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Analysis of local and nonlocal amplitudes in the
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The B0→ K∗0µ+µ− decay is mediated via the rare flavour changing neutral current transition
b→ sµ+µ− , and constitutes a sensitive probe for physics beyond the Standard Model (BSM). Pre-
vious LHCb measurements of the decay have shown interesting tensions with the SM predictions
at the level of 3-4𝜎. The theoretical interpretation of the anomalies is difficult due to the uncertain-
ties in nonlocal SM contributions, such as charm-loops b→ scc(→ γ), which could mimic BSM
effects through interference with the rare mode. A data-driven approach was adopted to constrain
the size of the charm-loops and other nonlocal contributions to the B0→ K∗0µ+µ− decay, in the
first measurement to parameterise the full range of the dimuon invariant mass spectrum. Through
the rescattering of B0→ K∗0τ+τ− (→ µ+µ−), the first direct measurement of the bsτ+τ− coupling
is also performed. The results are obtained using an integrated luminosity of 8.4 fb−1 collected
by the LHCb experiment during 2011-2012 (Run 1), and 2016-2018 (Run 2). Although the result
of the nonlocal contributions is found to be larger than previously assumed in interpretations of
previous measurements, the vector coupling is still shifted from the SM value.
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Analysis of local and nonlocal amplitudes in the B0→ K∗0µ+µ− decay N. Martin E. Andersson

1. Introduction1

The underlying transition in the B0→ K∗0µ+µ− involves a b-quark decaying into a s-quark2

and two muons. The b→ sµ+µ− process is a flavour-changing neutral current, and is rare in the3

Standard Model as it first occurs at loop-level, an example of which is shown in Fig. 1 together with4

a potential beyond Standard Model (BSM) diagram. Consequently, BSM effects can compete with5

the SM contribution, and be measured indirectly as shifts to the observables. There is a pattern of6

deviations observed throughout many decay modes, referred to as flavour anomalies [1]. When the7

experimental results are combined in global fits, the flavour anomalies can generally be explained by8

a shift to underlying effective vector coupling called 𝐶9, described in more detail in Sec. 2, but it is9

yet unclear whether the observed shift in 𝐶9 is due to BSM or nonlocal SM QCD effects. These are10

non-perturbative effects and are not yet fully understood theoretically, which motivates an analysis11

that separates the local and the nonlocal contributions to estimate the size of their contributions12

using data. This is the first analysis of B0→ K∗0µ+µ− using the 8.4 fb−1 of data collected in Run 113

and Run 2.
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Figure 1: Example SM Feynman diagram of the decay B0→ K∗0µ+µ− (left), and a potential BSM contri-
bution including a leptoquark (right).

14

2. The decay in a nutshell15

The differential decay rate for the B0→ K∗0µ+µ− decay can be expressed as16

𝑑Γ[B0→ K∗0µ+µ−]
𝑑𝑞2𝑑 ®Ω𝑑𝑚2

𝐾 𝜋

=
9

32𝜋

∑︁
𝑖

𝐽𝑖 (𝑞2) 𝑓𝑖 (cos 𝜃ℓ , cos 𝜃𝐾 , 𝜙)𝑔𝑖 (𝑚2
𝐾 𝜋), (1)

depending on five kinematic observables, where 𝑞2 is the dilepton invariant mass squared, and𝑚𝐾 𝜋17

the invariant mass of the dihadron system. The angle 𝜃ℓ is defined between the µ+ (µ−) direction18

and the direction opposite to the B0 (B0) in the µ+µ− rest frame. In contrast, 𝜃𝐾 is the angle between19

the K+ (K−) direction and the direction opposite the B0 (B0) in the K+π− rest frame. The angle20

𝜙 is defined between the normal vectors to the µ+µ− and K+π− planes and the specific definitions21

differ between B0 and B0 as illustrated in Fig. 2. The angular observables 𝐽𝑖 (𝑞2) is what have22

been measured1 in previous binned analyses of B0→ K∗0µ+µ− [2]. The corresponding spherical23

functions 𝑓𝑖 are detailed in Ref. [3]. From the angular observables one can construct optimised24

observables that are less affected by theoretical uncertainties, such as the well-known 𝑃′
5, defined as25

𝑃′
5 =

𝐽5
2
√
−𝐽2𝑐𝐽2𝑠

. The latest measurements from LHCb and CMS show agreement, with deviations26

from the Standard Model values observed in the bins below the J/ψ resonance in Fig. 3.27

