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Coherent picture for muonic channels 
indicating tensions with the SM

R. Silva Coutinho (UZH)

From BFs to the „(in)famous‰ PÊ5
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[JHEP 04 (2017) 142, JHEP 02 (2016) 104] 
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 [JHEP 1204 (2012) 104]

Key element: how to reliably model the 
q2 distribution with long-distance effects?



What we can learn from data?

If we are underestimating cc contributions then naively expect to see the shift in C9 get 
larger closer to the narrow charmonium resonances. 
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No clear evidence for a rise in the data (but more data is needed)

[Decotes-Genon et al JHEP 06 (2016) 092] [M. Chiuchini et al JHEP 06 (2016) 116]



What comes Next?

LHCb results: Run-II dataset

Direct fits to Wilson Coefficients  
      

What about electrons? 

[Eur. Phys. J. C (2018) 78: 453] 
[Eur. Phys. J. C, 78 6 (2018) 451, arXiv:1805.06378]

[Phys. Rev. D 99, 013007 (2019)]



The rare decay B0 → K*0[K+π-]µ+µ- 

Large number of observables: BF 
fractions, CP asymmetries and angular 

observables (5-dimension)

di-muon invariant mass squared, q2
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[Binned approach]
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Observables integrated in q2 bins are largely theory independent, so important 
information is lost 

Two approaches at LHCb, e.g. for B0 → K*0µ+µ- (λ =⊥, ∥, 0): 

Determination of long-distance contributions 
Improve sensitivity in the measurement

 6R. Silva Coutinho (UZH)

[“Isobar”-like approach]

[z-expansion approach]
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Wilson coefficients [observables] 
Form factors 
Non-local hadronic contributions

LHCb, Eur. Phys. J. C (2017) 77: 161,  
Blake et al, Eur. Phys. J. C (2018) 78: 453 

Eur. Phys. J. C, 78 6 (2018) 451,  
arXiv:1805.06378

Amplitude analyses of B0 → K*0µ+µ- 



Guinea pig (isobar): B+ → K+µ+µ- decays

Fit to full di-muon mass spectrum including: ρ, ω, φ, Jψ, ψ(2S), ψ(3770), 
ψ(4040), ψ(4160), ψ(4415)  
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[EPJ C77 (2017) 161]
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Magnitude and phase of each 
resonance relative to C9

Fit suggested J/ψ has little impact 
outside the region



[isobar] approach in a nutshell
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[EPJ C78 (2018) 453]

Modelling non-local hadronic contributions

18

BW Amplitudesv
Magnitude and phase of 
non-local contribution to 
dipole form factor

Magnitude and phase for 
each resonance

Sum over all 
resonances

• Resonances included in our analysis: J/!, !(2S), ρ(770), φ(1020), !(3770), !(4040) 
and !(4160)

• BF of B0 → K*0μ+μ- is implicitly included in the model through the magnitudes of the 
resonances which are measured relative to the penguin
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�ρ0, ϕ(1020), J/ψ, ψ(2S), ψ(3770), ψ(4040), ψ(4160)e.g.: 

Existing angular analyses and BFs of  !  can constrain two phases and all magnitudesB → VK*0

Comparison to other models

19Blake et al., Eur.Phys.J. C78 (2018) no.6 453

• Amplitude analyses of B → VK* (for  J/!, !(2S), φ(1020), ρ(770)) 

decays from LHCb, Belle and BaBar constrain sizes of the 

magnitudes "
0,‖,⊥

and the relative phases %
‖,⊥

• The phase &
0

(relative to the penguin)  of each resonance is 

completely unknown

• Fixing the relative phases and varying the unknown phases %
0
, 

can predict angular observables and compare to data and other 

models

• In the fit to data also  include contribution from S-wave 

amplitudes for both short-distance and non-local components

C9 &
0

&‖ &⊥

relative to relative to

Three phases for 
every resonance:



