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Consider ratios of observables   

where leading form-factor                       

uncertainties cancel, e.g.: 

Preliminary results from Belle 

confirmed tension seen in LHCb 

NB: results from Belle combine both 

electron and muon final states 

CMS/ATLAS also started to measure 

the same angular observables, e.g. PÊ5

Local tension with SM predictions (2.8 and 3.0!) 

Global analysis finds deviation corresponding to 3.4!

 [S. Descotes-Genon et al. 

JHEP 1204 (2012) 104]
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Figure 2: Di↵erential branching fraction results for the B+
! K+µ+µ�, B0

! K0µ+µ� and
B+

! K⇤+µ+µ� decays. The uncertainties shown on the data points are the quadratic sum
of the statistical and systematic uncertainties. The shaded regions illustrate the theoretical
predictions and their uncertainties from light cone sum rule and lattice QCD calculations.

Table 3: Integrated branching fractions (10�8) in the high q2 region. For the B ! Kµ+µ�

modes the region is defined as 15� 22GeV2/c4, while for B+
! K⇤+µ+µ� it is 15� 19GeV2/c4.

Predictions are obtained using the form factors calculated in lattice QCD over the same q2

regions. For the measurements, the first uncertainty is statistical and the second systematic.

Decay mode Measurement Prediction

B+
! K+µ+µ� 8.5± 0.3± 0.4 10.7± 1.2

B0
! K0µ+µ� 6.7± 1.1± 0.4 9.8± 1.0

B+
! K⇤+µ+µ� 15.8 +3.2

�2.9 ± 1.1 26.8± 3.6

measurements are all individually consistent with their respective predictions, they all
have values below those.
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Figure 5. Measured Λ0
b → Λµ+µ− branching fraction as a function of q2 with the predictions of

the SM [15] superimposed. The inner error bars on data points represent the total uncertainty on
the relative branching fraction (statistical and systematic); the outer error bar also includes the
uncertainties from the branching fraction of the normalisation mode.
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Table 4. Measured differential branching fraction of Λ0
b → Λµ+µ−, where the uncertainties are

statistical, systematic and due to the uncertainty on the normalisation mode, Λ0
b → J/ψΛ, respec-

tively.

the precision of the branching fraction for the normalisation channel, while the uncertainty

on the relative branching fraction is dominated by the size of the data sample available.

The data are consistent with the theoretical predictions in the high-q2 region but lie below

the predictions in the low-q2 region.
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Table 1: The signal yields for B0
s ! �µ+µ� decays, as well as the di↵erential branching fraction

relative to the normalisation mode and the absolute di↵erential branching fraction, in bins of q2.
The given uncertainties are (from left to right) statistical, systematic, and the uncertainty on the
branching fraction of the normalisation mode.
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Figure 4: Di↵erential branching fraction of the decay B0
s ! �µ+µ�, overlaid with SM predic-

tions [4,5] indicated by blue shaded boxes. The vetoes excluding the charmonium resonances are
indicated by grey areas.

measurement is evaluated by varying the Wilson coe�cient C9 used in the generation
of simulated signal events. By allowing a New Physics contribution of �1.5, which is
motivated by the global fit results in Ref. [38], the resulting systematic uncertainty is
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796 < mKπ < 996MeV/c2 for the normalisation modes. The second error was to perform

the calculation of the efficiency of the signal process in the region 796 < mKπ < 996MeV/c2

instead of 644 < mKπ < 1200MeV/c2. This has now been corrected, resulting in a correc-

tion factor with a weak q2 dependence. This correction factor varies between 0.89 in the

lowest q2 bin, rising to 0.95 in the highest q2 bin due to the reduced available phasespace.

Having resolved both issues, the corrected results for the differential branching fraction

in the q2 region 1.1 < q2 < 6.0GeV2/c4 is

dB/dq2 =
(
0.342+0.017

−0.017(stat)± 0.009(syst)± 0.023(norm)
)
× 10−7c4/GeV2.

This number should replace the differential branching fraction appearing in the abstract

of ref. [1].

The integrated branching fraction of B0→ K∗(892)0µ+µ− decay is

B
(
B0→ K∗(892)0µ+µ−) =

(
0.904+0.016

−0.015 ± 0.010± 0.006± 0.061
)
× 10−6,

where the uncertainties, from left to right, are statistical, systematic, from the extrapolation

to the full q2 region and due to the uncertainty of the branching fraction of the normalisation

mode. This number should replace the integrated differential branching fraction appearing

at the bottom of section 7 of the original paper.

