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𝒃 → 𝒔 transitions

loop suppressed in the SM

Very sensitive to New Physics 

𝑏 → 𝑠 transitions are multi-scale processes (𝑀𝑊, 𝑚𝑏, ΛQCD)

Low and high energies separated with Operator Product Expansion

𝐻eff = −
4𝐺𝐹

2
𝑉𝑡𝑏𝑉𝑡𝑠

∗  

1,10,𝑆,𝑃

(𝐶𝑖 𝑂𝑖 + 𝐶𝑖
′ 𝑂𝑖
′)

 Long distance: represented by local operators - 𝑂𝑖

 Short distance: Wilson coefficients - 𝐶𝑖

contain all the high energy physics effects 

New physics in the effective framework:

 Modified Wilson coefficients: 𝐶𝑖 = 𝐶𝑖
SM + 𝐶𝑖

NP

 Additional New Physics operators: Σ𝑖𝐶𝑖
NP 𝑂𝑖

NP
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Rare 𝑩 decays 
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loop suppressed in the SM

Very sensitive to New Physics 

𝑏 → 𝑠 transitions are multi-scale processes (𝑀𝑊, 𝑚𝑏, ΛQCD)

Low and high energies separated with Operator Product Expansion

𝐻eff = −
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∗  

1,10,𝑆,𝑃

(𝐶𝑖 𝑂𝑖 + 𝐶𝑖
′ 𝑂𝑖
′)
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Rare 𝑩 decays 

• Semileptonic

𝑂9
(′)
∝  𝑠 𝛾𝜇𝑃𝐿 𝑅  ℓ𝛾𝜇ℓ

𝑂10
(′)
∝  𝑠 𝛾𝜇𝑃𝐿 𝑅  ℓ𝛾𝜇𝛾5ℓ

• Electromagnetic dipole

𝑂7
(′)
∝ 𝑚𝑏  𝑠𝜎𝜇𝜈𝑃𝑅 𝐿 𝑏 𝐹

𝜇𝜈



Data on rare 𝑩 decays 

Many experimental data available, each sensitive to one or more Wilson coefficient 

Inclusive decays

 𝐵 → 𝑋𝑠 𝛾 (𝐵𝑅) 𝐶7
(′)

 𝐵 → 𝑋𝑠 ℓ
+ℓ− (𝐵𝑅) fixed combination of 𝐶7

(′)
, 𝐶9
(′)
, 𝐶10
(′)

Large experimental uncertainties, improvement expected from Belle II

Exclusive decays

 𝐵 → 𝐾∗ 𝛾 (𝐵𝑅) 𝐶7
(′)

 𝐵𝑠 → 𝜇
+𝜇− (𝐵𝑅) fixed combination of 𝐶10

(′)
, 𝐶𝑆
(′)
, 𝐶𝑃
(′)

 𝐵 → 𝐾 ℓ+ℓ− (𝐵𝑅, angular obs.)

 𝐵 → 𝐾∗ ℓ+ℓ− (𝐵𝑅, angular obs.) various combinations of 𝐶7
(′)
, 𝐶9
(′)
, 𝐶10
(′)

 𝐵𝑠 → 𝜙 ℓ
+ℓ− (𝐵𝑅, angular obs.) 
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Theoretical framework of 𝑩 → 𝑲∗ ℓ+ℓ−

Observed in experiment: 𝑩 → 𝑲∗ → 𝑲+𝝅− ℓ+ℓ−

Angular behavior of 𝐾+ and 𝜋− additional information on the helicity of 𝐾∗

Diff. decay distribution described by dilepton invariant mass 𝑞2 and three angles 𝜃𝐾∗ , 𝜃ℓ, 𝜙

𝐽(𝑞2, 𝜃𝐾∗ , 𝜃ℓ, 𝜙) = Σ𝑖 𝐽𝑖 𝑞
2 𝑓𝑖(𝜃𝐾∗ , 𝜃ℓ, 𝜙):

Angular coefficients 𝐽1−9 transversity amplitudes 𝐴⊥
𝐿,𝑅 , 𝐴∥

𝐿,𝑅
, 𝐴0
𝐿,𝑅

, 𝐴𝑡
𝐿,𝑅

, 𝐴𝑆
𝐿,𝑅

Standard observables:

Differential decay distribution:   
𝑑Γ

𝑑𝑞2
=
3

4
(𝐽1 −

𝐽2

3
)

Forward backward asymmetry: 𝐴𝐹𝐵 𝑞
2 ≡ [∫0

1
−∫0
1
] 𝑑𝑐𝑜𝑠𝜃ℓ

𝑑2Γ

𝑑𝑞2𝑑𝑐𝑜𝑠𝜃ℓ
/
dΓ

𝑑𝑞2
=
3

8
J6/
dΓ

𝑑𝑞2

Forward backward asymmetry zero crossing : 𝑞0
2 ≃ −2𝑚𝑏𝑚𝐵

𝐶9
𝑒𝑓𝑓
𝑞0
2

𝐶7
+ 𝑂(𝛼𝑠, Λ/𝑚𝑏)

Longitudinal polarization fraction: 𝐹𝐿 =
|𝐴0
2|

𝐴⊥
2+ 𝐴∥

2
+ 𝐴0

2
= −2𝐽2

𝑐/
dΓ

𝑑𝑞2

Besides zero crossing, at leading order dependent on Form Factors
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𝑑4Γ

𝑑𝑞2𝑑𝑐𝑜𝑠𝜃𝐾∗𝑑𝑐𝑜𝑠𝜃ℓ𝑑𝑐𝑜𝑠𝜙
=
9

32𝜋
𝐽(𝑞2, 𝜃𝐾∗ , 𝜃ℓ, 𝜙)

