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Angular analysis
of B⁰→K*⁰𝜇⁺𝜇⁻

Analyses of         ss

Taus/Muons

Theory
Measurement

● They explain phenomena at distances ranging from 

billionth of billionth of  millimeters up to 

light-years.

● The universe is composed by quarks and leptons  

organised in 3 families - stable matter is only made 

out of the first one!

● The other two families are artificially produced at 

the LHC in high energy proton-proton collisions.

● The known forces interact with the same strength 

with all leptons, regardless of their family

Gravitational, electromagnetic, weak and strong are the known fundamental forces of nature.

● We test lepton flavour universality by measuring the ratio R of how 

many times a b-quark decays to different lepton families

● We expect these numbers to be the same, up to effects due to the 

different lepton masses.

● We observe a consistent deviation from the value predicted by 

theory!

Electrons and muons interact with the 

detector very differently:

● Muons go through almost undisturbed

● Electrons lose significant energy and 

are way more difficult to reconstruct  

Experimental challenges:

Some of the decay products of the tau 

leptons are neutrinos:

● Neutrinos interact very feebly with 

matter and therefore pass undistubed 

through the detector

● The b-quark decay can not be fully 

reconstructed  

The only known 
exception being the 
Higgs particle, causing 
them to have different 
masses

Experimental challenges:

[1] 
[2] 
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Muons/Electrons
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b is for beauty
The LHCb detector is a massive detector, situated at one of the four proton-proton 
collision points at the Large Hadron Collider (CERN)

Calorimeters Dipole Magnet
RICH 

Muon system 

Vertex Locator

● The b in LHCb stands for beauty quark, which is like a down quark but very 

heavy and unstable.

● We study ‘b-quarks’ by looking at their decay products inside the LHCb 

detector.

● This helps to shed light on the mysteries of the Universe such as 

matter-antimatter asymmetry, lepton flavour universality and much more!

 production

The LHCb experiment

c

Boost of -hadrons is exploited to separate signal and background


 has a clean signal

Efficient hadron and muon particle  
identification

Precise tracking


Largest collection of -pairs in the world

b

B0 → K+π−μ+μ−

bb̄
Int. J. Mod. Phys. A 30 (2015) 1530022

~1cm
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Rare decays 

c Martin Andersson 2

Precision measurements allow for indirect searches  
for NP contributions of competitive order 
in e.g. b → sℓ+ℓ−

ICHEP 2024

B0 → K*0( → K+π−)μ+μ−

Rare decays provide a great environment to search for New Physics
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B0 → K*0( → K+π−)μ+μ−

The phase space is fully described by , , ,  and 


 

θℓ θK ϕ mKπ q2 ≡ m(μ+μ−)2

dΓ[B0 → K*0μ+μ−]

dq2d ⃗Ωdm2
Kπ

= 9
32π ∑i Ji(q2)fi(cos θℓ, cos θK, ϕ)gi(m2

Kπ)

c Martin Andersson 3

Angular distributions

Angular observables
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B0 → K*0( → K+π−)μ+μ−

c Martin Andersson 3

Angular distributions

Angular observables
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in Weak effective theory

b → sℓ+ℓ−E�ective Hamiltonian and Wilson Coe�cients

• A(i æ f) = < f |Heff |i >

b s

¸≠

¸+

u, c, t

W ≠

“, Z

b

C7,9,10

s

¸≠

¸+

• Heff = ≠ 4GFÔ
2 VtbV ú

ts

q
i Ci Oi

• Wilson Coe�cients contains the integrated out heavy fields
Û E�ective couplings, analogous to Fermi’s constant

Û Heavy New Physics would cause deviations from well known SM Ci

values

• Local Operators containing light fields < mW

• Goal: Set a limit on B(B0 æ Kú0·+·≠) and the e�ective coupling C·
9

Joint Annual meeting SPS/ÖPG 2021 Martin Andersson 5 / 10

: Electromagnetic 
: Vector 
: Axial vector

C7
C9
C10
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Decay amplitudes

The phase space is fully described by , , ,  and 


 

θℓ θK ϕ mKπ q2 ≡ m(μ+μ−)2

dΓ[B0 → K*0μ+μ−]

dq2d ⃗Ωdm2
Kπ

= 9
32π ∑i Ji(q2)fi(cos θℓ, cos θK, ϕ)gi(m2

Kπ)
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Fig. 1 Full update. 1σ (dark-shaded) and 2σ (light-shaded) confidence
regions for (CNP

9µ , C
NP
10µ) (left) and (CNP

9µ , C
NP
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 , C
V
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

123

Previous measurements of B0 → K*0μ+μ−

c

Long standing tensions with the Standard Model

Tension seen in the observable P′￼5

4Martin AnderssonICHEP 2024

PRL. 125 (2020) 011802

E�ective Hamiltonian and Wilson Coe�cients

• A(i æ f) = < f |Heff |i >

b s
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W ≠
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b

C7,9,10

s
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¸+

• Heff = ≠ 4GFÔ
2 VtbV ú

ts

q
i Ci Oi

• Wilson Coe�cients contains the integrated out heavy fields
Û E�ective couplings, analogous to Fermi’s constant

Û Heavy New Physics would cause deviations from well known SM Ci

values

• Local Operators containing light fields < mW

• Goal: Set a limit on B(B0 æ Kú0·+·≠) and the e�ective coupling C·
9
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All observables translated into  
effective couplings (WC)

EPJC 83, 648 (2023)

Shift in vector coupling  
is favoured!