Comparison to other models

19Blake et al., Eur.Phys.J. C78 (2018) no.6 453

• Amplitude analyses of B → VK* (for  J/!, !(2S), φ(1020), ρ(770)) 

decays from LHCb, Belle and BaBar constrain sizes of the 

magnitudes "
0,‖,⊥

and the relative phases %
‖,⊥

• The phase &
0

(relative to the penguin)  of each resonance is 

completely unknown

• Fixing the relative phases and varying the unknown phases %
0
, 

can predict angular observables and compare to data and other 

models

• In the fit to data also  include contribution from S-wave 

amplitudes for both short-distance and non-local components

C9 &
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relative to relative to

Three phases for 
every resonance:

[isobar] visualising the model
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[EPJ C78 (2018) 453]

Modelling short- and long-distance contributions in B̄
0 ! K̄

⇤0
µ
+
µ
� transitions 67
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Figure 3.3: The prediction of the e↵ect of the non-local contributions to the B̄
0 !

K̄
⇤0

µ
+
µ

� amplitudes as a function of q
2. The e↵ect of the long-distance contributions

using the model described in Sec 3.1, where only the J/ and  (2S) resonances are
considered is shown for both real (left) and imaginary components (right). The pre-
dictions are make for choices of the free phase ✓0J/ , (2S)=0,⇡ and ⇡

8 and are shown by

the cyan lines. The prediction using the model from Ref [44] is shown by the dotted,
magenta line.

B̄
0 ! K̄

⇤0
µ
+
µ
� angular distribution can be written in terms of 8 CP -averaged ob-

servables Si, FL, AFB, where i = 3,4,5,7,8,9, along with optimised observables that are

observables constructed from combinations of the CP -averaged observables. The e↵ect

of the non-local charm loop on the CP -averaged observables and the optimised observ-

able P
0
5 is studied. Figure 3.4 shows the distributions for the observables P

0
5, AFB, S7

and FL, in the SM. While, Figure 3.5 shows the distributions for the observables S3, S7,

S5, S8 and S9. The lack of knowledge of the free phase ✓0j , means that all possible

phase combinations are considered. The cyan bands in Figures 3.4 and 3.5 are produced

by scanning over all possible values of the free phase. Two phase combinations have

been directly specified on the Figures 3.4 and 3.5; ✓0j = 0 (dashed band) and ✓
0
j = ⇡

(solid dark band). In all these bands the uncertanties on the form factors taken from

Ref [10] are fluctuated according to the covariance matrix. The data from LHCb Run

1 is shown by the data points and the theoretical predictions computed by the flavio

package [87] are displayed by the magenta band. The freedom of the phase allows a large

region of the observable space to be populated. In particular, this is demonstrated for

the observables S7 and S9, in Figures 3.4 and 3.5, which at both low and high q
2 vary






























































































































Angular observables can also 
discriminate between different phases

Useful validation: compatibility between 
“Isobar” and z-parametrisation” approaches



[isobar] controlling hadronic paramaters
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[Preliminary, U. Egede, M. Hecker, P. Owen, G. Pomery, K. Petridis][EPJ C78 (2018) 453]Determining Wilson Coefficients I

No input for ✓0
j Run1+2 Toy

⌘ Maximise sensitivity to both hadronic and short-distance parameters by
fitting the full differential decay rate using a q2 dependent model

⇤ Downside: introduction of a model dependence on the result
⌘ Include S-wave amplitude for short-distance J/ ,  (2S) amplitudes

⇤ A more accurate prior knowledge of form-factors would be useful
⇤ Need a consistent parametrisation of the mK⇡ dependence

K.A. Petridis (UoB) b2s`` February 2018 b2s`` 2018 2 / 3

Precision with full Run-II

Determining Wilson Coefficients I

No input for ✓0
j Run1+2 Toy

⌘ Maximise sensitivity to both hadronic and short-distance parameters by
fitting the full differential decay rate using a q2 dependent model

⇤ Downside: introduction of a model dependence on the result
⌘ Include S-wave amplitude for short-distance J/ ,  (2S) amplitudes

