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At present, there are several measurements of B decays that exhibit discrepancies with the predictions of
the SM, and suggest the presence of new physics (NP) in b → sμþμ− transitions. Many NP models have
been proposed as explanations. These involve the tree-level exchange of a leptoquark (LQ) or a flavor-
changing Z0 boson. In this paper we examine whether it is possible to distinguish the various models via
CP-violating effects in B → Kð�Þμþμ−. Using fits to the data, we find the following results. Of all possible
LQ models, only three can explain the data, and these are all equivalent as far as b → sμþμ− processes are
concerned. In this single LQ model, the weak phase of the coupling can be large, leading to some sizable
CP asymmetries in B → Kð�Þμþμ−. There is a spectrum of Z0 models; the key parameter is gμμL , which
describes the strength of the Z0 coupling to μþμ−. If gμμL is small (large), the constraints from B0

s − B̄0
s

mixing are stringent (weak), leading to a small (large) value of the NP weak phase, and corresponding
small (large) CP asymmetries. We therefore find that the measurement of CP-violating asymmetries in
B → Kð�Þμþμ− can indeed distinguish among NP b → sμþμ− models.

DOI: 10.1103/PhysRevD.96.015034

I. INTRODUCTION

At present, there are several measurements of B decays
involving b → slþl− that suggest the presence of physics
beyond the standard model (SM). These include the
following.
(1) B → K�μþμ−: Measurements of B → K�μþμ− have

been made by the LHCb [1,2] and Belle [3]
collaborations. They find results that deviate from
the SM predictions. The main discrepancy is in the

angular observable P0
5 [4]. Its significance depends

on the assumptions made regarding the theoretical
hadronic uncertainties [5–7]. The latest fits to the
data [8–10] take into account the hadronic uncer-
tainties, and find that a significant discrepancy is still
present, perhaps as large as ∼4σ.

(2) B0
s → ϕμþμ−: The LHCb Collaboration has mea-

sured the branching fraction and performed an
angular analysis of B0

s → ϕμþμ− [11,12]. They
found a 3.5σ disagreement with the predictions of
the SM, which are based on lattice QCD [13,14] and
QCD sum rules [15].

(3) RK: The ratio RK ≡ BðBþ → Kþμþμ−Þ=BðBþ →
Kþeþe−Þ has been measured by the LHCb Collabo-
ration in the dilepton invariant mass-squared range
1 GeV2 ≤ q2 ≤ 6 GeV2 [16], with the result
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Rexpt
K ¼ 0.745þ0.090

−0.074ðstatÞ � 0.036 ðsystÞ: ð1Þ

This differs from the SM prediction of RSM
K ¼

1� 0.01 [17] by 2.6σ, and thus is a hint of lepton
flavor nonuniversality.

While any suggestions of new physics (NP) are interest-
ing, what is particularly intriguing about the above set of
measurements is that they can all be explained if there is NP
in b → sμþμ−.1 To be specific, b → sμþμ− transitions are
defined via the effective Hamiltonian

Heff ¼ −
αGFffiffiffi
2

p
π
VtbV�

ts

X
a¼9;10

ðCaOa þ C0
aO0

aÞ;

O9ð10Þ ¼ ½s̄γμPLb�½μ̄γμðγ5Þμ�; ð2Þ

where the Vij are elements of the Cabibbo-Kobayashi-
Maskawa matrix. The primed operators are obtained by

replacing L with R, and the Wilson coefficients (WCs) Cð0Þ
a

include both SM and NP contributions. Global analyses of
the b → slþl− anomalies have been performed [8–10,20].
It was found that there is a significant disagreement with
the SM, possibly as large as 4σ, and it can be explained if
there is NP in b → sμþμ−. The authors of Ref. [9] gave four
possible explanations: (I) Cμμ

9 ðNPÞ < 0, (II) Cμμ
9 ðNPÞ ¼

−Cμμ
10ðNPÞ < 0, (III) Cμμ

9 ðNPÞ ¼ −C0μμ
9 ðNPÞ < 0, (IV)

Cμμ
9 ðNPÞ ¼ −Cμμ

10ðNPÞ ¼ −C0μμ
9 ðNPÞ ¼ −C0μμ

10 ðNPÞ < 0.
Numerous models have been proposed that generate the

correct NP contribution to b → sμþμ− at tree level.2 Most
of them use solution (II) above, though a few use
solution (I). These models can be separated into two
categories: those containing leptoquarks (LQs) [22–30],
and those with a Z0 boson [22,31–54]. But this raises an
obvious question: assuming that there is indeed NP in
b → sμþμ−, which model is the correct one? In other
words, short of producing an actual LQ or Z0 experimen-
tally, is there any way of distinguishing the models?
A first step was taken in Ref. [55], where it was shown

that the CP-conserving, lepton-flavor-violating decays
ϒð3SÞ → μτ and τ → 3μ are useful processes for differ-
entiating between LQ and Z0 models. In the present paper,
we compare the predictions of the various models for CP-
violating asymmetries in B → K�μþμ− and B → Kμþμ−.
CP-violating effects require the interference of two

amplitudes with a relative weak (CP-odd) phase. [For
certain CP-violating effects, a relative strong (CP-even)
phase is also required.] In the SM, b → sμþμ− is dominated

by a single amplitude, proportional to VtbV�
ts [see Eq. (2)].

In order to generate CP-violating asymmetries, it is
necessary that the NP contribution to b → sμþμ− have a
sizable weak phase. As we will see, this does not hold in all
NP models, so that CP-violating asymmetries in B →
K�μþμ− and B → Kμþμ− can be a powerful tool for
distinguishing the models. (The usefulness of CP asym-
metries in B → K�μþμ− for identifying NP was also
discussed in Ref. [56].)
We perform both model-independent and model-

dependent analyses. In the model-independent case, we
assume that the NP contributes to a particular set of WCs
(and we consider several different sets). But if a particular
model is used, one can work out whichWCs are affected. In
either case, a fit to the data is performed to establish
(i) whether a good fit is obtained, and (ii) what are the best-
fit values and allowed ranges of the real and imaginary
pieces of the WCs. In the case of a good fit, the predictions
for CP-violating asymmetries in B → K�μþμ− and B →
Kμþμ− are computed.
The data used in the fits include all CP-conserving

observables involving b → sμþμ− transitions. The proc-
esses are B0 → K�0ð→ Kþπ−Þμþμ−, Bþ → K�þμþμ−,
Bþ→Kþμþμ−, B0→K0μþμ−, B0

s→ϕμþμ−, B→Xsμ
þμ−,

and B0
s → μþμ−. For the first process, a complete angular

analysis of B0 → K�0ð→Kþπ−Þμþμ− was performed in
Refs. [56,57]. It was shown that this decay is completely
described in terms of 12 angular functions. By averaging
over the angular distributions of B and B̄ decays, one
obtains CP-conserving observables. There are nine of
these. Most of the observables are measured in different
q2 bins, so that there are a total of 106 CP-conserving
observables in the fit.
For the model-independent fits, only the b → sμþμ− data

is used. However, for the model-dependent analyses,
additional data may be taken into account. That is, in a
specific model, there may be contributions to other proc-
esses such as b → sνν̄, B0

s − B̄0
s mixing, etc. The choice of

additional data is made on a model-by-model basis.
Because the model-independent and model-dependent fits
can involve different experimental (and theoretical) con-
straints, they may yield significantly different results.
CP-violating asymmetries are obtained by comparing B

and B̄ decays. In the case of B → Kμþμ−, there is only the
direct partial rate asymmetry. For B0→K�0ð→Kþπ−Þμþμ−,
one compares the B and B̄ angular distributions. This leads
to seven CP asymmetries. There are therefore a total of
eight CP-violating effects that can potentially be used to
distinguish among the NP b → sμþμ− models.
For the LQs, we will show that there are three models

that can explain the b → sμþμ− data. The LQs of these
models contribute differently to b → sνμν̄μ, so that, in
principle, they can be distinguished by the measurements of
b → sνν̄. However, the constraints from these measure-
ments are far weaker than those from b → sμþμ−, so that

1Early model-independent analyses of NP in b → sμþμ− can
be found in Refs. [18] (CP-conserving observables) and [19]
(CP-violating observables).

2The anomalies can also be explained using a scenario in
which the NP enters in the b → cc̄s transition, but constraints
from radiative B decays and B0

s − B̄0
s mixing must be taken into

account; see Ref. [21].
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all three LQ models are equivalent, as far as the b → sμþμ−
data are concerned. We find that some CP asymmetries in
B → Kð�Þμþμ− can be large in this single LQ model.
In Z0 models, there are gbsL s̄γμPLbZ0

μ and gμμL μ̄γμPLμZ0
μ

couplings, leading to a tree-level Z0 contribution to
b → sμþμ−. In order to explain the b → sμþμ− anomalies,
the product of couplings gbsL gμμL must lie within a certain
(nonzero) range. If gμμL is small, gbsL must be large, and vice
versa. The Z0 also contributes at tree level to B0

s − B̄0
s

mixing, proportional to ðgbsL Þ2. Measurements of the mixing
constrain the magnitude and phase of gbsL . If gbsL is large, the
constraint on its phase is significant, so that this Z0 model
cannot generate sizable CP asymmetries. On the other
hand, if gbsL is small, the constraints from B0

s − B̄0
s mixing

are not stringent, and large CP-violating effects are
possible.
The upshot is that itmay be possible to differentiateZ0 and

LQ models, as well as different Z0 models, through mea-
surements of CP-violating asymmetries in B→Kð�Þμþμ−.
We begin in Sec. II with a description of our method for

fitting the data and for making predictions about CP
asymmetries. The b → sμþμ− data used in the fits are
given in the Appendix. We perform a model-independent
analysis in Sec. III. In Sec. IV, we perform model-
dependent fits in order to determine the general features
of the LQ and Z0 models that can explain the b → sμþμ−
anomalies. We present the predictions of the various
models for the CP asymmetries in Sec. V. We conclude
in Sec. VI.