C9

~4σ

CMS-PAS-BPH-21-002 

Not including CMS Run 2 result

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.011802
https://link.springer.com/article/10.1140/epjc/s10052-023-11824-0
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-002/


Interpretation of the anomaly
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Diagram from E. Smith

J/ψ

ψ(2S)SM QCD effects

Amplitude analysis to separate local 
and non-local contributions

E�ective Hamiltonian and Wilson Coe�cients

• A(i æ f) = < f |Heff |i >
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ts

q
i Ci Oi

• Wilson Coe�cients contains the integrated out heavy fields
Û E�ective couplings, analogous to Fermi’s constant

Û Heavy New Physics would cause deviations from well known SM Ci

values

• Local Operators containing light fields < mW

• Goal: Set a limit on B(B0 æ Kú0·+·≠) and the e�ective coupling C·
9
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NP or underestimated SM QCD?

Non-local contributions from the  resonances impact the rare mode regionscc̄



Previous measurement strategies
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Figure 9: Angular observables (P -basis) obtained a posteriori from the fit results of the two fit
configurations; the subfigures isolate the contribution from non-local e↵ects to the given angular
observables. The LHCb result from Ref. [9] is overlaid for comparison, together with the SM
predictions from DHMV [14,15] and (for P 0

5) GRvDV [16].
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Model-dependence

E�ective Hamiltonian and Wilson Coe�cients
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Joint Annual meeting SPS/ÖPG 2021 Martin Andersson 5 / 10

E�ectiveHamiltonianandWilsonCoe�cients
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Model-independence

Measures observables in bins of q2
Uses polynomial expansion to model  

non-local contributions and  
extracts Wilson coefficients directly

Run 1 + 2016
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.052009
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.011802
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-002/
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Analysis strategy
Instead of the binned approach (similar to Run 1+2016 measurement PRD. 109 (2024) 052009 )


dΓ[B0 → K*0μ+μ−]

dq2d ⃗Ωdm2
Kπ
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Model-dependence

Model-dependence

First analysis of  using full Run 1 + Run 2 data:

Parameterise the full  spectrum of the decay in terms of  
Wilson coefficients, Form Factors, and non-local contributions

B0 → K*0μ+μ−

q2

(No loss of information within bins)

Diagram from E. Smith

J/ψ
ψ(2S)

Eur. Phys. J. C (2023) 83 :648 Page 9 of 25 648

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

9µ , C
NP
10µ) (left) and (CNP

9µ , C
NP
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 , C
V
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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LHCb-PAPER-2024-011

  𝒫i
Tot(Ω, q2) = f i

sig((𝒫sig(Ω, q2) × ϵ(Ω, q2)) ⊛ Ri(q2)) + (1 − f i
sig)𝒫bkg(Ω, q2)

Acceptance Resolution
Combinatorial background

Signal fractions

Differential  
decay rate

E�ective Hamiltonian and Wilson Coe�cients
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2 VtbV ú
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q
i Ci Oi

• Wilson Coe�cients contains the integrated out heavy fields
Û E�ective couplings, analogous to Fermi’s constant

Û Heavy New Physics would cause deviations from well known SM Ci

values

• Local Operators containing light fields < mW

• Goal: Set a limit on B(B0 æ Kú0·+·≠) and the e�ective coupling C·
9
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Simulation

Data

Theory

• Acceptance

• Resolution

• Background model

• Local  form factors 
(Gaussian constrained)

B0 → K*0
JHEP 09, 133 (2022)

150 parameters determined in fit
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Mag. & phase of 1P contributions


Real & Imag. of  per helicity
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Form Factors
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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 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

33

Good agreement with  
Run 1 + 2016 analysis, 
which models non-local  

contributions with  
polynomial expansion

Clear impact from non-local contributions on WCs (per helicity)

PRD. 109 (2024) 052009 
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.052009
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Figure 11: Distributions of the P-wave di↵erential branching fraction d�/dq2 constructed out
of the signal parameters from the baseline fit to data. In (a) the distribution is shown both
with and without the nonlocal contributions included in the amplitudes. In (b) the distribution
is shown for the baseline fit to data, and with the Wilson Coe�cients (WCs) set to their SM
values. These are compared against SM predictions obtained from Ref. [34].