⇤ A more accurate prior knowledge of form-factors would be useful
⇤ Need a consistent parametrisation of the mK⇡ dependence

K.A. Petridis (UoB) b2s`` February 2018 b2s`` 2018 2 / 3

No input on phases

Run-II dataset will provide strong constraint on phases, but no improvements on FFs



[isobar] controlling hadronic paramaters
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[Preliminary, U. Egede, M. Hecker, P. Owen, G. Pomery, K. Petridis]

In the presence of  New Physics, the model of  non-local contribution cannot 
describe data with expected Run-II statistics

Fits floating   
Fits fixing   to SM

C9
C9

Generate toys with  CNP
9 = − 1.5



Parametrisation suggested in [Eur. Phys. J. C, 78 6 (2018) 451]: 
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Non-local hadronic contributions

• Analytic within | z | =1 
• Cut-off os series at z2

[z-parametrisation] B0 → K*0µ+µ- decays



SM predictions from Eur. Phys. J. C, 78 6 (2018) 451 are made with a z2 cut  
[Note that the true order of z is a priori unknown - same problem is shared among other approaches] 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Theory points at 
negative q2

BF and angular analysis of B → K*{J/ψ, ψ(2S)}decays (3 amplitudes + 2 relative phases) 

[arXiv:1805.06378]

[z-parametrisation] B0 → K*0µ+µ- decays



First attempt to study the effect of the theory constraints cut-off 

Signal yield related to the BR 
CKM/FF are floating/gaussian constrained parameters and H are free
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[arXiv:1805.06378]

Strong dependence on the cut-off 
of the z-expansion... 

[z-parametrisation] B0 → K*0µ+µ- decays
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Combined amplitude fit: 

[semi-muonic B → K*μμ decays]  

[theory points at negative q2] 

[hadronic B → K*{J/ψ, ψ(2S)}] 

[z-parametrisation] B0 → K*0µ+µ- decays
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Combined amplitude fit: 

[semi-muonic B → K*μμ decays]  

[theory points at negative q2] 

[hadronic B → K*{J/ψ, ψ(2S)}] 

Generating at z4 order: 

[z-parametrisation] B0 → K*0µ+µ- decays



Simultaneous fit to C9 and C10
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[A. Mauri PhD Thesis]



C9 and C10 vs FF and charm-loop interplay

 18R. Silva Coutinho (UZH)

0 100000 200000 300000 400000
N. events

0.00

0.05

0.10

0.15

0.20

0.25�
(C

9)

z2
z3
fix FF [z2]
fix FF [z3]

0 100000 200000 300000 400000
N. events

0.00

0.05

0.10

0.15

0.20

�
(C

10
)

z2
z3
fix FF [z2]
fix FF [z3]

0 100000 200000 300000 400000
N. events

0.0

0.2

0.4

0.6

0.8

1.0

1.2
�

(C
9)

free charm-loop [z2]
free charm-loop [z3]
theo. + hadr. constr. [z2]
theo. + hadr. constr. [z3]

0 100000 200000 300000 400000
N. events

0.00

0.05

0.10

0.15

0.20

0.25

0.30

�
(C

10
)

free charm-loop [z2]
free charm-loop [z3]
theo. + hadr. constr. [z2]
theo. + hadr. constr. [z3]

[Run1 + 2016]

Upgrade [50fb-1]
Upgrade [300fb-1]



Angular observables

The classical angular observables can be a posteriori calculate 

Signal only ToyMC (no background, acceptance or systematics) 
Sensitivity significantly improve wrt the binned approach 
Independent on the the truncation of the z-expansion!  

 19R. Silva Coutinho (UZH)

[arXiv:1805.06378]
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How to explore the full LFU information?