II. METHOD

The method works as follows. We suppose that the NP
contributes to a particular set of b → sμþμ− WCs. This can
be done in a “model-independent” way, in the sense that no
particular underlying NP model is assumed, or it can be
done in the context of a specific NP model. In either case,
all observables are written as functions of the WCs, which
contain both SM and NP contributions. Given values of the
WCs, we use FLAVIO [58] to calculate the observables. By
comparing the computed values of the observables with the
data, the χ2 can be found. The program MINUIT [59–61] is
used to find the values of the WCs that minimize the χ2. It is
then possible to determine whether or not the chosen set of
WCs provides a good fit to the data. This is repeated for
different sets of b → sμþμ− WCs.
We are interested in NP that leads to CP-violating effects

in B → Kð�Þμþμ−. As noted in the Introduction, this
requires that the NP contribution to b → sμþμ− have a
weak phase. With this in mind, we allow the NP WCs to be
complex (other fits generally take the NP contributions to
the WCs to be real), and determine the best-fit values of
both the real and imaginary parts of the WCs.
In the case where a particular NP model is assumed, the

main theoretical parameters are the couplings of the NP

particles to the SM fermions. At low energies, these
generate four-fermion operators. The first step is therefore
to determine which operators are generated in the NP
model. This in turn establishes which observables are
affected by the NP. The fit yields preferred values of the
WCs, and these can be converted into preferred values for
the real and imaginary parts of the couplings.
We note that caution is needed as regards the results of

the model-independent fits. In such fits it is assumed that
the NP contributes to a particular set of WCs. One might
think that the results will apply to all NP models that
contribute to the same WCs. However, this is not true. The
point is that a particular model may have additional
theoretical or experimental constraints. When these are
taken into account, the result of the fit might be quite
different. That is, the “model-independent” fits do not
necessarily apply to all models. Indeed, in the following
sections we will see several examples of this.
Finally, for those sets of WCs that provide good fits to

the data, we compute the predictions for the CP-violating
asymmetries in B → K�μþμ− and B → Kμþμ−.

A. Fit

The χ2 is a function of the WCs Ci, and is constructed as
follows:

χ2ðCiÞ ¼ ðOthðCiÞ −OexpÞTC−1ðOthðCiÞ −OexpÞ: ð3Þ

Here OthðCiÞ are the theoretical predictions for the various
observables used as constraints. These predictions depend
upon the WCs. Oexp are the corresponding experimental
measurements.
We include all available theoretical and experimental

correlations in our fit. The total covariance matrix C is
obtained by adding the individual theoretical and exper-
imental covariance matrices, respectively Cth and Cexp. The
theoretical covariance matrix is obtained by randomly
generating all input parameters and then calculating the
observables for these sets of inputs [58]. The uncertainty is
then defined by the standard deviation of the resulting
spread in the observable values. In this way the correlations
are generated among the various observables that share
some common parameters [58]. Note that we have assumed
Cth to be independent of the WCs. This implies that we take
the SM covariance matrix to construct the χ2 function. As
far as experimental correlations are concerned, these are
only available (bin by bin) among the angular observables
in B → Kð�Þμþμ− [2], and among the angular observables
in B0

s → ϕμþμ− [12].
For χ2 minimization, we use the MINUIT library [59–61].

The errors on the individual parameters are defined as the
change in the values of the parameters that modifies the
value of the χ2 function such that Δχ2 ¼ χ2 − χ2min ¼ 1.
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However, to obtain the 68.3% and 95% C.L. two-parameter
regions, we use Δχ2 equal to 2.3 and 6.0, respectively [62].
The fit includes all CP-conserving b → sμþμ− observ-

ables. These are as follows.

(1) B0 → K�0μþμ−: The CP-averaged differential
angular distribution for B0 → K�0ð→ Kþπ−Þμþμ−
can be derived using Refs. [4,56,57]; it is given
by [2]

1

dðΓþ Γ̄Þ=dq2
d4ðΓþ Γ̄Þ
dq2dΩ⃗

¼ 9

32π

�
3

4
ð1 − FLÞsin2θK� þ FLcos2θK�

þ 1

4
ð1 − FLÞsin2θK� cos 2θl − FLcos2θK� cos 2θl þ S3sin2θK�sin2θl cos 2ϕ

þ S4 sin 2θK� sin 2θl cosϕþ S5 sin 2θK� sin θl cosϕþ 4

3
AFBsin2θK� cos θl

þ S7 sin 2θK� sin θl sinϕþ S8 sin 2θK� sin 2θl sinϕþ S9sin2θK�sin2θl sin 2ϕ

�
: ð4Þ

Here q2 represents the invariant mass squared of the
dimuon system, and Ω⃗ represents the solid angle con-
structed from θl, θK� , and ϕ. There are therefore nine
observables in the decay: the differential branching ratio,
FL, AFB, S3, S4, S5, S7, S8 and S9, all measured in various
q2 bins. The experimental measurements are given in
Tables VI and VII in the Appendix.
In the Introduction it was mentioned that the main

discrepancy with the SM is in the angular observable
P0
5. This is defined as [4]

P0
5 ¼

S5ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
FLð1 − FLÞ

p : ð5Þ

(2) The differential branching ratio of Bþ → K�þμþμ−:
The experimental measurements [63] are given in
Table VIII in the Appendix.

(3) The differential branching ratio of Bþ → Kþμþμ−:
The experimental measurements [63] are given in
Table IX in the Appendix. When integrated
over q2, this provides the numerator in RK≡
BðBþ → Kþμþμ−Þ=BðBþ → Kþeþe−Þ. Thus, the
measurement of RK [Eq. (1)] is implicitly included
here.3

(4) The differential branching ratio of B0 → K0μþμ−:
The experimental measurements [63] are given in
Table X in the Appendix.

(5) B0
s → ϕμþμ−: The experimental measurements of

the differential branching ratio and the angular
observables [12] are given respectively in Tables XI
and XII in the Appendix.

(6) The differential branching ratio of B → Xsμ
þμ−:

The experimental measurements [64] are given in
Table XIII in the Appendix.

(7) BRðB0
s → μþμ−Þ ¼ ð2.9� 0.7Þ × 10−9 [65,66].

In computing the theoretical predictions for the above
observables, we note the following.
(1) For B → K�μþμ− and B0

s → ϕμþμ−, we use the
form factors from the combined fit to lattice and
light-cone sum rules (LCSR) calculations [15].
These calculations are applicable to the full q2

kinematic region. In LCSR calculations the full
error correlation matrix is used, which is useful to
avoid an overestimate of the uncertainties.

(2) In B → Kμþμ−, we use the form factors from lattice
QCD calculations [67], in which the main sources of
uncertainty are from the chiral-continuum extrapo-
lation and the extrapolation to low q2. In order to
cover the entire kinematically allowed range of q2,
we use the model-independent z expansion given
in Ref. [67].

(3) The decay B0
s → ϕμþμ− has special characteristics,

namely (i) there can be (time-dependent) indirect
CP-violating effects, and (ii) the B0

s − B̄0
s width

difference, ΔΓs, is non-negligible. These must be
taken into account in deriving the angular distribu-
tion, see Ref. [68]. In FLAVIO [58], the width
difference is taken into account, but all observables
correspond to time-integrated ones (so no indirect
CP violation).

(4) In the calculation of the branching ratio of the
inclusive decay B → Xsμ

þμ−, the dominant
perturbative contributions are calculated up to
next-to-next-to-leading-order precision following
Refs. [69–72].

The above observables are used in all fits. However, a
particular model may receive further constraints from its
contributions to other observables, such as b → sνν̄,
B0
s − B̄0

s mixing, etc. These additional constraints will be
discussed when we describe the model-dependent fits.

3Previous studies (Ref. [55] and references therein) have
indicated that the RK anomaly can be accommodated side by
side with several other anomalies in b → sμþμ− if new physics
only affects transitions involving muons. Following this lead, in
this paper we therefore study models that modify the b → sμþμ−
transition while leaving the b → seþe− decays unchanged.
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B. Predictions

Equation (4) applies to B0 → K�0μþμ− decays. Here the
seven angular observables S3, S4, S5, AFB, S7, S8 and S9 are
obtained by averaging the angular distributions of B and B̄
decays. However, one can also consider the difference
between B and B̄ decays. This leads to seven angular
asymmetries: A3, A4, A5, As

6, A7, A8 and A9 [56,57]. For
B → Kμþμ−, there is only the partial rate asymmetry ACP.
In general, there are two categories of CP asymmetries.