1Although in the CP-averaged basis 𝑆𝑖 = (𝐽𝑖 + 𝐽𝑖)/( 𝑑Γ𝑑𝑞2 + 𝑑Γ̄
𝑑𝑞2 ).
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Figure 2: Illustration of the definitions of the angles as per LHCb convention. The angle 𝜙 is illustrated in
the center, and the two planes between which it is defined is shown on the left. The angles 𝜃ℓ and 𝜃𝐾 are
illustrated on the right.
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Figure 3: An illustration of the 𝑞2 spectrum in B0→ K∗0µ+µ− decays on the left, and on the right the result
on 𝑃′

5 from the angular analysis of B0→ K∗0µ+µ− from LHCb Run 1+2016 [2] and preliminary results from
CMS Run 2 [4].

The theoretical description of the decay in Weak Effective Theory is given by the Hamiltonian28

HWET =
−4𝐺𝐹√

2
𝑉∗

ts𝑉tb
∑︁
𝑖

C (′ )
𝑖

(𝜇)O (′ )
𝑖

(𝜇), (2)

where heavy degrees of freedom have been integrated out above the electroweak mass scale, and29

are contained in the effective couplings C𝑖 known as Wilson coefficients. Any BSM contributions30

at high energy scale will therefore cause deviations from the SM value of the Wilson coefficients.31

The possible interactions between ingoing and outgoing particles are described by the effective32

operators O𝑖, with the quark-transitions accounted for through the Cabibbo-Kobayashi-Maskawa33

(CKM) matrix elements 𝑉𝑞𝑘𝑞 𝑗
, and 𝐺𝐹 is the Fermi constant. The main operators contributing to34

the decay are35

O7 =
𝑒

16𝜋2𝑚b (s̄𝐿𝜎𝜇𝜈b𝑅) 𝐹𝜇𝜈 , O9ℓ =
𝑒2

16𝜋2
(
s̄𝐿𝛾𝜇b𝐿

)
ℓ̄𝛾𝜇ℓ, O10ℓ =

𝑒2

16𝜋2
(
s̄𝐿𝛾𝜇b𝐿

)
ℓ̄𝛾𝜇𝛾5ℓ, (3)

with the corresponding couplings; the electromagnetic coupling C7, the vector coupling C9, and36

the axial-vector coupling C10. Results of many analyses with the same underlying transition can be37

interpreted in terms of the effective couplings through global fits of the various model-independent38

measurements. An example of results from such a fit is shown on the left in Fig. 4, where the green39

circle, exclusively including measurements of b→ sµ+µ− processes, is seen shifted by ∼-1.0 from40

the SM value.41
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Fig. 1 Full update. 1σ (dark-shaded) and 2σ (light-shaded) confidence
regions for (CNP

9µ , CNP
10µ) (left) and (CNP

9µ , CNP
9e ) scenarios (right). Dis-

tinct fits are performed separating each of the b → s"+"− modes
(short-dashed contours), the LFUV observables and the combined

b → sµ+µ− modes (long-dashed contours), and the global fit (solid
contours). The colour code is provided in the individual captions. Notice
that some fits (for instance the B → K (∗)"+"− Fit(s) and the LFUV Fit)
share a number of observables and thus are not completely uncorrelated

Fig. 2 Full update. 1σ (dark-shaded) and 2σ (light-shaded) confidence
intervals for the scenarios (CNP

9µ , C9′µ = −C10′µ) (Hypothesis 5) to the
left and (CU

9 , CV
9µ = −CV

10µ) (Scenario 8) to the right, corresponding to
the separate modes involved in the global analysis (short-dashed con-
tours), the LFUV observables and the combined b → sµ+µ− modes

(long-dashed contours) and the global fit (solid contours). The colour
code is provided in the individual captions. Notice that some fits (for
instance the B → K (∗)"+"− Fit(s) and the LFUV Fit) share a number
of observables and thus are not completely uncorrelated
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Figure 7: Two-dimensional profile likelihood scan of the Wilson coe�cients. Shaded areas
correspond to the 68% C.I. and 95% C.I. contour regions. Dotted contours in the top left plot
assume right-handed Wilson coe�cients fixed to their SM values, i.e. C0

9 = C0
10 = 0.

that can be extracted from the data. The first one provides a direct determination of
non-local hadronic contributions which relies entirely on experimental data; the second
one includes the best theory knowledge on those matrix elements available to date [16].

