8σ
δCe

10 −0.50� 0.50 260.5 1.0σ
δCμ

10 0.41� 0.20 257.0 2.1σ

δCe
LL 0.31� 0.28 260.4 1.1σ

δCμ
LL −0.65� 0.12 231.7 5.5σ

3We use the standard notation CXY where X denotes the
chirality of the quark current and Y of the lepton one. Assuming
left-handed leptons only, we have CLL ≡ C9 ¼ −C10 and
CRL ≡ C0

9 ¼ −C0
10 ; for right-handed leptons, CRR ≡ C0

9 ¼ C0
10

and CLR ≡ C9 ¼ C10.
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In Fig. 3 the two-operator fits have been dissected in
order to show the impact that each of these different sets of
observables have on the overall fit. In the plot on the right-
hand side of Fig. 3, the fC9; C10g two-operator fit has been
shown, where the brown contours show the 1 and 2σ
regions of the high-q2 observables. It can be seen that they
are compatible with the SM values with comparatively
large uncertainties. The tensions in the angular observables
and the branching ratios obviously have their main origin in
the low-q2 observables, as can be seen from the purple
contours. It is well known that the high-q2 observables have
a weak dependence on the Wilson coefficients, which
implies a low sensitivity to NP.4 The yellow contours show
that the inclusion of the highest low-q2 bin from 6 to
8 GeV2 in the fit massively increases the NP significance.
However, it could be that this large effect just indicates that
SCET is no longer valid in this range. Finally, the Bs;d →
μþμ− branching ratios lead to the gray contours that just
bound the Wilson coefficient C10.

In the plot on the left-hand side of Fig. 3 we look at the
bounds on fCμ

9; C
μ
10g. The blue 1 and 2σ regions show the

bounds generated by the ratios RKð�Þ . This can be compared
to the lower right plot of Fig. 1, where the bound from the
ratios together with BR(Bs;d → μþμ−) was shown. One
realizes that now much larger values of Cμ

9 and also of Cμ
10

are allowed, but this is possible due to an unnatural
compensation between the Cμ

9 and the Cμ
10 contributions

in the ratios, which makes the fCμ
9; C

μ
10g fit problematic, as

already mentioned above. The Bs;d → μþμ− branching
ratios alone bound Cμ

10 to smaller values again, as can
be seen from the gray contours.

TABLE IV. One-operator fits to all b → sll observables in the
chiral basis.

All observables post-RKð�Þ update (χ2SM ¼ 271.0)

Best-fit value χ2min PullSM

δCLL −0.54� 0.12 249.1 4.7σ
δCLR −0.42� 0.10 257.4 3.7σ
δCRL 0.00� 0.08 268.8 1.5σ
δCRR 0.21� 0.13 268.1 1.7σ

FIG. 2. Two-dimensional fits to all observables with the best-fit point given in Table V.

4In principle, the high-q2 observables are theoretically cleaner.
There is a local operator product expansion to describe power
corrections (see, i.e., Refs. [76,77]).
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III. GLOBAL ANALYSES

In order to present the global analysis, we provide
multidimensional fits considering only universal operators,
which may be more realistic than assuming one- or two-
operator fits, since it is unlikely that a complete NP scenario
would affect only one parameter while leaving the others
unchanged. We therefore consider a fit varying simultane-
ously all the relevant 12 lepton-flavor-universal Wilson
coefficients. This multidimensional fit also avoids the

look-elsewhere effect, which can occur when making a
selected choice of observables or when assuming a subset
of specific newphysics directions. The results are presented in
Table VI. As can be seen, most primed coefficients (with
right-handed quark currents) are only loosely constrained
with the currently available data. In Table VII we compare the
significance of different NP fits (all lepton-flavor universal)
compared to the SM and to each other considering the Wilks
theorem [78]. Since the NP scenarios in Table VII are nested
in the model of the next row, we can calculate p-values using
the Wilks theorem. The difference in χ2 between the two
models is itself a χ2 distribution with a number of degrees of
freedom equal to the difference in the number of parameters.
The p value therefore indicates the significance of the new
parameters added. We have then converted these p values to
sigmas. From Table VII, it is clear that the main coefficient
explaining the measured tensions in b → s decays is C9 and
beyond that adding further degrees of freedom does not
improve the fit significantly. Thus, also the Wilks test

FIG. 3. Two-dimensional fits to all observables in green. Where relevant, the impact of the b → sll observables for the low-q2 bins up
to 6 GeV2, for the ½6; 8� GeV2 bin, and for the high-q2 bins, as well as the bounds from the lepton-flavor universality violating ratios and
Bs;d → lþl− are shown separately with the lighter (darker) shade indicating the 68% (95%) confidence level region.