Suppose the two interfering amplitudes are ASM ¼
a1eiϕ1eiδ1 and ANP ¼ a2eiϕ2eiδ2 , where the ai are the
magnitudes, the ϕi are the weak phases and the δi are
the strong phases. Direct CP asymmetries involving
rates are proportional to sinðϕ1 − ϕ2Þ sinðδ1 − δ2Þ. On
the other hand, CP asymmetries involving T-odd triple
products of the form p⃗i · ðp⃗j × p⃗kÞ are proportional to
sinðϕ1 − ϕ2Þ cosðδ1 − δ2Þ. Both types of CP asymmetry
are nonzero only if the interfering amplitudes have different
weak phases, but the direct CP asymmetry requires in
addition a nonzero strong-phase difference. In the SM, the
weak phase [¼ argðVtbV�

tsÞ] and strong phases are all rather
small, and the NP strong phase is negligible [73]. From this,
we deduce that (i) large CP asymmetries are possible only
if the NP weak phase is sizable, and (ii) triple product CP
asymmetries are most promising for seeing NP since they
do not require large strong phases.
In order to compute the predictions for the CP asym-

metries, we proceed as follows. As noted above, we start by
assuming that the NP contributes to a particular set of
b → sμþμ− WCs. We then perform fits to determine
whether this set of WCs is consistent with all experimental
data. In the case of a model-independent fit, the data
involve only b → sμþμ− observables; a model-dependent
fit may involve additional observables. We determine the
values of the real and imaginary parts of the WCs that
minimize the χ2. In the case of a good fit, we then use these
WCs to predict the values of the CP-violating asymmetries
A3 − A9 in B0 → K�0μþμ− and ACP in B → Kμþμ−.
In Ref. [56], it was noted that A3, A4, A5 and As

6 are direct
CP asymmetries, while A7, A8 and A9 are triple product CP
asymmetries. Furthermore, A7 is very sensitive to the phase

ofC10. We therefore expect that, if NP reveals itself through
CP-violating effects in B → Kð�Þμþμ−, it will most likely
be in A7–A9, with A7 being particularly promising.

III. MODEL-INDEPENDENT RESULTS

In Refs. [8,9], global analyses of the b → slþl−

anomalies were performed. It was found that there is a
significant disagreement with the SM, possibly as large as
4σ, and that it can be explained if there is NP in
b → sμþμ−. The authors of Ref. [9] offered four possible
explanations, each having roughly equal goodness of fits:

ðIÞ Cμμ
9 ðNPÞ < 0;

ðIIÞ Cμμ
9 ðNPÞ ¼ −Cμμ

10ðNPÞ < 0;

ðIIIÞ Cμμ
9 ðNPÞ ¼ −C0μμ

9 ðNPÞ < 0;

ðIVÞ Cμμ
9 ðNPÞ ¼ −Cμμ

10ðNPÞ ¼ −C0μμ
9 ðNPÞ

¼ −C0μμ
10 ðNPÞ < 0: ð6Þ

In this section we apply our method to these four scenarios.
There are several reasons for doing this. First, we want to
confirm independently that, if the NP contributes to these
sets of WCs, a good fit to the data is obtained. Note also
that the above solutions were found assuming the WCs to
be real. Since we allow for complex WCs, there may
potentially be differences. Second, the main idea of the
paper is that CP-violating observables can be used to
distinguish the various NP b → sμþμ− models. We can test
this hypothesis with scenarios I–IV. Finally, it will be
useful to compare the model-independent and model-
dependent fits.

A. Fits

The four scenarios are model-independent, so that the fit
includes only the b → sμþμ− observables. The results are
shown in Table I. In scenarios II and III, there are two best-
fit solutions, labeled (A) and (B). In both cases, the two
solutions have similar best-fit values for Re(WC), but
opposite signs for the best-fit values of Im(WC). In all
cases, we obtain good fits to the data. The pulls are all ≥ 4,

TABLE I. Model-independent scenarios: Best-fit values of the real and imaginary parts of the NP WCs, as well as
the pull ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ2SM − χ2min

p
for the fits. For each case there are 104 degrees of freedom.

Scenario [Re(WC), Im(WC)] pull

(I) Cμμ
9 ðNPÞ [ð−1.1�0.2Þ, ð0.0� 0.9Þ] 4.2

(II) Cμμ
9 ðNPÞ ¼ −Cμμ

10ðNPÞ (A) [ð−0.8� 0.3Þ, ð1.2� 0.7Þ] 4.2
(B) [ð−0.8� 0.3Þ, ð−1.2� 0.8Þ] 4.0

(III) Cμμ
9 ðNPÞ ¼ −C0μμ

9 ðNPÞ (A) [ð−1.0� 0.2Þ, ð0.3� 0.6Þ] 4.4
(B) [ð−0.9� 0.2Þ, ð−0.3� 0.8Þ] 4.4

(IV) Cμμ
9 ðNPÞ ¼ −Cμμ

10ðNPÞ [ð−0.6� 0.2Þ, ð0.1� 1.2Þ] 4.1
¼ −C0μμ

9 ðNPÞ ¼ −C0μμ
10 ðNPÞ
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indicating significant improvement over the SM. Indeed,
our results agree entirely with those of Ref. [9].

B. CP asymmetries: Predictions

For each of the four scenarios, the allowed values of
Re(WC) and Im(WC) are shown in Fig. 1. In all cases,
Im(WC) is consistent with 0, but large nonzero values are
still allowed. Should this happen, significant CP-violating
asymmetries in B → Kð�Þμþμ− can be generated. To
illustrate this, for each of the four scenarios, we compute
the predicted values of the CP asymmetries A7, A9 and A8

in B0 → K�0μþμ−. The results are shown in Fig. 2. From
these plots, one sees that, in principle, one can distinguish
all scenarios. If a large A7 asymmetry is observed, this
indicates scenario II, and one can differentiate solutions (A)
and (B). A large A9 asymmetry at low q2 indicates
scenario IV, while a large A9 asymmetry at high q2

indicates scenario III [here solutions (A) and (B) can be
differentiated]. Finally, if no A7 or A9 asymmetries are
observed, but a sizable A8 asymmetry is seen at low q2, this
would be due to scenario I.
This then confirms the hypothesis that CP-violating

observables canpotentially be used to distinguish thevarious
NP models proposed to explain the b → sμþμ− anomalies.
This said, one must be careful not to read too much into the
model-independent results. If NP is present in b → sμþμ−
decays, it is due to a specific model. And this model may
have other constraints, either theoretical or experimental,
that may significantly change the predictions. That is, since
the model-independent fits have the fewest constraints, the
CP-violating effects shown in Fig. 2 are the largest possible.
In a particular model, there may be additional constraints,
whichwill reduce the predicted sizes of theCP asymmetries.
For this reason,while amodel-independent analysis is useful
to get a general idea of what is possible, real predictions
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FIG. 1. Allowed regions in the Re(WC)-Im(WC) plane for the four model-independent scenarios I–IV. See Table I for definitions of
Re(WC) and Im(WC) in each of the four scenarios.
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require a model-dependent analysis. We turn to this in the
following sections.

IV. MODEL-DEPENDENT FITS

Many models have been proposed to explain the
b → sμþμ− anomalies, of both the LQ [22–30] and Z0
[22,31–54] variety. Rather than considering each model
individually, in this section we perform general analyses of
the two types of models. The aim is to answer two
questions. First, what are the properties of models required
in order to provide good fits to the b → sμþμ− data?

Second, which of these good-fit models can also generate
sizable CP-violating asymmetries in B → Kð�Þμþμ−? We
separately examine LQ and Z0 models.

A. Leptoquarks

The list of all possible LQ models that couple to SM
particles through dimension ≤ 4 operators can be found in
Ref. [23]. There are five spin-0 and five spin-1 LQs,
denoted Δ and V respectively, with couplings

LΔ¼ðylul̄LuRþyeqēRiτ2qLÞΔ−7=6þyldl̄LdRΔ−1=6

þðylql̄c
Liτ2qLþyeuēcRuRÞΔ1=3þyedēcRdRΔ4=3

þy0lql̄
c
Liτ2τ⃗qL ·Δ⃗

0
1=3þH:c:;

LV¼ðglql̄LγμqLþgedēRγμdRÞVμ
−2=3þgeuēRγμuRV

μ
−5=3

þg0lql̄Lγμτ⃗qL ·V⃗
0μ
−2=3þðgldl̄LγμdcRþgeqēRγμqcLÞVμ

−5=6

þglul̄LγμucRV
μ
1=6þH:c: ð7Þ

In the fermion currents and in the subscripts of the
couplings, q and l represent left-handed quark and lepton
SUð2ÞL doublets, respectively, while u, d and e represent
right-handed up-type quark, down-type quark and charged
lepton SUð2ÞL singlets, respectively. The LQs transform as
follows under SUð3Þc × SUð2ÞL ×Uð1ÞY :

Δ−7=6∶ð3̄;2;−7=6Þ;Δ−1=6∶ð3̄;2;−1=6Þ;Δ1=3∶ð3̄;1;1=3Þ;
Δ4=3∶ð3̄;1;4=3Þ;Δ⃗0

1=3∶ð3̄;3;1=3Þ;
Vμ
−2=3∶ð3̄;1;−2=3Þ;Vμ

−5=3∶ð3̄;1;−5=3Þ; V⃗ 0μ
−2=3∶ð3̄;3;−2=3Þ;

Vμ
−5=6∶ð3̄;2;−5=6Þ;Vμ

1=6∶ð3̄;2;−5=3Þ: ð8Þ

Note that here the hypercharge is defined as Y ¼ Qem − I3.
In Eq. (7), the LQs can couple to fermions of any

generation. To specify which particular fermions are
involved, we add superscripts to the couplings. For exam-
ple, g0μslq is the coupling of the V⃗ 0μ

−2=3 LQ to a left-handed μ

(or νμ) and a left-handed s. Similarly, yμbeq is the coupling of
theΔ−7=6 LQ to a right-handed μ and a left-handed b. These
couplings are relevant for b → sμþμ− (and possibly
b → sνν̄). Note that the Vμ

−5=3 and Vμ
1=6 LQs do not

contribute to b → slþl−.
A number of these LQs, and their effects on b → sμþμ−

and other decays, have been analyzed separately. For
example, in Ref. [75], it was pointed out that four LQs
can contribute to B̄ → Dð�Þþτ−ν̄τ. They are a scalar iso-
singlet with Y ¼ 1=3, a scalar isotriplet with Y ¼ 1=3, a
vector isosinglet with Y ¼ −2=3, and a vector isotriplet
with Y ¼ −2=3. These are respectively Δ1=3, Δ⃗

0
1=3, V

μ
−2=3

and V⃗ 0μ
−2=3. In Ref. [75], they were called S1, S3, U1 andU3,

respectively, and we adopt this nomenclature below.