All other text remains unchanged. All tables and figures in which the measurements

are affected are given below, with the numbering and captions being identical to those in

the original paper.
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Figure 5. Differential branching fraction of B0→ K∗(892)0µ+µ− decays as a function of q2. The
data are overlaid with the SM prediction from refs. [47,48]. No SM prediction is included in the
region close to the narrow cc̄ resonances. The result in the wider q2 bin 15.0 < q2 < 19.0GeV2/c4

is also presented. The uncertainties shown are the quadratic sum of the statistical and system-
atic uncertainties, and include the uncertainty on the B0→ J/ψK∗0 and J/ψ → µ+µ− branching
fractions.
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RK results in a nutshell
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]4c/2 [GeV2q
0 5 10 15 20

KR

0.0

0.5

1.0

1.5

2.0

BaBar
Belle
LHCb Run 1
LHCb Run 1 + 2015 + 2016

LHCb

RK = 0.846+0.060
�0.054

+0.016
�0.014

[i] Validation of Run-I with new selection 

RK Run-II = 0.928+0.089
�0.076

+0.020
�0.017

ROLD

K Run-I = 0.745+0.090
�0.074 ± 0.036

RNEW
K Run-I = 0.717+0.083

�0.071
+0.017
�0.016

[ii] Compatibility Run-I vs Run-II at 1.9! 

[iii] Muonic branching ratio compatibility 
between Run-I vs Run-II at < 1!

⇠ 2.5� from SM

R. Silva Coutinho (UZH)

See S. Bifani [Lecture]

]4c/2 [GeV2q
0 5 10 15 20

]2
/G

eV
4 c × 

-8
 [1

0
2 q

/dBd 0

1

2

3

4

5

LCSR Lattice Data

LHCb
−µ+µ+ K→+B

Figure 2: Di↵erential branching fraction results for the B+
! K+µ+µ�, B0

! K0µ+µ� and
B+

! K⇤+µ+µ� decays. The uncertainties shown on the data points are the quadratic sum
of the statistical and systematic uncertainties. The shaded regions illustrate the theoretical
predictions and their uncertainties from light cone sum rule and lattice QCD calculations.

Table 3: Integrated branching fractions (10�8) in the high q2 region. For the B ! Kµ+µ�

modes the region is defined as 15� 22GeV2/c4, while for B+
! K⇤+µ+µ� it is 15� 19GeV2/c4.

Predictions are obtained using the form factors calculated in lattice QCD over the same q2

regions. For the measurements, the first uncertainty is statistical and the second systematic.

Decay mode Measurement Prediction

B+
! K+µ+µ� 8.5± 0.3± 0.4 10.7± 1.2

B0
! K0µ+µ� 6.7± 1.1± 0.4 9.8± 1.0

B+
! K⇤+µ+µ� 15.8 +3.2

�2.9 ± 1.1 26.8± 3.6

measurements are all individually consistent with their respective predictions, they all
have values below those.
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Figure 5. Measured Λ0
b → Λµ+µ− branching fraction as a function of q2 with the predictions of

the SM [15] superimposed. The inner error bars on data points represent the total uncertainty on
the relative branching fraction (statistical and systematic); the outer error bar also includes the
uncertainties from the branching fraction of the normalisation mode.
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Table 4. Measured differential branching fraction of Λ0
b → Λµ+µ−, where the uncertainties are

statistical, systematic and due to the uncertainty on the normalisation mode, Λ0
b → J/ψΛ, respec-

tively.

the precision of the branching fraction for the normalisation channel, while the uncertainty

on the relative branching fraction is dominated by the size of the data sample available.