Both models provide a result which is in line with global fits to b ! sµ+µ� mediated
decays available in the literature [16,27, 73–76], favouring a shift in C9 of about �0.9 or
�0.7, depending on the theory assumptions. The angular analysis of Ref. [9], with which
this analysis shares the analysed dataset, evaluated the C9 tension with respect to the SM
at 3.3 � with the Flavio software package [77]. This evaluation was, however, based on
binned inputs and dimensional estimates of the hadronic uncertainties. In addition, the
sole variation of C9 was considered, i.e. all other Wilson coe�cients were fixed to their
SM values. On the other hand, Ref. [16], which employs the same parameterisation used
in this analysis, considers a simultaneous variation of the Wilson coe�cients C9 and C10

which results in a similar compatibility with the SM as the one obtained in this analysis.
The main di↵erence between this analysis and the work in Ref. [16] is the use of the data
on an event-by-event basis. This unbinned approach allows one to explore experimental

21

Figure 4: Results of C10 and C9 from (left) the global fit performed in Ref. [5], and (right) the z-expansion
analysis [6], showing the results using the constraints at negative 𝑞2 in blue, and without the constraints in
red.

The LHCb collaboration has previously performed an analysis of 4.7 fb−1 of data collected42

during Run 1 and 2016 [6], where local and nonlocal contributions are separated by modelling the43

nonlocal contributions2 through a polynomial expansion of the form44

H𝜆(𝑧) =
1 − 𝑧𝑧𝐽/𝜓
1 − 𝑧𝐽/𝜓

1 − 𝑧𝑧𝜓 (2𝑆)
1 − 𝑧𝜓 (2𝑆)

𝜙−1
𝜆 (𝑧)

∑︁
𝑘

𝛼𝜆,𝑘𝑧
𝑘 , (4)

where the 𝑧 functions is a mapping from 𝑞2 exploiting the properties of the hadronic matrix elements,45

and the first two factors removes the poles of the J/ψ andψ(2𝑆) resonances, which are the narrow cc46

resonances in the illustration of the 𝑞2 spectrum in Fig. 3. The 𝜙−1
𝜆
(𝑧) ensure the correct kinematic47

dependence such as H0(𝑞2 = 0) = 0, and 𝛼𝜆,𝑘 are the coefficients of the polynomial expansion,48

further detailed in Refs. [6, 7]. The operator product expansion of the nonlocal contributions can be49

calculated perturbatively in the unphysical region of negative 𝑞2, which constrains the parameters50

of the polynomial expansion. The results on the vector and axial-vector couplings, with and without51

the constraints at negative 𝑞2, show that the nonlocal contributions have a small impact on the shift52

previously seen in the vector coupling. The observed shift is between3 −0.7 and −0.9, as can be53

seen on the right in Fig. 4, and the tension observed is of 1.8-1.9𝜎.54

3. Analysis strategy55

For the first time the full range of the 𝑞2 spectrum of B0→ K∗0µ+µ− decays, illustrated in56

Fig. 3, is parameterised to separate the local and nonlocal contributions. Starting from the angular57

observables in the expression of the differential decay rate in Eq. 1, they can be expressed as bilinear58

combinations of the decay amplitudes, e.g.59

𝐽5(𝑞2) =
√

2𝛽ℓ

(
Re

(
𝐴𝐿0 𝐴

𝐿∗
⊥ − 𝐴𝑅0 𝐴

𝑅∗
⊥

)
− 𝑚ℓ√︁

𝑞2
Re

(
𝐴𝐿∥ 𝐴

∗
𝑆 + 𝐴

𝑅∗
∥ 𝐴𝑆

))
, (5)

2Below the 𝐽/𝜓 resonance and between the 𝐽𝜓 and the 𝜓(2𝑆) resonances.
3Depending on the applied theory assumption.
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where the amplitudes4 are parameterised for the various polarisations of the K∗0 to include the local60

and nonlocal effects. In a general way the amplitudes are written as61

A𝐿,𝑅

𝜆
(𝑞2) = 𝑁𝜆

{ (
𝐶

eff,𝜆
9 (𝑞2) ± 𝐶′

9) ∓ (𝐶10 ± 𝐶′
10)

)
𝐹𝐴𝜆 (𝑞2) + 𝑀𝜆 𝐶eff,𝜆

7 𝐹𝑇𝜆 (𝑞2)
}
, (6)

where 𝑁𝜆 and𝑀𝜆 are various normalisation factors, 𝐹𝐴
𝜆
(𝑞2) and 𝐹𝑇

𝜆
(𝑞2) represent the different local62

hadronic form factors. The right-handed couplings are 𝐶′
9 and 𝐶′

10, while the terms 𝐶eff,𝜆
9 (𝑞2) and63

𝐶
eff,𝜆
7 contain the left-handed effective couplings, as well as the nonlocal contributions modelled64

by subtracted dispersion relations65

𝐶
eff,𝜆
9 (𝑞2) = 𝐶𝜇9 + 𝑌 (0)