FIG. 2. Predictions of the CP asymmetries A7, A8 and A9 at the
2σ level for the four model-independent scenarios I–IV.
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The S3 LQ has been studied in the context of b → sμþμ−
in Refs. [24–27].U1 has been examined in Refs. [22,55]. In
Ref. [28], the U3 LQ was proposed as an explanation of the
b → sμþμ− anomalies. Finally, in Refs. [29,30] it was
claimed that the tree-level exchange of a Δ−1=6 LQ can
account for the b → sμþμ− results.
There are therefore quite a few LQ models that contrib-

ute to b → sμþμ−, several of which have been proposed as
explanations of the B-decay anomalies. We would like to
have a definitive answer to the following question: which of
the LQs in Eq. (7) can actually explain the b → sμþμ−
anomalies? Rather than rely on previous work, we perform
an independent analysis ourselves.

1. LQ fits

The difference between model-independent and model-
dependent fits is that, within a particular model, there may
be contributions to new observables and/or new operators,
and this must be taken into account in the fit. In the case of
LQ models, the LQs contribute to a variety of operators. In

addition to Oð0Þ
9;10 [Eq. (2)], there may be contributions to

Oð0Þ
ν ¼ ½s̄γμPLðRÞb�½ν̄μγμð1 − γ5Þνμ�;

Oð0Þ
S ¼ ½s̄PRðLÞb�½μ̄μ�; Oð0Þ

P ¼ ½s̄PRðLÞb�½μ̄γ5μ�: ð9Þ

Oð0Þ
ν contributes to b → sνμν̄μ, while Oð0Þ

S and Oð0Þ
P are

additional contributions to b → sμþμ−. Based on the
couplings in Eq. (7), it is straightforward to work out
which Wilson coefficients are affected by each LQ. These
are shown in Table II [23]. Although the scalar LQs do not

contribute to Oð0Þ
S;P, some vector LQs do. For these we have

Cμμ
P ðNPÞ ¼ −Cμμ

S ðNPÞ and C0μμ
P ðNPÞ ¼ C0μμ

S ðNPÞ.
There are several observations one can make from this

table. First, not all of the LQs contribute to b → sμþμ−:
Δ1=3 contributes only to b → sνν̄. Second, U1 has two
couplings, glq and ged. If both are allowed simultaneously,
scalar operators are generated, and these can also contribute
to b → sμþμ−. This must be taken into account in the
model-dependent fits. The situation is similar for Vμ

−5=6.
Finally, the S3 and U3 LQs both have Cμμ

9 ðNPÞ ¼
−Cμμ

10ðNPÞ; they are differentiated only by their contribu-
tions to Cμμ

ν ðNPÞ.
At this stage, we can perform model-dependent fits to

determine which of the LQ models can explain the data.
First of all, the SM alone does not provide a good fit. We
find, for 106 degrees of freedom, that

χ2SM=d:o:f: ¼ 1.34; p-value ¼ 0.01: ð10Þ

We therefore confirm that the b → sμþμ− anomalies
suggest the presence of NP.

For the scalar LQs, the results of the fits using only the
b → sμþμ− data are shown in Table III (we address the
b → sνν̄ data below). For the S3 LQ, there are two best-fit
solutions, labeled (A) and (B). [The two solutions have the
same best-fit values for Re(coupling), but opposite signs for
the best-fit values of Im(coupling).] From this table, we see
that only the S3 LQ provides an acceptable fit to the data.
Despite the claims of Refs. [29,30], the Δ−1=6 LQ does not
explain the b → sμþμ− anomalies.
The vector LQs are more complicated because the U1

and Vμ
−5=6 LQs each have two couplings. The U1 case,

where the two couplings are glq and ged, is particularly

interesting. If gijed ¼ 0, we haveCμμ
9 ðNPÞ ¼ −Cμμ

10ðNPÞ, like

TABLE II. Contributions of the different LQs to the Wilson
coefficients of various operators. The normalization K ≡
π=ð ffiffiffi

2
p

αGFVtbV�
tsM2

LQÞ has been factored out. ForMLQ¼1TeV,
K ¼ −644.4.

Cμμ
9 ðNPÞ Cμμ

10ðNPÞ C0μμ
9 ðNPÞ C0μμ

10 ðNPÞ
LQ Cμμ

S ðNPÞ C0μμ
S ðNPÞ Cμμ

ν ðNPÞ C0μμ
ν ðNPÞ

Δ1=3½S1� 0 0 0 0

0 0 1
2
yμblqðyμslqÞ� 0

Δ⃗0
1=3½S3� y0μblq ðy0μslq Þ� −y0μblq ðy0μslq Þ� 0 0

0 0 1
2
y0μblq ðy0μslq Þ� 0

Δ−7=6 − 1
2
yμbeqðyμseqÞ� − 1

2
yμbeqðyμseqÞ� 0 0

0 0 0 0
Δ−1=6 0 0 − 1

2
yμbldðyμsldÞ� 1

2
yμbldðyμsldÞ�

0 0 0 − 1
2
yμbldðyμsldÞ�

Δ4=3 0 0 1
2
yμbedðyμsedÞ� 1

2
yμbedðyμsedÞ�

0 0 0 0
Vμ
−2=3½U1� −gμblqðgμslqÞ� gμblqðgμslqÞ� −gμbedðgμsedÞ� −gμbedðgμsedÞ�

2gμblqðgμsedÞ� 2ðgμslqÞ�gμbed 0 0

V⃗ 0μ
−2=3½U3� −g0μblq ðg0μslq Þ� g0μblq ðg0μslq Þ� 0 0

0 0 −2g0μblq ðg0μslq Þ� 0

Vμ
−5=6 gμseqðgμbeqÞ� gμseqðgμbeqÞ� gμsldðgμbldÞ� −gμsldðgμbldÞ�

2gμsldðgμbeqÞ� 2ðgμbldÞ�gμseq 0 gμsldðgμbldÞ�

TABLE III. Scalar LQs: Best-fit values of the real and imagi-
nary parts of the couplings, and the pull ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ2SM − χ2min

p
of the

fits, for MLQ ¼ 1 TeV.

LQ Coupling [Re(coupling), Im(coupling)] ×103 pull

Δ⃗0
1=3½S3� y0μblq ðy0μslq Þ� (A) [ð1.5� 0.5Þ, ð−1.9� 1.2Þ] 4.2

(B) [ð1.4� 0.5Þ, ð1.7� 1.3Þ] 4.0
Δ−7=6 yμbeqðyμseqÞ� [ð0.1� 0.7Þ, ð0.0� 1.3Þ] 0.1
Δ−1=6 yμbldðyμsldÞ� [ð−0.1� 0.3Þ, ð−0.1� 1.3Þ] 0.4

Δ4=3 yμbedðyμsedÞ� [ð0.2� 0.7Þ, ð0.0� 0.9Þ] 0.2
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the S3 and U3 LQs. (Recall that we found that S3 can
explain the b → sμþμ− anomalies.) And if gμbedðgμsedÞ� ¼
−gμblqðgμslqÞ�, we have Cμμ

9 ðNPÞ¼−Cμμ
10ðNPÞ¼−C0μμ

9 ðNPÞ¼
−C0μμ

10 ðNPÞ, which is scenario IV of Eq. (6), and is also
found to explain the anomalies. To explore the U1 model
fully, we perform three fits. Fit (1) has gijed ¼ 0, fit (2) has
gμbed ¼ gμblq and gμsed ¼ −gμslq [which gives gμbedðgμsedÞ� ¼
−gμblqðgμslqÞ�], and fit (3) allows the gijed to be free. For the
Vμ
−5=6 LQ, here too we can allow all couplings to vary, but

for simplicity we set gijld ¼ 0. However, we have checked
that, even if we vary all the couplings, this model does not
provide a good fit.
Regarding fit (3), a few comments are useful. Although

we allow all couplings to vary, the constraints apply only to
products of couplings. This allows some freedom: the
magnitude of gμslq does not affect the best-fit values of the
WCs, so we simply set it to 1. Also, in order to avoid
problems with correlations in the fits, we set gμslq and gμsed to
fixed real values. Finally, in Ref. [9] it was found that the
global fit requires Cμμ

S ðNPÞ ≪ Cμμ
9 ðNPÞ, i.e., gμsed=gμslq ≪ 1.