One of the interesting features of the anomalous pattern seen in FCNC transitions is 
the connection between P’5 and RK*

First steps towards an experimental direct 
connection, i.e. probes of LFU in observables 

LFU angular asymmetries

⌅ Interestingly, discrepancies in RK ,K⇤ explainable by reduced Cµ
9,10

⇤ would explain pattern of deviations observed in b ! sµµ transitions
too, including P 0

5

⌅ Best way to connect directly P 0
5 and RK⇤ would be to measure

LFU angular asymmetries
⇤ Qi = Pi (µµ) � Pi (ee), in particular Q5 = P 0

5(µµ) � P 0
5(ee)

=) arXiv:1605.03156

5 of 30 F. Lionetto - LFU in b! s`+`� angular analyses - 14 June 2017

[Belle, PRL 118 (2017) no.11, 111801]

[JHEP 10 (2016) 075]
R. Silva Coutinho (UZH)

Currently, this link is only 
visualised in global fit analyses
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How to explore the full LFU information?

One of the interesting features of the anomalous pattern seen in FCNC transitions is 
the connection between P’5 and RK*

First steps towards an experimental direct 
connection, or combining both angular and 
branching ratio information 

R. Silva Coutinho (UZH)

Currently, this link is only 
visualised in global fit analyses

2

Belle-II and LHCb data sets in section IV, before we con-
clude in section V.

II. MEASURES OF LFU BREAKING

The angular PDF for B ! K⇤(! K⇡)`+`� decays is
well known in the literature, and we use the conventions
specified in [9]. There, the CP-averaged and normalized
angular observables are

Si(q
2) ⌘ 4
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d� /dq 2 + d� /dq 2
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where unbarred quantities stem from the decay B̄ !
K̄⇤`+`�, and the bar indicates CP conjugation. For the
definitions of the Ji, see [6, 9–11]. 2 Here and through-

out the rest of this letter, we will refer to S(`)
i and �(`)

as one of the angular observables or the decay width for
the ` final state, respectively.

All spin-averaged observables can be expressed in
terms of sesquilinear combinations of up to 14 transver-
sity amplitudes when working in the full basis of
dimension-six semileptonic operators [6]. For the dis-
cussions at hand, however, we restrict our study to the
operators O9,10. In this case, all observables can be ex-
pressed in terms of only 7 transversity amplitudes,
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as well as At. The latter is not relevant to the discussions
at hand. Note that our convention for the normalization
constant N

N ⌘ GF↵eVtbV
⇤
ts

s
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p
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3 · 210⇡5M3
B

, (6)

di↵ers from, e.g., the normalization N [6] as used in
reference [6]: N [6] =

p
�`N . Our choice ensures that the

normalization is universal for all lepton flavours.

We propose to measure weighted di↵erences of angular
observables,

Di(q
2) ⌘ dB(e)

dq 2
S(e)
i (q2)� dB(µ)

dq 2
S(µ)
i (q2) . (7)

2 Note that the definition of the angular observables does not ac-
count for purely QED-induced modifications to the overall an-
gular distribution; see [12, 13] for recent discussions.
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FIG. 1. The q2 dependence of the suppression terms �(k)
� for

k = 2 (lower blue curve) and k = 3 (upper orange curve),
respectively, on a log scale. The windows in which either
QCD-improved factorization or the operator product expan-
sion at low recoil can be applied are indicated by the shaded
area on the left and right, respectively.

Assuming LFU breaking only3 in the Wilson coe�cient
C9, we obtain for the indices i = 4, 5, 6s the expressions
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where ⌧B is the lifetime of the B mesons, and the dots
indicate an unsuppressed expression linear in the non-
local contributions h9,0(q2) and h9,k(q

2). Moreover, we
introduce
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We find that eq. (8) holds up to corrections of order
�3
e � �3

µ (for D4) and �2
e � �2

µ (for D5,6s). Note that

D4 is free of hadronic contributions in the term / �(3)
92 ,

but not free of them in the linear term �(3)
9 . For

the full results, see eqs. (A1)–(A3). The expressions
eq. (8) hold in the entire q2 spectrum, since no explicit
expression for the hadronic two-point correlation func-

tions, h9,�(q2) ⌘ Ce↵,(`)
9,� (q2) � C(`)