𝑐𝑐
(𝑞2

0) + 𝑌
1𝑃,𝜆
𝑐𝑐

(𝑞2) + 𝑌2𝑃,𝜆
𝑐𝑐

(𝑞2) + 𝑌𝜏𝜏 (𝑞2)

𝐶
eff,𝜆
7 = 𝐶7 + 𝜁𝜆𝑒𝑖𝜔

𝜆

,
(7)

where the nonlocal vector contributions include the one-particle resonances ρ(770), ω(782),66

ϕ(1020), J/ψ , ψ(2𝑆), ψ(3770), ψ(4040), and ψ(4160), whose shape is described by relativistic67

Breit-Wigner distributions with a pre-factor 𝑞2

𝑚2
𝑗

originating from the subtraction procedure in68

the dispersion relation [8]. The two-particle resonances include the open-charm DD, D∗D and69

D∗D∗, and 𝑌𝜏𝜏 (𝑞2) include a contribution of the rescattering of B0→ K∗0τ+τ− (→ µ+µ−), which70

is sensitive to the effective coupling of the bsτ+τ− vertex, allowing for the first direct measurement71

of the effective coupling 𝐶𝜏9 . The shapes of the two-particle resonances are well approximated72

by powers of the Källén function [8]. The signal candidates are identified following the selection73

procedure detailed in Ref. [3], and the fit is performed in the 4 dimensions (cos(𝜃ℓ), cos(𝜃𝐾 ), 𝜙, 𝑞2)74

and determines 150 parameters.75

4. Results and conclusion76

The 𝑞2 distribution overlaid with the projection of the fit in Fig. 5 show various contributions77

to the model, such as the interference in dotted grey, the varying shapes of the combinatorial78

background in black, and the broad contribution from the rare mode in dotted green. A clear impact79

from the nonlocal contributions on C9, in Fig. 6, show an agreement between the z-expansion and80

dispersion relation analyses, although the results using theory constraints at negative 𝑞2 is less81

compatible across all plots in Ref. [3]. The result on C10 and C9 in Fig. 6 is also in agreement82

with the z-expansion analysis, the fits to data favour the vector coupling C9 at a shift around −0.7,83

and although the nonlocal contributions are larger than previously assumed in interpretations of84

previous measurements, the complete shift in C9 cannot be explained. The other Wilson coefficients85

are in agreement with the SM, and the tension in C9 is of 2.1𝜎, while the global tension to the86

SM is of 1.5𝜎. The largest systematic is caused by the normalisation to the J/ψ resonance, due87

to the uncertainty on branching fraction of B0→ J/ψK∗0 [9]. The result on the model of the88

nonlocal contributions is cross checked by allowing for a linear 𝑞2 dependence on C9, and no89

significant contribution is found. The indirect measurement of the process B0→ K∗0τ+τ− through90

rescattering into dimuons is the first direct measurement of the bsτ+τ− effective coupling 𝐶𝜏9 of91

(1.0 ± 2.6 ± 1.0) × 102. The sensitivity from the measurement of the rescattering process is92

competitive to that of the direct searches for the process B0→ K∗0τ+τ−.93

4See Ref. [3] for the full description.
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Table 4: Results for the Wilson Coe�cients. The first uncertainty is statistical, while the second
is systematic.

Wilson Coe�cient results
C9 3.56 ± 0.28 ± 0.18
C10 �4.02 ± 0.18 ± 0.16
C 0

9 0.28 ± 0.41 ± 0.12
C 0

10 �0.09 ± 0.21 ± 0.06
C9⌧ (�1.0 ± 2.6 ± 1.0) ⇥ 102

Figure 5: The q2 distribution in the data, overlaid with the PDF projection from the baseline
data fit. The total PDF is decomposed into signal and background components, with the signal
contributions further decomposed into local and nonlocal contributions as described in Sec. 2.5.1.
Note the hybrid linear/log scale to incorporate the very tall peaks from the charmonium states.

good agreement with SM. Two-dimensional likelihood profiles for C(0)
9,10 are also obtained,

as shown in Fig. 7. The parameters of the dominant nonlocal contributions, i.e. the
one-particle resonance amplitudes, are listed in Tables 5 and 6, and the two-particle and
nonresonant contributions to the C7 parameters are given in Table 7.