We have found that gμsed=g
μs
lq ≃ 0.02 leads to a fit with a pull

of around 4.
The results of the fits are shown in Table IV. There are

several notable features.
(1) We see that the b → sμþμ− anomalies can be

explained with the U1 LQ [fit (1)] and the U3

LQ. Like the S3 LQ, they have Cμμ
9 ðNPÞ ¼

−Cμμ
10ðNPÞ. Indeed, because only b → sμþμ− data

were used in the fits, the fit results are identical for
all three LQ models.

(2) A good fit is also found with the U1 LQ [fit (3)].
However, the best-fit solution has gμbed ≃ 0, so that
this is essentially the same as the U1 LQ [fit (1)].

(3) The U1 LQ model [fit (2)] has been constructed
to satisfy Cμμ

9 ðNPÞ ¼ −Cμμ
10ðNPÞ ¼ −C0μμ

9 ðNPÞ ¼
−C0μμ

10 ðNPÞ. Despite this, the model does not provide
a good fit of the b → sμþμ− data. The reason is that,
in this model, there are also important contributions
to the scalar operators of Eq. (9). However, the
measurement of B0

s → μþμ− puts strong constraints
on such contributions. The result is that one cannot
explain the anomalies in B → K�μþμ−, B0

s →
ϕμþμ− and RK, while simultaneously agreeing with
the measurement of B0

s → μþμ−. This provides an
explicit example of how the “model-independent”
results of Eq. (6) do not necessarily apply to
particular models.

(4) The Vμ
−5=6 LQ model does not provide a good fit of

the b → sμþμ− data.
We therefore see that, of all the scalar and vector LQ

models, only S3, U1 and U3 can explain the b → sμþμ−
anomalies. Furthermore, within the context of b → sμþμ−

processes, the models are equivalent, since they all
have Cμμ

9 ðNPÞ ¼ −Cμμ
10ðNPÞ.

Finally, recall that the aim of this analysis is to differ-
entiate different b → sμþμ− NP models through measure-
ments of CP-violating asymmetries in B → Kð�Þμþμ−. As
noted in the Introduction, such CP asymmetries can be
sizable only if there is a significant NP weak phase. For the
LQ model, we see from Table IV that the real and
imaginary parts of the coupling are of similar sizes. The
NP weak phase is therefore not small, so that large CP
asymmetries can be expected.

2. b → sνν̄

Above, we have argued that the S3, U1 and U3 LQ
models are equivalent. However, from Table II, note that
the three LQs contribute differently to Cμμ

ν ðNPÞ, the WC
associated withOν, the operator responsible for b → sνμν̄μ.
To be specific, the S3 and U3 LQs have Cμμ

ν ðNPÞ ¼
1
2
Cμμ
9 ðNPÞ and Cμμ

ν ðNPÞ ¼ 2Cμμ
9 ðNPÞ, respectively, while

the U1 LQ has Cμμ
ν ðNPÞ ¼ 0. This means that, for S3 and

U3, constraints on Cμμ
ν ðNPÞ translate into additional

constraints on Cμμ
9 ðNPÞ. This then raises the question:

could these three LQ solutions be distinguished by the
b → sνν̄ data?
The effective Hamiltonian relevant for b → sνν̄ is [76]

Heff ¼ −
αGFffiffiffi
2

p
π
VtbV�

ts

X
l

Cl
Lðs̄γμPLbÞðν̄lγμð1 − γ5ÞνlÞ:

ð11Þ

The WC contains both the SM and NP contributions:
Cl
L ¼ CSM

L þ Cll
ν ðNPÞ; it allows for NP that is lepton

flavor nonuniversal. This is appropriate to the present case,
as the LQs have only a nonzero Cμμ

ν ðNPÞ. The SM WC is

TABLE IV. Vector LQs: Best-fit values of the real and
imaginary parts of the couplings, and the pull ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ2SM − χ2min

p
of the fits, for MLQ ¼ 1 TeV.

LQ Couplings [Re(coupling), Im(coupling)] ×103 pull

Vμ
−2=3½U1�:

(1) gμblqðgμslqÞ� (A) [ð−1.5� 0.5Þ, ð1.9� 1.2Þ] 4.2

(B) [ð−1.4� 0.5Þ, ð−1.7� 1.3Þ] 4.0
(2) gμblqðgμslqÞ� [ð−0.01� 0.02Þ, ð0.0� 0.02Þ] 0.5

(3) gμblq (A) [ð−1.2� 0.4Þ, ð1.7� 1.1Þ]
gμbed [ð0.07� 0.04Þ, ð0.02� 0.08Þ] 4.3

(B) [ð−1.3� 0.4Þ, ð−1.9� 1.0Þ]
[ð0.06� 0.05Þ, ð−0.02� 0.08Þ] 4.3

V⃗ 0μ
−2=3½U3� g0μblq ðg0μslq Þ� (A) [ð−1.5� 0.5Þ, ð1.9� 1.2Þ] 4.2

(B) [ð−1.4� 0.5Þ, ð−1.7� 1.3Þ] 4.0

Vμ
−5=6 gμseqðgμbeqÞ� [ð0.0� 0.4Þ, ð0.0� 1.2Þ] 0.0
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CSM
L ¼ −Xt=s2W; ð12Þ

where sW ≡ sin θW and Xt ¼ 1.469� 0.017.
The latest b → sνν̄ measurements yield [77]

BðB → Kνν̄Þ < 1.6 × 10−5;

BðB → K�νν̄Þ < 2.7 × 10−5: ð13Þ

In Ref. [76], the SM predictions for these decays were
computed:

BðB → Kνν̄ÞjSM ¼ ð3.98� 0.43� 0.19Þ × 10−6;

BðB → K�νν̄ÞjSM ¼ ð9.19� 0.86� 0.50Þ × 10−6: ð14Þ

We define

RK≡ BðB→Kνν̄Þ
BSMðB→Kνν̄Þ; RK�≡ BðB→K�νν̄Þ

BSMðB→K�νν̄Þ: ð15Þ

Using Eqs. (13) and (14), we obtain

RK < 4.0; RK� < 2.9: ð16Þ

From Ref. [76], RK and RK� can be written as

RK¼R�
K¼

2

3
þ1

3

jCSM
L þCμμ

ν ðNPÞj2
jCSM

L j2

¼1þ2

3
ReðCμμ

ν ðNPÞ=CSM
L Þþ1

3
jCμμ

ν ðNPÞ=CSM
L j2: ð17Þ

Since Cμμ
ν ðNPÞ is proportional to Cμμ

9 ðNPÞ, and since
jCμμ

9 ðNPÞj ¼ Oð1Þ (see Table I, scenario II), the b →
sμþμ− data implies that jCμμ

ν ðNPÞj is also Oð1Þ. Can the
b → sνν̄ data provide competitive constraints on
jCμμ

ν ðNPÞj? Using the RK� bound of Eq. (16) (since it is
stronger), and neglecting ImðCμμ

ν ðNPÞÞ in Eq. (17), we
obtain

−10.1 < ReðCμμ
ν ðNPÞÞ < 22.8: ð18Þ

The above limit is significantly weaker than the result
jCμμ

ν ðNPÞj ¼ Oð1Þ coming from the fit to the b → sμþμ−
data. We therefore conclude that the b → sνν̄ data cannot
be used to distinguish the S3, U1 and U3 LQs.
Note that this conclusion may not hold if the LQs also

couple to other leptons. For example, in Ref. [55] it was
assumed that the LQs couple to ðντ; τ−ÞL in the gauge basis,
and that couplings to ðνμ; μ−ÞL are generated only when one
transforms to the mass basis. In this case, the LQs
contribute not only to b → sνμν̄μ, but also to b → sντν̄τ,
which can alter the above analysis. Indeed, in Ref. [55] it
was found that constraints from b → sνν̄ are important in
the comparison of the S3, U1 and U3 LQs.