The data are consistent with the theoretical predictions in the high-q2 region but lie below

the predictions in the low-q2 region.
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Table 1: The signal yields for B0
s ! �µ+µ� decays, as well as the di↵erential branching fraction

relative to the normalisation mode and the absolute di↵erential branching fraction, in bins of q2.
The given uncertainties are (from left to right) statistical, systematic, and the uncertainty on the
branching fraction of the normalisation mode.
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Figure 4: Di↵erential branching fraction of the decay B0
s ! �µ+µ�, overlaid with SM predic-

tions [4,5] indicated by blue shaded boxes. The vetoes excluding the charmonium resonances are
indicated by grey areas.

measurement is evaluated by varying the Wilson coe�cient C9 used in the generation
of simulated signal events. By allowing a New Physics contribution of �1.5, which is
motivated by the global fit results in Ref. [38], the resulting systematic uncertainty is
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796 < mKπ < 996MeV/c2 for the normalisation modes. The second error was to perform

the calculation of the efficiency of the signal process in the region 796 < mKπ < 996MeV/c2

instead of 644 < mKπ < 1200MeV/c2. This has now been corrected, resulting in a correc-

tion factor with a weak q2 dependence. This correction factor varies between 0.89 in the

lowest q2 bin, rising to 0.95 in the highest q2 bin due to the reduced available phasespace.

Having resolved both issues, the corrected results for the differential branching fraction

in the q2 region 1.1 < q2 < 6.0GeV2/c4 is

dB/dq2 =
(
0.342+0.017

−0.017(stat)± 0.009(syst)± 0.023(norm)
)
× 10−7c4/GeV2.

This number should replace the differential branching fraction appearing in the abstract

of ref. [1].

The integrated branching fraction of B0→ K∗(892)0µ+µ− decay is

B
(
B0→ K∗(892)0µ+µ−) =

(
0.904+0.016

−0.015 ± 0.010± 0.006± 0.061
)
× 10−6,

where the uncertainties, from left to right, are statistical, systematic, from the extrapolation

to the full q2 region and due to the uncertainty of the branching fraction of the normalisation

mode. This number should replace the integrated differential branching fraction appearing

at the bottom of section 7 of the original paper.

All other text remains unchanged. All tables and figures in which the measurements

are affected are given below, with the numbering and captions being identical to those in

the original paper.
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Figure 5. Differential branching fraction of B0→ K∗(892)0µ+µ− decays as a function of q2. The
data are overlaid with the SM prediction from refs. [47,48]. No SM prediction is included in the
region close to the narrow cc̄ resonances. The result in the wider q2 bin 15.0 < q2 < 19.0GeV2/c4

is also presented. The uncertainties shown are the quadratic sum of the statistical and system-
atic uncertainties, and include the uncertainty on the B0→ J/ψK∗0 and J/ψ → µ+µ− branching
fractions.
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• The SM is renormalizable and perturbatively 
unitary up to super high scales, so it isn’t clear 
where BSM physics will be found directly. 

• BSM physics may leave a fingerprint over the 
landscape of flavor physics observables. 

• Inclusive and exclusive B-decays are treated quite 
differently (both experiment and theory), and are 
complementary

The big picture

�3

b → sℓ+ℓ−

|VtbVts | ∼ λ2

|VcbVcs | ∼ λ2

|VubVus | ∼ λ4

b → dℓ+ℓ−

|VtbVtd | ∼ λ3

|VcbVcd | ∼ λ3

|VubVud | ∼ λ3

b

ℓ+

t

W

d

γ

ℓ−
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Outline

• Inclusive FCNC overview 
• Electroweak Wilson coefficients & the OPE 
• Perturbative corrections to the leading power 
• Local & nonlocal power corrections 

• Treatment of the resonant amplitude b → d(ūu → ℓ+ℓ−)

• Charmonium cascade contributions ψ → Xℓ+ℓ−

• Predictions for  rates and optimized observablesB̄ → Xdℓ+ℓ−
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OPE and quark-hadron duality

• Heavy quark inclusive decays: 

• CC:  ,  ,   

• FCNC:  ,  ,   

• The OPE here is different (and problematic) for a number of reasons:  

• Hadron in the initial state   power corrections can be nonlocal 

• The matching itself is nonperturbative   input from hadronic amplitudes are needed 

• Kinematic cuts required by experiment   OPE isn’t directly applicable

B̄ → Xcℓ−ν̄ B̄ → Xuℓ−ν̄ D → Xsℓ+ν

B̄ → Xs(d)γ B̄ → Xs(d)ℓ+ℓ− B̄ → Xs(d)νν̄

→

→

→

�6

s

hc
hc

γ∗

γ∗

Hurth, Benzke, Fickinger, Turczyk 
arXiv: 1711.01162

Beneke, Buchalla, Neubert, Sachrajda 
arXiv: 0902.4446
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•   logs appear in the Wilson 
coefficients and are not resummed in the RGEs. 
The effective expansion is in   and   . 