The prior and posterior values for the local form factor parameters are given in Table 8.
Projections of the fit on the angles as well as q2 in the individual subregions can be found
in Fig. 15 in Appendix C.
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C Fit projections in q2 sub-regions

The four-dimensional maximum-likelihood fit to the signal region is performed simultane-
ously in three q2 regions, as described in Sec. 3.3. The results of the fits to the cos ✓K ,
cos ✓`, �, and q2 distributions within each of the three regions are shown in Fig. 15.

Figure 15: Result of the fit to candidates in the signal mass region. The four rows correspond to
the distributions of cos ✓K , cos ✓`, � and q2. The three columns correspond to the low-, mid- and
high-q2 regions. The total PDF is shown in blue, the signal PDF in red and the background PDF
in dotted black. The impact of the neglected exotic states is visible in the cos ✓K distributions.
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Figure 5: Projections of the fit in the angles (left) in 𝑞2 region 3.24-11.56 GeV2/𝑐4, and (right) the 𝑞2

distribution with the fit projection overlaid. For all fit projections see Ref. [3].
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Figure 9: The nonlocal contributions from (maroon) this analysis that includes one- and two-
particle hadronic amplitudes expressed as shifts to C9. The contributions from the �C�

7 terms
are also included, but the tau-loop contribution is excluded. The results of z-expansion fits [42]
from the 4.7 fb�1 LHCb analysis [36] are also shown (pink) with and (yellow) without theory
input from q2 < 0. See text for more detail.

in this analysis gives access to the entire q2 range of B0 ! K⇤0µ+µ� decays. A good
agreement is seen in the real part of nonlocal amplitudes between all three fit variations.
However, it is clear that the data prefers large =(�Ctotal

9,k ) contributions, that cannot be

accommodated by the theory inputs at q2 < 0 for the z-expansion fit.
Figures 10 and 11 show the role of the nonlocal contributions in the observable P 0

5

and the di↵erential branching fraction, respectively. The nonlocal components are set
to zero in the model when constructing the observables in order to plot only the local
contributions, as shown in Fig. 10a for P 0

5 and Fig. 11a for the di↵erential branching
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Figure 7: Two-dimensional confidence regions for selected combinations of the Wilson Coe�cients,
obtained using a likelihood profile method. The shaded regions indicate the 1� and 3� confidence
regions considering only statistical uncertainties, while the dashed contours indicate the same
regions with systematic uncertainties included. The horizontal and vertical dashed lines show
the Standard Model values.

systematic uncertainties accounted for. The global significance of the deviation from the
SM considering all of the Wilson Coe�cients in Table 4 is reduced to 1.5�. This dilution of
the statistical significance is due to the lack of a significant fit quality improvement when
introducing the possibility of NP in Wilson Coe�cients C10, C 0

10, C 0
9 and C9⌧ , compared to

only allowing for NP in the Wilson Coe�cient C9. No significant deviation in the Wilson
Coe�cient C10 is observed, nor any evidence for the presence of right-handed currents.

This is the first direct measurement of the Wilson Coe�cient C9⌧ , and the value of
C9⌧ = (�1.0 ± 2.6 ± 1.0) ⇥ 102 is consistent with both zero and the SM expectation of
lepton flavour universality CSM

9⌧ = 4.27 [16, 17]. The uncertainty of the C9⌧ parameter
is dominated by statistical e↵ects. The largest systematic uncertainty, accounting for
⇠ 30% of the total uncertainty, arises from the constraint on the relative size of the

B0 ! D(⇤)D
(⇤)

K⇤0 contributions, as detailed in Sec. 2.5.1. The development of theory

calculations that can be used to constrain the B0 ! D(⇤)D
(⇤)

(! µ+µ�)K⇤0 amplitudes
would help improve sensitivity to the Wilson Coe�cient C9⌧ in future measurements.

The current best upper limit on the B(B0 ! K⇤0⌧+⌧�) branching fraction is 3.1⇥10�3

at 90% Confidence Level [72] (CL), corresponding to an upper limit of |C9⌧ | < 680 at
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Figure 6: Impact from the nonlocal contributions (left) from the parallel polarisation of the K∗0 on the real
part of C9, showing the results from both the z-expansion [6] and the dispersion model analysis [3]. Result
on C9 and C10 from the dispersion model analysis (right), showing 1𝜎 and 3𝜎 boundaries accounting for
only statistical uncertainties in the shaded regions, and for statistical and systematic uncertainties in dashed
contours [3].
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