B. Z0 bosons

Perhaps the most obvious candidate for a NP contribu-
tion to b → sμþμ− is the tree-level exchange of a Z0 boson
with a flavor-changing coupling s̄γμPLbZ0

μ. Given that it
couples to two left-handed doublets, the Z0 must transform
as a singlet or triplet of SUð2ÞL. The triplet option has
been examined in Refs. [22,31–35]. (In this case, there is
also a W0 that can contribute to B̄ → Dð�Þþτ−ν̄τ [78],
another decay whose measurement exhibits a discrepancy
with the SM [79–81].) If the Z0 is a singlet of SUð2ÞL, it
must be the gauge boson associated with an extra Uð1Þ0.
Numerous models of this type have been proposed; see
Refs. [36–54].
The vast majority of these Z0 models use scenario II of

Eq. (6): Cμμ
9 ðNPÞ ¼ −Cμμ

10ðNPÞ. Thus, although the under-
lying details of these models are different, in all cases we
can write

ΔLZ0 ¼ JμZ0
μ;

where Jμ ¼ gμμL L̄γμPLLþgbsL ψ̄q2γ
μPLψq3þH:c: ð19Þ

Here ψqi is the quark doublet of the ith generation, and
L ¼ ðνμ; μÞT . When the heavy Z0 is integrated out, we
obtain the following effective Lagrangian containing four-
fermion operators:

Leff
Z0 ¼ −

1

2M2
Z0
JμJμ ⊃ −

gbsL gμμL
M2

Z0
ðs̄γμPLbÞðμ̄γμPLμÞ

−
ðgbsL Þ2
2M2

Z0
ðs̄γμPLbÞðs̄γμPLbÞ

−
ðgμμL Þ2
M2

Z0
ðμ̄γμPLμÞðν̄μγμPLνμÞ: ð20Þ

The first four-fermion operator is relevant for b → sμþμ−

transitions, the second operator contributes to B0
s − B̄0

s
mixing, and the third operator contributes to neutrino
trident production.
Note that gμμL must be real, since the leptonic current of

Eq. (19) is self-conjugate. However, gbsL can be complex,
i.e., it can contain a weak phase. This phase can potentially
lead to CP-violating effects in B → Kð�Þμþμ− via the first
four-fermion operators of Eq. (20). The question is: how
large can this NP weak phase be? This is the question that is
addressed in this subsection by considering constraints
from b → sμþμ−, B0

s − B̄0
s mixing, and neutrino trident

production.
For b → sμþμ− we have

Cμμ
9 ðNPÞ¼−Cμμ

10ðNPÞ¼−
�

πffiffiffi
2

p
GFαVtbV�

ts

�
gbsL gμμL
M2

Z0
: ð21Þ
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Turning to B0
s − B̄0

s mixing, the SM contribution arises
due to a box diagram, and is given by

NCSM
VLLðs̄LγμbLÞðs̄LγμbLÞ; ð22Þ

where

N ¼ G2
Fm

2
W

16π2
ðVtbV�

tsÞ2;

CSM
VLL ¼ ηBs

xt

�
1þ 9

1 − xt
−

6

ð1 − xtÞ2
−

6x2t ln xt
ð1 − xtÞ3

�
: ð23Þ

Here xt ≡m2
t =m2

W and ηBs
¼ 0.551 is the QCD correction

[82]. Combining the SM and NP contributions, we
define

NCVLL ≡ jNCSM
VLLje−2iβs þ

ðgbsL Þ2
2M2

Z0
; ð24Þ

where −βs ¼ argðVtbV�
tsÞ. This leads to

ΔMs ¼
2

3
mBs

f2Bs
B̂Bs

jNCVLLj: ð25Þ

In addition, the weak phase of B0
s − B̄0

s mixing is
given by

φs ¼ argðNCVLLÞ: ð26Þ

From the above expressions, we see that, the larger gbsL is,
the more Z0 models contribute to—and receive constraints
from—B0

s − B̄0
s mixing. The experimental measurements of

the mixing parameters yield [83]

ΔMexp
s ¼ 17.757� 0.021 ps−1;

φcc̄s
s ¼ −0.030� 0.033: ð27Þ

These are to be compared with the SM predictions:

ΔMSM
s ¼ 2

3
mBs

f2Bs
B̂Bs

jNCSM
VLLj ¼ ð17.9� 2.4Þ ps−1;

φcc̄s;SM
s ¼ −2βs ¼ −0.03704� 0.00064: ð28Þ

In the above, for ΔMSM
s , we have followed the computation

of Ref. [55], using fBs

ffiffiffiffiffiffiffi
B̂Bs

q
¼ 270� 16 MeV [84–86],

jVtbV�
tsj ¼ 0.0405� 0.0012 [62], and m̄t ¼ 160 GeV;

φcc̄s;SM
s is taken from Refs. [87,88].
The Z0 will also contribute to the production of μþμ−

pairs in neutrino-nucleus scattering, νμN → νμNμþμ−

(neutrino trident production). At leading order, this process

is effectively νμγ → νμμ
þμ−, and is produced by single-

W=Z exchange in the SM. This arises from the four-
fermion effective operator

Leff: trident ¼ ½μ̄γμðCV − CAγ
5Þμ�½ν̄γμð1 − γ5Þν�; ð29Þ

with an external photon coupling to μþ or μ−. In the SM,
combining both W- and Z-exchange diagrams, we have
[89–92]

CSM
V ¼ −

g2

8m2
W

�
1

2
þ 2s2W

�
; CSM

A ¼ −
g2

8m2
W

1

2
: ð30Þ

On the other hand, the Z0 boson contributes to Eq. (29) with
the pure V − A form:

CNP
V ¼ CNP

A ¼ −
ðgμμL Þ2
4M2

Z0
: ð31Þ

The theoretical prediction is then

σSMþNP

σSM

����
νN→νNμþμ−

¼ ðCSM
V þ CNP

V Þ2 þ ðCSM
A þ CNP

A Þ2
ðCSM

V Þ2 þ ðCSM
A Þ2

¼ 1

1þ ð1þ 4s2WÞ2
��

1þ v2ðgμμL Þ2
M2

Z0

�
2

þ
�
1þ 4s2W þ v2ðgμμL Þ2

M2
Z0

�
2
�
; ð32Þ

to be compared with the experimental measurement [93]:

σexp
σSM

����
νN→νNμþμ−

¼ 0.82� 0.28: ð33Þ

The net effect is that this will provide an upper limit on
ðgμμL Þ2=M2

Z0 . For MZ0 ¼ 1 TeV and v ¼ 246 GeV, we
obtain the following 1σ bound on the coupling:

jgμμL j ≤ 1.25: ð34Þ

We now perform a fit within the context of this Z0 model.
The fit includes the measurements of the b → sμþμ−

observables, B0
s − B̄0

s mixing (magnitude and phase), and
the cross section for neutrino trident production. There are
107 degrees of freedom.
Our results are summarized in Table V. We see that a

good fit is obtained for gμμL ≥ 0.1. (Smaller values of gμμL
imply larger values for gbsL , which are disfavored by
measurements of B0

s − B̄0
s mixing.)

Once again, recall that the ultimate aim of this study is
to compare the predictions of different models for the
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CP-violating asymmetries in B → Kð�Þμþμ−. Such asym-
metries can be sizable only if the NP weak phase is large.
However, from Table IV, we see that ImðgbsL Þ=ReðgbsL Þ is
O(1) only for gμμL ¼ 0.8, 1.0. It is intermediate for
gμμL ¼ 0.4, 0.5, and is small for gμμL ¼ 0.1, 0.2. We therefore
expect that models with different values of gμμL will predict
different values of the CP asymmetries, potentially
allowing them to be differentiated.
From the above, we see that a large NP weak phase can

only be produced in Z0 models if gμμL is large. However,
note that, while this is a necessary condition, it is not
sufficient. In a particular Z0 model, it is necessary to have
a mechanism whereby gbsL can have a weak phase. This is
not the case for all models. As an example, in some
models, the Z0 couples only to b̄b in the gauge basis. Its
coupling constant is therefore real. The flavor-changing
coupling to s̄b is only generated when transforming to
the mass basis. However, in Refs. [22,55], this trans-
formation involves only the second and third generations.
In other words, it is essentially a 2 × 2 rotation, which
is real. In these models a weak phase in gbsL cannot be
generated.

V. CP ASYMMETRIES: MODEL-DEPENDENT
PREDICTIONS

In the previous section, we have identified the character-
istics of NP models that can explain the b → sμþμ−

anomalies. We have found that there are three LQ mod-
els—S3, U1, U3—that can do this. All have Cμμ

9 ðNPÞ ¼
−Cμμ

10ðNPÞ and so are equivalent, as far as b → sμþμ−

processes are concerned. There is a whole spectrum of Z0

models that can explain the b → sμþμ− data. What is
required is that the Z0 have couplings gbsL s̄γμPLbZ0

μ and
gμμL μ̄γμPLμZ0

μ, and that gμμL be ≥ 0.1.
The purpose of this paper is to investigate whether these

models can be distinguished by measurements of CP-
violating asymmetries in B → K�μþμ− and B → Kμþμ−.
To this end, the next step is then to compute the predictions
of all models for the allowed ranges of the various
asymmetries. For the LQ and Z0 models, the best-fit values
and errors of the real and imaginary parts of the NP
couplings are given in Tables III and V, respectively. [For
the LQ model, the allowed region in the Re(WC)-Im(WC)
plane is shown in the upper right plot of Fig. 1
(scenario II).] With these we can calculate the predictions
for the asymmetries for all models.
In Fig. 3, we present the predictions for the CP

asymmetries A3–A9 in B0 → K�0μþμ− and ACP in
B → Kμþμ−. We consider the LQ model [solutions (A)
and (B)] and the Z0 model with gμμL ¼ 0.1, 0.5, 1.0. The
ranges of the asymmetries are obtained by allowing the real
and imaginary parts of the couplings to vary by�2σ (taking

correlations into account). From these figures we see the
following.
(1) The predictions of the Z0 model with gμμL ¼ 1.0 are

very similar to those of the LQ model in which
solutions (A) and (B) are added.

(2) Even in the presence of NP, the asymmetries
A3, A4, A5, and A9 are very small and probably
unmeasurable.

(3) In the LQ and Z0 (gμμL ¼ 1.0) models, the asymme-
tries As

6 and ACP can approach the 10% level in the
high-q2 region.

