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One of the main indications for New Physics in rare 𝐵-decays is deduced from the tension between
experimental and Standard Model predictions of the angular analysis of the 𝐵0 → 𝐾∗0𝜇+𝜇− decay.
There are however possible non-local hadronic effects which in principle can also explain these
tensions. In this work, we consider a statistical approach for differentiating the source of the
tension in 𝐵0 → 𝐾∗0𝜇+𝜇− observables and we also investigate the prospects of such a comparison
with future data from the LHCb experiment.
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1. Introduction

The tensions between the experimental measurements and the Standard Model (SM) predictions
of the angular observables in the 𝐵0 → 𝐾∗0𝜇+𝜇− decay [1] at more than 3𝜎 was the first in a series
of deviations in 𝑏 → 𝑠ℓ+ℓ− transition. These so-called “𝐵-anomalies” have also been measured in
lepton flavour violating observables 𝑅𝐾 and 𝑅𝐾 ∗ (with a significance of more than 2𝜎) for which
very precise theoretical predictions are available due to cancellation of hadronic quantities. Unlike
the deviations in the ratios which cannot be explained by underestimated hadronic effects, the
tensions in the angular observables of 𝐵0 → 𝐾∗0𝜇+𝜇− may be described by non-local long-distance
effects which in principle can mimic 𝐶9 (as well as 𝐶7) New Physics (NP) effects. This is readily
visible by considering that both short-distance NP effects in 𝐶9 (and 𝐶7), and non-factorisable
hadronic effects contribute to the vectorial helicity amplitude

𝐻𝑉 (𝜆) = −𝑖 𝑁 ′
{
𝐶eff

9 𝑉̃𝜆 − 𝐶
′
9𝑉̃−𝜆 +

𝑚2
𝐵

𝑞2

[2 𝑚̂𝑏
𝑚𝐵

(𝐶eff
7 𝑇𝜆 − 𝐶

′
7𝑇−𝜆) − 16𝜋2N𝜆

]}
, (1)

where 𝜆 = ±, 0 denotes the helicity of the 𝐾∗-meson and N𝜆 =
(
LO in QCDf + ℎ𝜆(𝑞2)

)
cor-

responds to non-factorisable four-quark and chromomagnetic contributions. While the leading
non-factorisable contributions are calculated within QCD factorisation (QCDf), the higher powers
ℎ𝜆 are not calculable within this framework and are often “guesstimated”.

The significance of NP fits involving 𝐵0 → 𝐾∗0𝜇+𝜇− observables are hence dependent on
the assumptions made for the size of the hadronic contributions [2]. There have been theoretical
calculations of the power corrections within the LCSR formalism [3] together with exploring the
analyticity of the amplitude [4] with recent results [5] suggesting a smaller size compared to the
previous calculations [3]. The power corrections can alternatively be directly fitted to the data [6, 7].
For the latter approach, we make a statistical comparison with the NP fit to the same data. However,
to be able to make such a comparison, the two scenarios should be embedded [7]. The most general
description of unknown power corrections (up to higher order terms in 𝑞2) which respects the
analyticity structure of the amplitude is given by [8]

ℎ±(𝑞2) = ℎ (0)± + 𝑞2

1 GeV2 ℎ
(1)
± + 𝑞4

1 GeV4 ℎ
(2)
± , (2)

ℎ0(𝑞2) =
√︃
𝑞2 ×

(
ℎ
(0)
0 + 𝑞2

1 GeV2 ℎ
(1)
0 + 𝑞4

1 GeV4 ℎ
(2)
0

)
,

where considering the nine parameters ℎ (0,1,2)±,0 to be complex, is altogether described by eighteen
free parameters. With such a description, the scenario with contributions to 𝐶9 is indeed embedded
in this hadronic description.

We also suggest another description of the power corrections which offers the embedding of
NP contributions to 𝐶9 with a smaller number of parameters [9]

ℎ𝜆(𝑞2) = −𝑉̃𝜆(𝑞
2)

16𝜋2
𝑞2

𝑚2
𝐵

Δ𝐶
𝜆,PC
9 , (3)

where for each helicity, Δ𝐶𝜆,PC
9 is described by one real free parameter (or two parameters, if

assumed to be complex). With this three (six) parameter description, there is a better chance of
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getting a meaningful statistical comparison with the NP fit. Although this minimal description
might not be adequate for describing a general behaviour of the hadronic contributions, it can
capture the distinct behaviours for the three different helicities (unlike the NP contribution which is
the same for all three helicities) and hence it can be used as a null test for NP.