•   logs in the matrix elements mainly 
average out over  , whereas the cut on the 
charmonium resonance region 

α ln(MW /mb)

αs κ = α/αs

α ln(mb /mℓ)
q2

QED corrections

�7

Radiative Corrections

Bobeth, Gambino, Gorbahn, Haisch 
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Huber, Lunghi, Misiak, Wyler 
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coefficients and are not resummed in the RGEs. 
The effective expansion is in   and   . 

•   logs in the matrix elements mainly 
average out over  , whereas the cut on the 
charmonium resonance region 

α ln(MW /mb)

αs κ = α/αs

α ln(mb /mℓ)
q2

QED corrections

�7

• Suppressed at high   by the phase space 
•   interference dominates 
• More important for   than   (CKM)

q2

P1,2 − P1,2
b → d b → s

Huber, Qin, Vos 
arXiv: 1806.11521

Five-body contributions

Radiative Corrections

Bobeth, Gambino, Gorbahn, Haisch 
arXiv: 0312090

Huber, Lunghi, Misiak, Wyler 
arXiv: 0512066
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Breakdown of the heavy mass expansion

• At large   the power corrections are large due to the kinematics of small invariant 
hadronic mass 

• Normalizing to inclusive   integrated over the same   region dramatically 
reduces uncertainty from the power corrections (~40% to ~10%) 

• At low   the local power corrections are well-known but there are nonlocal power 
corrections in SCET (more from TH’s talk)

q2

B̄ → Xuℓν q2

q2

�8

p2
X = (pb − q)2 = m2

b + q2 − 2mbq0

< m2
b + q2 − 2mb q2 = (mb − q2)2

⟨B | b̄b |B⟩ = 1

⟨B | b̄D2b |B⟩ = λ1

⟨B | b̄σμνGμνb |B⟩ = λ2

Fermi Motion from !̄B → Xcℓν

!  mass differenceB − B*

Matrix elements of   operators: 
Gambino, Healey, Turczyk

d > 5
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Krüger-Sehgal mechanism
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⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
b d

γ∗

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

⇒

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
b d

γ∗

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

⇒

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

• We would like to expand the terms  , 
  etc. as was done for all the others. 

• The intermediate state can consist of a   resonance, 
and matching to pNRQCD in the charm sector is 
nonperturbative. The OPE isn’t dead, but the Wilson 
coefficients of the OPE are nonperturbative (!)

⟨Pc
1(0), P9(x)⟩

⟨Pu
2(0), Pu

1(x)⟩

qq̄

• Use data on   and a 
dispersion relation to calculate these 
Wilson coefficients  

e+e− → Xcc̄

b → d(cc̄ → ℓ+ℓ−)

Re[hq(s)] = Re[hq(s0)] +
s − s0

π ∫
∞

0

Im[hq(t)]
(t − s)(t − s0)

Krüger, Sehgal 
arXiv: 9603237

Perturbative for !s0 ∼ − μ2
b

Im[hc] =
π
3

Rhad
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Krüger-Sehgal mechanism
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(qμqν − q2gμν)Πūd(q2) = i∫ d4x eiqx⟨T{Jμ
ūd(0)Jν†

ūd(x)}⟩
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Isospin !  breakingSU(3)

Only isovector (!) 
contributes to ! decay

ρ
τ

dℬ(τ → V1dν)
ds

=
6 |Vud |2

m2
τ

ℬ(τ → eνν̄)
ℬ(τ → V1dvτ) (1 −

s
mτ )

2

(1 +
2s
m2

τ ) V1d(s)

V1d = 2π Im[Πūd]
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Krüger-Sehgal mechanism
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(qμqν − q2gμν)Πūd(q2) = i∫ d4x eiqx⟨T{Jμ
ūd(0)Jν†

ūd(x)}⟩
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ℬ(τ → eνν̄)
ℬ(τ → V1dvτ) (1 −
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(1 +
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τ ) V1d(s)

V1d = 2π Im[Πūd]

• The data from   in the 
light quark resonance region 
corresponds to more than one loop 
function, not just the up-quark 

 

e+e− → hadrons

ρ : ω : ϕ =
9 : 1 : 2 e+e− → hadrons
3 : 1 : 0 B̄ → Xdℓ+ℓ−

1 : 0 : 0 τ → Xν

d

u

b d

�⇤

b d

⇡+

�⇤

⇡�
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Krüger-Sehgal mechanism
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Charmonium cascade contributions

•   separates the low-  and high-  regions 

•   contributes in the low-  region. Also   contributes 
either directly or through charmonium feed-down, but rates are smaller 

• In the narrow width approximation these effects do not interfere with short distance 
amplitudes sensitive to NP. They can be accounted for using data on   and 
 .