9 , have been used. We
emphasize that this also holds in between the two vetoes

3 Note that lepton-universal NP e↵ects are not precluded here.

[PRD 95, 035029 (2017)]

Still limited to the individual µ/e analyses 
(e.g. cannot share FL observable) 

Provide set of independent observables, 
e.g. related to P’5 and AFB, that can be 
combined and provide higher sensitivity
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Towards establishing LFU-breaking in B0 → K*0l+l-

Simultaneous unbinned analysis of B0 → K*0µ+µ- and B0 → K*0e+e-
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All nuisance parameters are shared 
between electron and muons, i.e. 
CKM and (non) local hadronic  

Extended maximum-likelihood fit, 
i.e. includes RK* information 

[A. Mauri et al, PRD 99 (2019) 013007]

R. Silva Coutinho (UZH)
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The correlation bound that enables LFU tests
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         strongly dependent on the model 
assumption (renamed for simplicity) 

Key feature: model-independent 
determination of the difference 
between  electron and muons WCs  

Insensitive to the 
parametrisation of the non-local 
contributions 

Significance wrt LFU hypothesis   
is unbiased

C(e)
9 = CSM

9 = C(µ)
9 + 1

�Ci = eC(µ)
i � eC(e)

i

C(`)
i :

[A. Mauri et al, PRD 99 (2019) 013007]

R. Silva Coutinho (UZH)
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Sensitivity to LFU breaking with LHCb Run II
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9(10) = C(µ)
9(10) + (�) 0.7

Determination of ΔCi is stable and model-independent → early first observation of 
LFU violation can be obtained with LHCb Run II dataset in B → K*l+l- decays

[A. Mauri et al, PRD 99 (2019) 013007]

R. Silva Coutinho (UZH)
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Features of the proposed LFU observable

[A. Mauri et al, PRD 99 (2019) 013007]

R. Silva Coutinho (UZH)

Notice that the classical binned observables can also be retrieved by this method 

Similar to the muonic case this analysis will provide more precise results 



What comes Next-to-Next?

LHCb: from Run I+II to 50� 300 fb
�1

Novel ideas (opportunities) to investigate at LHCb
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LHCb upgrades

R. Silva Coutinho (UZH)
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Sensitivities for the LHCb Upgrade

R. Silva Coutinho (UZH)

[arXiv:1812.07638 ]

https://arxiv.org/abs/1812.07638


 29

Sensitivity to LFU breaking for the Upgrade/CÊ WCs
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Interesting opportunities to disentangle different NP hypotheses even with 
a single measurement
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FIG. 3. Two-dimensional sensitivity scans for the proposed
observables �C9 and �C10 for the two considered NP scenar-
ios: (green) BMPC9

and (red) BMPC9,10
. The contours corre-

spond to 3� statistical-only uncertainty bands expected for
the (dashed) Belle II 50 ab�1 and LHCb Upgrade (dotted)
50 fb�1 and (solid) 300 fb�1 statistics.

detailed discussion in Ref. [25]). These contributions are
in general expected to be small [5, 47], and in the pro-
posed formalism they benefit from the same description
between the muon and electron mode. Therefore, in this
constrained framework these e↵ects are even further sup-
pressed and can then be neglected for the scope of this
work.

Another important test to probe the stability of the
model consists in changing the description of the non-
local hadronic e↵ects in the generation of the pseudo-
experiments. In this way we analyse potential issues that
can rise if the truncation H�[z

n] is not a good description
of nature. We proceed as follows: we generate ensembles
with non-zero coe�cients for H�[z

3] and H�[z
4], and we

perform the fit with H�[z
2]. We vary the choice of the

H�[z
(3,4)] generated parameters, including a set of values

that minimises the tension with the P 0
5 anomaly [5], while

keeping C(µ)
9 and C(µ)

10 at their SM values. Despite the
mis-modelling of the non-local hadronic e↵ects in the fit,
we observe that the determination of �C9 and �C10 is
always unbiased, thanks to the relative cancellation of
all the shared parameters between the two channels. It
is worth mentioning that a hypothetical determination of

the individual eC(µ,e)
9 and eC(µ,e)