2. NP and hadronic fits to recent data on 𝐵0 → 𝐾∗0𝜇+𝜇− observables

We use the latest LHCb angular analysis of 𝐵0 → 𝐾∗0𝜇+𝜇− with 4.7 fb−1 of data [10] together
with its branching ratio in the low 𝑞2-bins below the charm resonances as well as the branching
ratio of 𝐵 → 𝐾∗𝛾, resulting in overall 47 observables (see Ref. [9] for more details). We have used
SuperIso 4.1 [11] for calculating the observables resulting in 𝜒2

SM = 85.15. We first consider NP
fits with contribution to 𝐶9 assuming it to be real or complex (see Table 1) with no uncertainty
from power corrections. In the next step we make two hadronic fits considering the 18 parameter

𝐵0 → 𝐾∗0 𝜇̄𝜇/𝛾 observables (𝜒2
SM = 85.1)

best-fit value 𝜒2
min PullSM

𝛿𝐶9 (real) −1.11 ± 0.15 49.7 6.0𝜎

𝛿𝐶9 (complex) (−1.04 ± 0.17) + 𝑖(−1.24 ± 0.61) 47.3 5.8𝜎

Table 1: One- and two-operator NP fits for real and complex 𝛿𝐶9, considering 𝐵0 → 𝐾∗0 𝜇̄𝜇/𝛾 observables
for 𝑞2 bins 6 8 GeV2.

description of Eq. 2 and the 6 parameter description of Eq. 3. In the 18 parameter fit, although the
central values of the fitted parameters are non-zero, they are compatible with zero at the 1𝜎 level
(see left panel of Table 2). This can be understood by the large number of free parameters which
cannot be strongly constrained with the current data. A potential solution to overcome this is by

𝐵 → 𝐾∗ 𝜇̄𝜇/𝛾 observables
(𝜒2

SM = 85.15, 𝜒2
min = 25.96; PullSM = 4.7𝜎)

Real Imaginary
ℎ
(0)
+ (−2.37 ± 13.50) × 10−5 (7.86 ± 13.79) × 10−5

ℎ
(1)
+ (1.09 ± 1.81) × 10−4 (1.58 ± 1.69) × 10−4

ℎ
(2)
+ (−1.10 ± 2.66) × 10−5 (−2.45 ± 2.51) × 10−5

ℎ (0)− (1.43 ± 12.85) × 10−5 (−2.34 ± 3.09) × 10−4

ℎ (1)− (−3.99 ± 8.11) × 10−5 (1.44 ± 2.82) × 10−4

ℎ (2)− (2.04 ± 1.16) × 10−5 (−3.25 ± 3.98) × 10−5

ℎ
(0)
0 (2.38 ± 2.43) × 10−4 (5.10 ± 3.18) × 10−4

ℎ
(1)
0 (1.40 ± 1.98) × 10−4 (−1.66 ± 2.41) × 10−4

ℎ
(2)
0 (−1.57 ± 2.43) × 10−5 (3.04 ± 29.87) × 10−6

𝐵 → 𝐾∗ 𝜇̄𝜇/𝛾 observables
(𝜒2

SM = 85.15, 𝜒2
min = 39.40; PullSM = 5.5𝜎)

best-fit value

Δ𝐶
+,PC
9 (3.39 ± 6.44) + 𝑖(−14.98 ± 8.40)

Δ𝐶
−,PC
9 (−1.02 ± 0.22) + 𝑖(−0.68 ± 0.79)

Δ𝐶
0,PC
9 (−0.83 ± 0.53) + 𝑖(−0.89 ± 0.69)

Table 2: Hadronic power correction fit to 𝐵0 → 𝐾∗0 𝜇̄𝜇/𝛾 observables for 𝑞2 bins 6 8 GeV2, considering
the 18 parameter description of Eq. 2 on the left, and the 6 parameter description of Eq. 3 on the right.

considering a hadronic description with fewer free parameters as given in Eq. 3. Here, the fitted
central values for the three different helicities are not the same (see right panel of Table 2), hinting
that 𝐶9 would not be able to offer a similarly good description, however, the fitted parameters are
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Figure 1: NP and hadronic fits at the observable level. The black crosses show the LHCb measurements [10]
and the the purple dashed boxes correspond to the SM binned predictions. NP fit to 𝐶9 and the hadronic 18
parameter fit are shown with red and blue boxes, respectively.

compatible with each other at 1𝜎 level and hence with the current data no conclusive judgment can
be made.

The NP and the hadronic fits both give better descriptions of the data compared to the SM,
as can be seen at the observable level in Figure 1 for 𝑆5 and 𝐴FB. Besides the significance of the
improvement of each of the fits compared to the SM which is at the level of 4.7𝜎 and more, we can
also make statistical comparisons between the NP and the hadronic fits as the former is embedded
in the latter. From the second row of Table 3, we can see that by adding 5 (17) more parameters
compared the NP explanation there is only a slight improvement with significances of less than 2𝜎.
This is a strong indication that with the current data, the NP interpretation is a valid option, although
with the current data, the situation remains inconclusive.