(4) The asymmetry A8 can reach 15% in the low-q2

region in the LQ and Z0 (gμμL ¼ 1.0) models; it is
small in the Z0 (gμμL ¼ 0.1, 0.5) models.

(5) The most useful asymmetry is A7 in the low-q2

region. In the LQ and Z0 (gμμL ¼ 1.0) models,
it can reach ∼25%; in the Z0 (gμμL ¼ 0.5) model, it
can reach ∼5%; and it is very small in the Z0

(gμμL ¼ 0.1) model.
(6) If a large nonzero CP asymmetry is measured,

its sign distinguishes solutions (A) and (B) of the
LQ model.

From this we see that, using CP-violating asymmetries in
B → Kð�Þμþμ−, it may indeed be possible to distinguish the
LQ and Z0 (gμμL ¼ 1.0) models from Z0 models with
different values of gμμL .
Finally, it was pointed out above that the predictions of

the LQ model in which solutions (A) and (B) are added are
very similar to those of the Z0 model (gμμL ¼ 1.0).
Furthermore, we note that these predictions are also
very similar to those of the model-independent analysis
[scenario II: Cμμ

9 ðNPÞ ¼ −Cμμ
10ðNPÞ], shown in Fig. 2.

This is to be expected. Both the model-independent
and LQ fits include only b → sμþμ− data, and for
gμμL ¼ 1.0, the Z0 fit is dominated by the b → sμþμ− data
(the additional constraints from B0

s-B̄0
s mixing are negli-

gible). On the other hand, in a Z0 model with gμμL < 1.0, the
constraints from B0

s-B̄0
s mixing are important, so that the

predicted asymmetries are smaller than with gμμL ¼ 1.0.

TABLE V. Z0 model: Best-fit values of the real and imaginary
parts of gbsL , and the pull ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ2SM − χ2min

p
of the fits, for various

values of gμμL and MZ0 ¼ 1 TeV.

gμμL ½ReðgbsL Þ; ImðgbsL Þ� × 103 pull

0.01 [ð−2.4� 2.1Þ, ð−0.1� 0.7Þ] 0.8
0.05 [ð−3.9� 1.2Þ, ð0.0� 0.5Þ] 2.3
0.1 [ð−4.3� 1.0Þ, ð0.0� 0.4Þ] 3.3
0.2 [ð−3.9� 0.8Þ, ð0.0� 0.5Þ] 4.0
0.4 [ð−2.1� 0.5Þ, ð−0.1� 0.8Þ] 4.2
0.5 [ð−1.8� 0.5Þ, ð−0.1� 0.9Þ] 4.0
0.8 [ð−1.1� 0.3Þ, ð−0.1� 1.5Þ] 4.0
1.0 [ð−0.8� 0.3Þ, ð−0.4� 3.1Þ] 4.0
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FIG. 3. Predictions of the LQ model [solutions (A) and (B)] and the Z0 model with gμμL ¼ 0.1, 0.5, 1.0 for the CP asymmetries A3–A9

in B0 → K�0μþμ− and ACP in B → Kμþμ−. In the models, the real and imaginary parts of the couplings are allowed to vary by �2σ.
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This is another example of how model-independent and
model-dependent fits can yield different results.

VI. SUMMARY AND CONCLUSIONS

There are currently a number of B-decay measurements
involving b → slþl− that exhibit discrepancies
with the predictions of the SM. These include the
angular analysis of B → K�μþμ−, the branching fraction
and angular analysis of B0

s → ϕμþμ−, and RK ≡
BðBþ → Kþμþμ−Þ=BðBþ → Kþeþe−Þ. The model-
independent global analysis of Ref. [9] showed that
these anomalies can be explained if there is new
physics in b → sμþμ−. Assuming that the NP Wilson
coefficients are real, the four possible scenarios are
(I) Cμμ

9 ðNPÞ < 0, (II) Cμμ
9 ðNPÞ ¼ −Cμμ

10ðNPÞ < 0, (III)
Cμμ
9 ðNPÞ ¼ −C0μμ

9 ðNPÞ < 0, and (IV) Cμμ
9 ðNPÞ ¼

−Cμμ
10ðNPÞ ¼ −C0μμ

9 ðNPÞ ¼ −C0μμ
10 ðNPÞ < 0.

Many models have been proposed as explanations of the
B-decay anomalies. The purpose of this paper was to
investigate whether one can distinguish among these
models using measurements of CP-violating asymmetries
in B → K�μþμ− and B → Kμþμ−. (In the SM, all CP-
violating effects are expected to be tiny.)
We began by repeating the model-independent global

analysis, this time allowing for complex WCs. We con-
firmed that the four scenarios I–IV do indeed provide good
fits to the data. Then, using the best-fit values and errors of
the real and imaginary parts of the WCs, we computed the
allowed ranges of the CP asymmetries in B → Kð�Þμþμ−.
We found that several asymmetries can be large, greater
than 10%. More importantly, by combining the results of
different CP asymmetries, it is potentially possible to
differentiate scenarios I–IV.
We then turned to a model-dependent analysis. There are

two classes of NP that can contribute to b → sμþμ−:
leptoquarks and Z0 bosons. We examined these two types
of NP in order to determine the characteristics of models
that can explain the B-decay anomalies. Note that a specific
model may have additional theoretical or experimental
constraints, which must be taken into account in the model-
dependent fits. This can lead to results that are quite
different from the model-independent fits. Given a model
that accounts for the b → sμþμ− data, we computed its
predictions for CP-violating effects. In order to generate
sizable CP asymmetries, the NP weak phase must be large.
We considered all possible LQ models and found that

three can explain the B anomalies. All have Cμμ
9 ðNPÞ ¼

−Cμμ
10ðNPÞ (scenario II), and so are equivalent as far as the

b → sμþμ− data are concerned. The three LQs contribute
differently to b → sνμν̄μ, and so could, in principle, be
distinguished by measurements of b → sνν̄. However, we
found that the constraints on the models from the present

b → sνν̄ data are far weaker than those from b → sμþμ−,
so that the three models remain indistinguishable. That is,
there is effectively only one LQ model that can explain the
b → sμþμ− data. There are two best-fit solutions (A) and
(B); both have jImðcouplingÞ=ReðcouplingÞj ¼ Oð1Þ, cor-
responding to a large NP weak phase.
Many Z0 models have been proposed to explain the B

anomalies, but most of these also have Cμμ
9 ðNPÞ ¼

−Cμμ
10ðNPÞ (scenario II). Thus, although the models are

constructed differently, all have couplings gbsL s̄γμPLbZ0
μ

and gμμL μ̄γμPLμZ0
μ. g

μμ
L is necessarily real, but gbsL may be

complex. The potential size of CP asymmetries is related to
the size of the weak phase of gbsL . The product gbsL gμμL is
constrained by b → sμþμ−, while there are constraints on
ðgbsL Þ2 due to the Z0 contribution to B0

s − B̄0
s mixing. If gμμL is

small, the b → sμþμ− data requires gbsL to be large, so that
the B0

s-B̄0
s mixing constraints are stringent. In particular, the

measurement of φcc̄s
s , the weak phase of the mixing,

constrains the weak phase of gbsL to be small. On the other
hand, if gμμL is large, gbsL is small, so the B0

s-B̄0
s mixing

constraints are very weak. In this case, the weak phase of
gbsL can be large. We therefore see that there is a whole
spectrum of Z0 models, parametrized by the size of the gμμL
coupling.
We computed the predictions for the CP asymmetries in

B → Kð�Þμþμ− in the LQmodel [solutions (A) and (B)] and
the Z0 model with gμμL ¼ 0.1, 0.5, 1.0. We found that it may
indeed be possible to distinguish the LQ and Z0 models
with various values of gμμL from one another. The most
useful CP asymmetry is A7 in B0 → K�0μþμ−. In the low-
q2 region, this asymmetry (i) can reach ∼25% in the LQ
and Z0 (gμμL ¼ 1.0) models, (ii) can reach ∼5% in the
Z0 (gμμL ¼ 0.5) model, and (iii) is very small in the
Z0 (gμμL ¼ 0.1) model. In addition, the sign of the asym-
metry distinguishes solutions (A) and (B) of the LQ model.
We therefore conclude that measurements of CP violation
in B → Kð�Þμþμ− are potentially very useful in identifying
the NP responsible for the b → sμþμ− B-decay anomalies.
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APPENDIX: b → sμ+ μ− EXPERIMENTAL DATA

This appendix contains tables of all b → sμþμ− experimental data used in the fits.