TABLE V. Two-operator NP fits to all observables (post-RKð�Þ

update). The corresponding plots are given in Fig. 2.

All observables post-RKð�Þ update (χ2SM ¼ 271.0)

Best-fit value χ2min PullSM

fδCμ
9; δC

e
9g f−0.96� 0.13;−0.74� 0.21g 228.8 6.2σ

fδCμ
10; δC

e
10g f0.15� 0.15;−0.03� 0.21g 268.3 1.1σ

fδCμ
9; δC

μ
10g f−0.78� 0.12;−0.19� 0.10g 237.2 5.5σ

fδC9; δC10g f−0.97� 0.13; 0.09� 0.15g 230.3 6.0σ

TABLE VI. The 12-dimensional (lepton-flavor-universal) fit to
all observables.

All observables with χ2SM ¼ 271.0 post-RKð�Þ update
ðχ2min ¼ 222.5; PullSM ¼ 4.7σ)

δC7 δC8

0.07� 0.03 −0.70� 0.50
δC0

7 δC0
8

−0.01� 0.01 −0.50� 1.20
δC9 δC0

9 δC10 δC0
10

−1.18� 0.19 0.06� 0.31 0.23� 0.20 −0.05� 0.19

CQ1
C0
Q1

CQ2
C0
Q2

−0.30� 0.14 −0.18� 0.14 0.01� 0.02 −0.03� 0.07

TABLE VII. PullSM of 1-, 2-, 4-, 6-, and 12-dimensional fit. The
last row includes all Wilson coefficients (WCs) including the
chirality-flipped primed coefficients. The last column indicates
the significance of the improvement of the fit compared to the
previous row.

All observables (post-RKð�Þ update)

Set of WCs Param χ2min PullSM Improvement

SM 0 271.0 � � � � � �
C9 1 230.7 6.3σ 6.3σ
C9; C10 2 230.3 6.0σ 0.6σ
C7; C8; C9; C10 4 225.3 5.9σ 1.7σ
C7; C8; C9; C10; CQ1

; CQ2
6 224.7 5.6σ 0.3σ

All WCs (including primed) 12 222.5 4.7σ 0.1σ
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confirms the crucial role of C9 for the explanation of the
anomalies in the angular observables and branching ratios.

IV. SUMMARY

In light of the recent LHCb measurement of RK and RK� ,
which is in agreement with the Standard Model prediction,
we have analyzed the current status of b → s semileptonic
decays, including this newmeasurement, as well as the very
recent measurement of RK and BR(Bþ → Kþμþμ−) by the
CMS Collaboration. We have also updated the CKM
parameters to the PDG 2022 values.
The clean observables RK , RK� , and BRðBs → μþμ−Þ are

now all in good agreement with the SM. The ratios
constrain new physics contributions in b → slþl− decays
to be lepton-flavor universal, with room for only small
universality violating contributions, while BRðBs → μþμ−Þ
constrains new physics contributions in the axial Wilson
coefficient C10. Furthermore, we showed that, although the
two-dimensional fit fCμ

9; C
μ
10g (with Ce

9 and Ce
10 kept to

their SM values) indicates preference for NP in Cμ
9 and to a

lesser degree in Cμ
10, this two-operator fit should be viewed

critically because it gives a LFUV solution that is at odds
with the recent RKð�Þ measurements.

However, the tensions in the angular observables and
branching ratios are untouched by the new LHCb mea-
surements. These tensions are best explained by a lepton-
flavor-universal NP in the Wilson coefficient C9, which is
mostly due to the low-q2 observables, especially from the
½6–8� GeV2 bin, keeping in mind that this latter one, on
the one hand, is more sensitive to C9 contributions and, on
the other hand, more prone to being contaminated by
charm-loop contributions. Moreover, as shown via the
Wilks test, new physics contributions in C9 is the main
scenario explaining the measured tensions in b → s decays
and there is no significant improvement in the fit when
considering more complex models with additional degrees
of freedom.
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