𝐵 → 𝐾∗ 𝜇̄𝜇/𝛾 observables; low-𝑞2 bins up to 8 GeV2

nr. of free
1 2 6 18

parameters
(

Real
𝛿𝐶9

) (
Comp.
𝛿𝐶9

) (
Comp.
Δ𝐶

𝜆,PC
9

) (
Comp.
ℎ
(0,1,2)
+,−,0

)
0 (plain SM) 6.0𝜎 5.8𝜎 5.5𝜎 4.7𝜎
1 (Real 𝛿𝐶9) — 1.5𝜎 1.8𝜎 1.5𝜎
2 (Comp. 𝛿𝐶9) — — 1.7𝜎 1.4𝜎
6 (Comp. Δ𝐶𝜆,PC

9 ) — — — 0.1𝜎

Table 3: Improvements of the NP and hadronic fits compared to the SM and to each other.

3. Future projections

We consider future projections of our statistical comparisons for three benchmark cases with
an integrated luminosity of 13.9/fb at the end of Run 2, as well as 50/fb at the end of the first
upgrade and finally 300/fb at the end of the second LHC upgrade (see Ref. [9] for further details).
Keeping present central values, the three benchmark cases do not give acceptable fits (with 𝑝-
values ≈ 0). Instead, we assume two extreme (but equally well-justified) scenarios where we
consider the experimental data such that: A) the central value of fit to 𝐶9 remains the same B) the
central values of the hadronic fit remain the same.
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In Table 4 we give the improvement of the fits compared to the SM and also compare the
hadronic and NP fits with each other via the Wilks’ test. In the left panel, within scenario A, by
construction, the NP fit has a PullSM of more than 8𝜎 significance already with 13.9/fb luminosity.
Since the NP fit is embedded in the hadronic fit we also get very good fits for the latter. However,
there is no improvement compared to the NP description, and looking into the fitted values for the
18 parameters, we can see that the uncertainties of most of them are very large indicating they are
not needed to describe the data. On the other hand, in scenario B as given in the table on the right,
with 13.9/fb luminosity both the NP and the hadronic fits have large PullSM, and while the hadronic
fit gives a better description with 4𝜎 significance, the 𝑝-value of the NP fit is also good and the
situation remains inconclusive. It is only with the 50/fb projection that the hadronic description is
significantly better than the NP one and also the latter has a very small 𝑝-value.

Central value of fit to 𝐶9 remains the same

luminosity 13.9 fb−1 50 fb−1 300 fb−1

𝐶9 ℎ𝜆 𝐶9 ℎ𝜆 𝐶9 ℎ𝜆

plain SM 8.1𝜎 5.1𝜎 15.1𝜎 12.9𝜎 21.4𝜎 19.6𝜎
Real 𝛿𝐶9 — 0.0𝜎 — 0.0𝜎 — 0.0𝜎

Central values of the hadronic fit remain the same

luminosity 13.9 fb−1 50 fb−1 300 fb−1

𝐶9 ℎ𝜆 𝐶9 ℎ𝜆 𝐶9 ℎ𝜆

plain SM 7.9𝜎 7.9𝜎 14.6𝜎 22.5𝜎 18.9𝜎 41.8𝜎
Real 𝛿𝐶9 — 4.0𝜎 — 17.5𝜎 — 37.4𝜎

Table 4: Prospect of improvements of the NP and hadronic fits compared to the SM and to each other.
On the left we have the scenario where current 𝐶9 fit to 𝐵 → 𝐾∗𝜇+𝜇− remain the same and on the right
we have considered the scenario where the 18 parameter hadronic fit remain the same for the experimental
projections.

The central value and the corresponding 68% confidence level regions of the hadronic fit
projections for the three benchmark cases of scenario B are shown in Figure 2. It is only after the
first LHCb upgrade that the fitted parameters are no longer consistent with zero.

Figure 2: Projections for the fitted Re(ℎ±,0) parameters in scenario B. The solid red lines correspond to the
LO QCDf contributions and the solid black lines correspond to the central value of the hadronic fit with the
current data. The dashed black, blue, green, and yellow lines correspond to the 68% C.L. region for current
LHCb data, Run 2, first LHCb upgrade, and second LHCb upgrade, respectively.

4. Conclusions

A data-driven approach to clarify whether the source of tensions in 𝐵0 → 𝐾∗0𝜇+𝜇− is due to
underestimated hadronic corrections or genuine New Physics effect is by considering the statistical
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comparison between fits of these two explanations to the data. In this study, we used two statistical
tests to make comparisons and found out that while with the current data a conclusive judgment is
not possible, with future data there is a good chance of disentangling the source of the anomalies,
especially after the first LHCb upgrade.
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