TABLE VII. Experimental measurements of the angular observables of B0 → K�0μþμ− [2]. The experimental errors are, from left to
right, statistical and systematic.

q2 ∈ ½0.10; 0.98� GeV2 q2 ∈ ½1.1; 2.5� GeV2 q2 ∈ ½2.5; 4.0� GeV2

B0 → K�0μþμ− angular observables
hFLi ¼ 0.263þ0.045

−0.044 � 0.017 hFLi ¼ 0.660þ0.083
−0.077 � 0.022 hFLi ¼ 0.876þ0.109

−0.097 � 0.017

hAFBi ¼ −0.003þ0.058
−0.057 � 0.009 hAFBi ¼ −0.191þ0.068

−0.080 � 0.012 hAFBi ¼ −0.118þ0.082
−0.090 � 0.007

hS3i ¼ −0.036þ0.063
−0.063 � 0.005 hS3i ¼ −0.077þ0.087

−0.105 � 0.005 hS3i ¼ 0.035þ0.098
−0.089 � 0.007

hS4i ¼ 0.082þ0.068
−0.069 � 0.009 hS4i ¼ −0.077þ0.111

−0.113 � 0.005 hS4i ¼ −0.234þ0.127
−0.144 � 0.006

hS5i ¼ 0.170þ0.059
−0.058 � 0.018 hS5i ¼ 0.137þ0.099

−0.094 � 0.009 hS5i ¼ −0.022þ0.110
−0.103 � 0.008

hS7i ¼ 0.015þ0.059
−0.059 � 0.006 hS7i ¼ −0.219þ0.094

−0.104 � 0.004 hS7i ¼ 0.068þ0.120
−0.112 � 0.005

hS8i ¼ 0.079þ0.076
−0.075 � 0.007 hS8i ¼ −0.098þ0.108

−0.123 � 0.005 hS8i ¼ 0.030þ0.129
−0.131 � 0.006

hS9i ¼ −0.083þ0.058
−0.057 � 0.004 hS9i ¼ −0.119þ0.087

−0.104 � 0.005 hS9i ¼ −0.092þ0.105
−0.125 � 0.007

q2 ∈ ½4.0; 6.0� GeV2 q2 ∈ ½15.0; 17.0� GeV2 q2 ∈ ½17.0; 19.0� GeV2

hFLi ¼ 0.611þ0.052
−0.053 � 0.017 hFLi ¼ 0.349þ0.039

−0.039 � 0.009 hFLi ¼ 0.354þ0.049
−0.048 � 0.025

hAFBi ¼ 0.025þ0.051
−0.052 � 0.004 hAFBi ¼ 0.411þ0.041

−0.037 � 0.008 hAFBi ¼ 0.305þ0.049
−0.048 � 0.013

hS3i ¼ 0.035þ0.069
−0.068 � 0.007 hS3i ¼ −0.142þ0.044

−0.049 � 0.007 hS3i ¼ −0.188þ0.074
−0.084 � 0.017

hS4i ¼ −0.219þ0.086
−0.084 � 0.008 hS4i ¼ −0.321þ0.055

−0.074 � 0.007 hS4i ¼ −0.266þ0.063
−0.072 � 0.010

hS5i ¼ −0.146þ0.077
−0.078 � 0.011 hS5i ¼ −0.316þ0.051

−0.057 � 0.009 hS5i ¼ −0.323þ0.063
−0.072 � 0.009

hS7i ¼ −0.016þ0.081
−0.080 � 0.004 hS7i ¼ 0.061þ0.058

−0.058 � 0.005 hS7i ¼ 0.044þ0.073
−0.072 � 0.013

hS8i ¼ 0.167þ0.094
−0.091 � 0.004 hS8i ¼ 0.003þ0.061

−0.061 � 0.003 hS8i ¼ 0.013þ0.071
−0.070 � 0.005

hS9i ¼ −0.032þ0.071
−0.071 � 0.004 hS9i ¼ −0.019þ0.054

−0.056 � 0.004 hS9i ¼ −0.094þ0.065
−0.067 � 0.004

TABLE VI. Experimental measurements of the differential branching ratio of B0 → K�0μþμ− [74]. The
experimental errors are, from left to right, statistical, systematic and due to the uncertainty on the B0 →
J=ψK�0 and J=ψ → μþμ− branching fractions.

Bin (GeV2Þ Measurement (×107)

B0 → K�0μþμ− differential branching ratio
[0.10, 0.98] 1.163þ0.076

−0.084 � 0.033� 0.079

[1.1, 2.5] 0.373þ0.036
−0.035 � 0.011� 0.025

[2.5, 4.0] 0.383þ0.035
−0.038 � 0.010� 0.026

[4.0, 6.0] 0.410þ0.031
−0.030 � 0.011� 0.028

[15.0, 17.0] 0.611þ0.031
−0.042 � 0.023� 0.042

[17.0, 19.0] 0.385þ0.029
−0.024 � 0.018� 0.026

[1.1, 6.0] 0.392þ0.020
−0.019 � 0.010� 0.027

[15.0, 19.0] 0.488þ0.021
−0.022 � 0.008� 0.033
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TABLE X. Experimental measurements of the differential
branching ratio of B0 → K0μþμ− [63]. The experimental errors
are, from left to right, statistical and systematic.

Bin (GeV2) Measurement (×109)

B0 → K0μþμ− differential branching ratio
[0.1–2.0] 12.2þ5.9

−5.2 � 0.6
[2.0–4.0] 18.7þ5.5

−4.9 � 0.9
[4.0–6.0] 17.3þ5.3

−4.8 � 0.9
[15.0–17.0] 14.3þ3.5

−3.2 � 0.7
[17.0–22.0] 7.8þ1.7

−1.5 � 0.4
[1.1–6.0] 18.7þ3.5

−3.2 � 0.9
[15.0–22.0] 9.5þ1.6

−1.5 � 0.5

TABLE XII. Experimental measurements of the angular ob-
servables of B0

s → ϕμþμ− [12]. The experimental errors are, from
left to right, statistical and systematic.

q2 ∈ ½0.1; 2.0� GeV2 q2 ∈ ½2.0; 5.0� GeV2

B0
s → ϕμþμ− angular observables

hFLi ¼ 0.20þ0.08
−0.09 � 0.02 hFLi ¼ 0.68þ0.16

−0.13 � 0.03

hS3i ¼ −0.05þ0.13
−0.13 � 0.01 hS3i ¼ −0.06þ0.19

−0.23 � 0.01

hS4i ¼ 0.27þ0.28
−0.18 � 0.01 hS4i ¼ −0.47þ0.30

−0.44 � 0.01

hS7i ¼ 0.04þ0.12
−0.12 � 0.00 hS7i ¼ −0.03þ0.18

−0.23 � 0.01

q2 ∈ ½15.0; 17.0� GeV2 q2 ∈ ½17.0; 19.0� GeV2

hFLi ¼ 0.23þ0.09
−0.08 � 0.02 hFLi ¼ 0.40þ0.13

−0.15 � 0.02

hS3i ¼ −0.06þ0.16
−0.19 � 0.01 hS3i ¼ −0.07þ0.23

−0.27 � 0.02

hS4i ¼ −0.03þ0.15
−0.15 � 0.01 hS4i ¼ −0.39þ0.25

−0.34 � 0.02

hS7i ¼ 0.12þ0.16
−0.13 � 0.01 hS7i ¼ 0.20þ0.29

−0.22 � 0.01

TABLE XI. Experimental measurements of the differential
branching ratio of B0

s → ϕμþμ− [12]. The experimental errors
are, from left to right, statistical, systematic and due to the
uncertainty on the branching ratio of the normalization mode
B0
s → J=ψϕ.

Bin (GeV2) Measurement (×108)

B0
s → ϕμþμ− differential branching ratio

[0.1–2.0] 5.85þ0.73
−0.69 � 0.14� 0.44

[2.0–5.0] 2.56þ0.42
−0.39 � 0.06� 0.19

[15.0–17.0] 4.52þ0.57
−0.54 � 0.12� 0.34

[17.0–19.0] 3.96þ0.57
−0.54 � 0.14� 0.30

TABLE XIII. Experimental measurements of the differential
branching ratio of B → Xsμ

þμ− [64].

Bin Measurement (×106)

B → Xsμ
þμ− differential branching ratio

q2 ∈ ½1; 6� GeV2 0.66� 0.88
q2 > 14.2 GeV2 0.60� 0.31

TABLE VIII. Experimental measurements of the differential
branching ratio of Bþ → K�þμþμ− [63]. The experimental errors
are, from left to right, statistical and systematic.

Bin (GeV2) Measurementð×109Þ
Bþ → K�þμþμ− differential branching ratio
[0.1–2.0] 59.2þ14.4

−13.0 � 4.0
[2.0–4.0] 55.9þ15.9

−14.4 � 3.8
[4.0–6.0] 24.9þ11.0

−9.6 � 1.7
[15.0–17.0] 64.4þ12.9

−11.5 � 4.4
[17.0–22.0] 11.69.1−7.6 � 0.8

TABLE IX. Experimental measurements of the differential
branching ratio of Bþ → Kþμþμ− [63]. The experimental errors
are, from left to right, statistical and systematic.

Bin (GeV2) Measurement (×109)

Bþ → Kþμþμ− differential branching ratio
[0.1–0.98] 33.2� 1.8� 1.7
[1.1–2.0] 23.3� 1.5� 1.2
[2.0–3.0] 28.2� 1.6� 1.4
[3.0–4.0] 25.4� 1.5� 1.3
[4.0–5.0] 22.1� 1.4� 1.1
[5.0–6.0] 23.1� 1.4� 1.2
[15.0–16.0] 16.1� 1.0� 0.8
[16.0–17.0] 16.4� 1.0� 0.8
[17.0–18.0] 20.6� 1.1� 1.0
[18.0–19.0] 13.7� 1.0� 0.7
[19.0–20.0] 7.4� 0.8� 0.4
[20.0–21.0] 5.9� 0.7� 0.3
[21.0–22.0] 4.3� 0.7� 0.2
[1.1–6.0] 24.2� 0.7� 1.2
[15.0–22.0] 12.1� 0.4� 0.6
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