10 WCs can also produce a
shift in their central values that mimics the behaviour of
NP [42].

In conclusion, we propose a clean and model-
independent method to combine all the available infor-
mation from B̄ ! K̄⇤`+`� decays for a precise determi-
nation of LFU-breaking di↵erences of WCs, i.e. �C9 and
�C10. This relies on a shared parametrisation of the local
(form-factors) and non-local (H�[z

n]) hadronic matrix el-

ements between the muonic and electronic channels, that
in turn enables the determination of the observables of in-
terest free from any theoretical uncertainty. In addition,
this simultaneous analysis is more robust against exper-
imental e↵ects such as mismodeling of the detector reso-
lution, since most parameters are e↵ectively determined
from the muon mode. This would be an important bene-
fit for LHCb where the electron resolution is significantly
worse than that of muons. Figure 4 illustrates the use-
fulness of the newly-proposed observables by combining
the di↵erent information from angular analysis to branch-
ing ratio measurements. Due to the inclusiveness of the
approach, the expected sensitivity surpasses any of the
projections for the foreseen measurements of e.g. RK

⇤ or
P 0
5 alone - given the benchmark points. Therefore, this

novel formalism can be the most immediate method to
observe unambiguously NP in B̄ ! K̄⇤`+`� decays.

A promising feature of this framework is the possibility
to extend the analysis to include other decay channels in-
volving flavour changing neutral currents. For instance,
the charged decay B̄+ ! K̄⇤+`+`� undergoes the same
physics and is easily accessible at the B-factories, while
other rare semi-leptonic decays such as B+ ! K+`+`�

and ⇤b ! ⇤(⇤)`+`� have a di↵erent phenomenology but
access the same NP information in terms of WC descrip-
tion. Thus, an unbinned global simultaneous fit to all
data involving b ! s`+`� transitions is a natural and
appealing extension of this work. Moreover, the parame-
ter space of the investigated WCs can also be broadened
to incorporate direct measurement of the right-handed C0

i

- currently weakly constrained by global fits [23–25].
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FIG. 4. Sensitivity to BMPC9,10
scenario for the expected

statistics after the LHCb Run II. The relative contribution
(1, 2, 3� contours) of each step of the analysis is shown in
di↵erent colours, together with the result of full amplitude
method proposed in this letter.

R. Silva Coutinho (UZH)

[A. Mauri et al, PRD 99 (2019) 013007]
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How to use the available data in the future?

R. Silva Coutinho (UZH)

By. P. Owen
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How to use the available data in the future?

R. Silva Coutinho (UZH)

https://github.com/zfit/zfit

There are three well known packages for fitting observables and generating SM data 

Perhaps we should sort a simpler synergy between experiment and theory, e.g. create a 
simple formalism (API) from the experimental side 

Example: [Fitter]
[Model]

[“Published” data]



Summary 

 Amplitude analyses is a very „flavourful‰ road to probe NP at LHCb      

(still a large number of physics to explore) 

 Much progress is being made on the understanding of the short/long 

distance effects → synergy between theory and experiment is paramount 

 Measurements of C10 might be an interesting venue to explore 

experimentally to confirm NP ⁄ but improvements on form factors are 

essential!! 

 The road ahead? More measurement, new observables (e.g. ∆C9,10) and 

LHCb upgrade!

 32R. Silva Coutinho (UZH)



S-wave contribution

Since we fully fit the q2 dependence, this has also to be extended to the S-wave

 33R. Silva Coutinho (UZH)

[arXiv:1805.06378]
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Form factors are gaussian constrained from  
[Nucl. Phys. B868 (2013) 368] and hadronic 

and H parameters are free in the fit



Simultaneous fit to C9 and C10

Considering all experimental effects the sensitivity for the Wilson 
coefficients are not significantly affected

 34R. Silva Coutinho (UZH)

[A. Mauri PhD Thesis]