ψ → ℓ+ℓ− q2 q2

ψ → Xℓ+ℓ− q2 (ηc, χcJ, hc, . . . ) → Xℓ+ℓ−

B̄ → Xs(d)ψ
ψ → Xℓ+ℓ−

�12

B̄ ψ

X1

X2

ℓ

ℓ

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

Xd

B̄ D

X1

X2

ν
ν ℓ ℓ

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

Xd
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Charmonium cascade contributions
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 dΓ(ψ → ηℓ+ℓ−)
dq2Γ(ψ → ηγ)

=
α

3πq2 (1 +
q2

m2
ψ − m2

η )
2

−
4m2

ψq2

(m2
ψ − m2

η)2

3/2

|F(q2) |2

• Small  large hadronic mass, induced 
by color octet current 

• Charmonium is polarized longitudinally

pψ →
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Charmonium cascade contributions
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!ψ → π+π−γ
• The cascade contributions form a background for low   

but are reduced well below the % level by the   cut  

• Selected study of missing exclusive modes from   
supports this conclusion

q2

MX

ψ → Xγ
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Results for  ̄B → Xdℓ+ℓ−
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ℬ[1,6]ee = (7.81 ± 0.37scale ± 0.08mt
± 0.17C,mc

± 0.08mb
± 0.04αs

± 0.15CKM ± 0.12BRsl
± 0.05λ2

± 0.39res) × 10−8

= (7.81 ± 0.61) × 10−8

ℬ[1,6]μμ = 7.59 ± 0.35scale ± 0.08mt
± 0.17C,mc

± 0.09mb
± 0.04αs

± 0.14CKM ± 0.11BRsl
± 0.05λ2

± 0.38res) × 10−8

= (7.59 ± 0.59) × 10−8

ℬ[ > 14.4]ee = (0.86 ± 0.12scale ± 0.01mt
± 0.01C,mc

± 0.08mb
± 0.02CKM ± 0.02BRsl

± 0.06λ2
± 0.25ρ1

± 0.25fu,d
) × 10−8

= (0.86 ± 0.39) × 10−8

ℛ[ > 14.4]ee = (0.93 ± 0.02scale ± 0.01mt
± 0.01C,mc

± 0.002mb
± 0.01αs

± 0.05CKM ± 0.004λ2
± 0.06ρ1

± 0.05fu,d
) × 10−4

= (0.93 ± 0.09) × 10−4

(q2
0)ee = (3.28 ± 0.11scale + 0.001mt

± 0.02C,mc
± 0.05mb

± 0.03αs
± 0.004CKM ± 0.001λ2

± 0.06res) GeV2

= (3.28 ± 0.14) GeV2

Branching ratio, low  q2

Branching ratio and Zoltan ratio, high  q2

Zero-crossing of the forward-backward asymmetry

Huber et. al. 
arXiv: 1908.07507
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Thoughts and conclusions

• Tree-level reactions within the SM ( ,  ,  ) are interesting ingredients 
for FCNC processes sensitive to BSM physics 

• Interplay between different FCNC processes: normalization, correlations of power corrections, 
optimized observables … 

• At the squared amplitude level, backgrounds from decays of charmonium produced on-shell 
are removed by the   cut and the cut   

• Color-singlet resonances are captured by the KS approach, while color-octet effects are 
handled in a model-independent and conservative way, all at the amplitude level.  

• There is a hierarchy of scales associated to charmonium intermediate state  . 
New EFT approach? 

• Naive rescaling of   from Belle I to Belle II suggests that   might be 
measured at Belle II with comparable accuracy as   at Belle I

e+e− → X τ → Xν B̄ → Xℓ−ν̄

q2 MX <  2 GeV

E < p ∼ Λ < mb

B̄ → Xsℓ+ℓ− B̄ → Xdℓ+ℓ−

B̄ → Xsℓ+ℓ−
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