8 Conclusion

An amplitude analysis of the decay B0 ! K⇤0µ+µ� in the reconstructed q2 range of
0.1  q2  18.0GeV2/c4 is performed for the first time using LHCb data. The analysis
employs a model of one- and two-particle nonlocal amplitudes to explicitly isolate the
local and nonlocal contributions to the decay and capture the interference between them.
In doing so, direct measurements of the b ! sµ+µ� Wilson Coe�cients C(0)

9,10 are obtained,
as well as a first ever direct measurement of the Wilson Coe�cient C9⌧ . The values of
C 0
9, C10, C 0

10, and C9⌧ are all found to be consistent with the SM, while a 2.1� deviation
is observed in the C9 parameter. The observed shift in the value of C9 is found to be
independent of q2, but has a slight dependence on the local form factor constraints used.
These results agree with the interpretations of previous binned angular analyses. Although
the nonlocal contributions play a clear role in the angular distribution of B0! K⇤0µ+µ�

decays, the tension in the measured value of C9 persists. There is also agreement with
the findings of the prior complementary analysis focusing on the e↵ect of the nonlocal
contributions in B0! K⇤0`+`� decays. The results of this analysis are obtained using all
available information in the final state and cannot be combined with any other LHCb
measurement of the angular observables or the branching fraction of the same or partially
the same dataset.
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fraction, d�/dq2. The local-only observables evidently di↵er from the total across much
of the q2 spectrum, including within the bins used in previous analyses [74]. By setting
the Wilson Coe�cients to their SM values, SM “postdictions” of the angular observables
can be computed from the signal parameters returned by the baseline fit to the data. The
resulting observables are constructed using the nonlocal contributions derived from data
from this analysis and can be compared to the formal SM predictions from Ref. [34], as
shown in Figs. 10b and 11b. The SM observable postdictions of this analysis have central
values closer to those of the data fit results for the total observables, indicating that the
data prefer larger nonlocal contributions than the formal SM computations. This is in
agreement with the distributions of the nonlocal amplitudes shown in Fig. 9. Nevertheless,
the SM postdictions also have di↵erent central values to the baseline fit that are closer
to the SM predictions. The latter observation indicates that the nonlocal contributions,
while important, are not su�cient to explain the deviation seen in the measured value of
C9.

Overall, this set of results is consistent with those reported in recent global analyses of
b! s`+`� decays [24], which favour lepton flavour universal NP contributions to Wilson
Coe�cient C9. Moreover, they are consistent with the findings of other complementary
analyses investigating the e↵ect of the nonlocal contributions in B0! K⇤`+`� decays [6,75]
which also found them to be of only minor importance.

(a)
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(b)

Figure 10: Distributions of the observable P 0
5 constructed out of the signal parameters from

the baseline fit to data. In (a) the distribution is shown both with and without the nonlocal
contributions included in the amplitudes. In (b) the distribution is shown for the baseline fit
to data, and with the Wilson Coe�cients (WCs) set to their SM values. These are compared
against SM predictions obtained from Ref. [34].
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      3.56 ± 0.28 ± 0.18 


    −4.02 ± 0.18 ± 0.16 


      0.28 ± 0.41 ± 0.12 


   −0.09 ± 0.21 ± 0.06 


      (−1.0 ± 2.6 ± 1.0) × 

C9

C10

C′￼9

C′￼10

Cτ
9 102

Global significance of   
 

Largest local deviation is in  at 


Systematic uncertainty  
dominated by   

1.5σ

C9 2.1σ

ℬ(B0 → J/ψK*0)

Non-local contributions are larger than  
what has been assumed so far

First direct measurement of Cτ
9

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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Stat
Stat+Syst

Value of  still shifted down from  C9 CSM
9

More data needed 
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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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Many NP models expect  
large enhancements  

in the third generation

      (−1.0 ± 2.6 ± 1.0) × Cτ
9 102

Converted to 90% limit on

 ~ [0.8 - 2.5] ℬ(B0 → K*0τ+τ−) × 10−3

Best 90% limit from direct measurements 
 ~  ℬ(B0 → K*0τ+τ−) 3.1 × 10−3

Belle, Phys. Rev. D108 (2023) L011102 

From measurement of , assuming value of Cτ
9 Cτ

10

Using Flavio

https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2024-011.html
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~  tension in global fits to 


Binned (model independent) measurements of angular observables in  are 
deviating from the SM - most clearly visible in  by CMS and LHCb


Non-local contributions are larger than what has been assumed so far

Value of  still shifted down from  - more data needed


First direct determination of  


Competitive sensitivity to  with direct measurements!

4σ b → sℓ+ℓ−

B0 → K*0μ+μ−

P′￼5

C9 CSM
9

Cτ
9

ℬ(B0 → K*0τ+τ−)



Thank you for listening!
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