• Wilson coefficients 𝐶1−6, 8
(′)
, 𝐶7
(′)
, 𝐶9
(′)
, 𝐶10
(′)

• 7 independent form factors : 𝑉, 𝐴0,1,2, 𝑇1,2,3



Many other angular observables…

 minimize form factor uncertainties

 sensitive to specific Wilson coefficients

Optimized obervables:

with  

+ CP violating observables and other combinations

Or alternatively : 

𝑆𝑖 =
𝐽𝑖
(𝑠,𝑐)
+ 𝐽𝑖
(𝑠,𝑐)

𝑑Γ

𝑑𝑞2
+
𝑑 Γ

𝑑𝑞2
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𝑩 → 𝑲∗ ℓ+ℓ− observables 

U. Egede et al., JHEP 0811 (2008) 032

U. Egede et al.,JHEP 1010 (2010) 056

J. Matias et al., JHEP 1204 (2012) 104

S. Descotes-Genon et al., JHEP 1305 (2013) 137

W. Altmannshofer et al., JHEP 0901 (2009) 019

http://arxiv.org/abs/0807.2589
http://arxiv.org/abs/1005.0571
http://arxiv.org/abs/1202.4266
http://arxiv.org/abs/1303.5794
http://arxiv.org/abs/0811.1214


Full for factor vs. soft form factor

At low 𝒒𝟐, two theoretical approaches:

Both methods receive contributions from non-local 4-quark operators 𝑂1−6 & 𝑂8

non-fact. corrections calculated in QCD factorization  at LO in 
Λ

𝑚𝑏
,
Λ

𝐸𝐾∗

higher powers of 
Λ

𝑚𝑏
,
Λ

𝐸𝐾∗
: unknown                non-fact. power corrections
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“Soft FF”             (
𝟏

𝒎𝒃
, 𝜶𝒔)

Exploring symmetries           2 indep. FF (𝜉⊥, 𝜉∥)

factorisable corrections

𝛼𝑠 − known analytically
1

𝑚𝑏
− unknown             fact. power corrections

dimensional arguments

fit with full FF  

Con: analytically unknown 1/𝑚𝑏
corrections

Pro: correlations among the Full FF considered,

only by construction (two indep. FF)

“Full FF”

all 7 indep. FF (𝑉, 𝐴0,1,2, 𝑇1,2,3)

Con: correlations among FF 

uncertainties need to be provided

Pro: includes factorizable corrections 

by default



BSZ form factors vs. KMPW form factors

Two main LCSR results for form factors at low 𝒒𝟐
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Bharucha et al. (BSZ)Khodjamirian et al. (KMPW) 1503.055341006.4945

correlations of the 

uncertainties included

BSZ form factors, smaller th. uncertainty compared to KMPW:

• Different choice of wave function

• Interpolation with lattice results

http://arxiv.org/abs/1503.05534
http://arxiv.org/abs/1006.4945


Form factors from lattice results

At high 𝒒𝟐 lattice results from Horgan et al.

“Lattice + LCSR” fit of BSZ applicable for whole 𝑞2 region
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correlations of the uncertainties included

1501.00367

http://arxiv.org/abs/1501.00367


Experimental measurements

SM predictions in soft FF and full FF using KMPW and BSZ form factor results
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• Soft FF and full FF approaches give very similar SM predictions (difference < 10%)

• SM predictions more sensitive to choice of form factor (KMPW or BSZ) 



Experimental measurements

Most but not all, good agreement between SM prediction and measurement

11

Experimental Results



𝑩 decay anomalies

Three main anomalies from LHCb:

• 𝑅𝐾 =
𝐵𝑅(𝐵+→𝐾+𝜇+𝜇−)

𝐵𝑅(𝐵+→𝐾+𝑒+𝑒−)

2.6𝜎 tension in 

[1-6] GeV2 bin

• 𝐵𝑅(𝐵𝑠 → 𝜙 𝜇
+ 𝜇−)

3.2𝜎 tension in 

[1-6] GeV2 bin

• 𝑃5
′ (𝐵 → 𝐾∗𝜇+ 𝜇−)

3.7𝜎 tension combining 

[4-6] and [6-8] GeV2 bins
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• Theoretically very clean

• Large theoretical uncertainty

• Theoretically clean?

possible issues from  

𝑐  𝑐 resonaces

power corrections

LHCb-TALK-2014-108

1406.6482

1506.08777

LHCb-CONF-2015-002

https://cds.cern.ch/record/1706212/files/LHCb-TALK-2014-108.pdf
http://arxiv.org/abs/1406.6482
http://arxiv.org/abs/1506.08777
https://lhcb.web.cern.ch/lhcb/Physics-Results/LHCb-CONF-2015-002.pdf


𝑩 decay anomalies

Tensions depend on SM predictions, not the same for different groups

• Different SM Wilson coefficient

• Hadronic input parameters: decay constants, inverse moments, … 

• Different choices for form factors

• Soft FF or Full FF approach

• … 

Possible explanations for the LHCb anomalies

• Statistical fluctuations

• Theoretical issues

• New Physics!

13



𝑩 decay anomalies

NP manifest itself in term of modified Wilson coefficients: 𝐶𝑖 = 𝐶𝑖
𝑆𝑀 + 𝛿𝐶𝑖

 𝑅𝐾 lepton non-universality 𝐶𝑖
𝜇
≠ 𝐶𝑖
𝑒

Effect of benchmark contributions to Wilson coefficients

 𝐵𝑅 𝐵𝑠 → 𝜙 𝜇
+ 𝜇−

 𝑃5
′ 𝐵 → 𝐾∗ 𝜇+ 𝜇−

14



𝑩 decay anomalies

Various observables are interdependent through Wilson coefficients

𝛿𝐶𝑖 effect on some of the other observables (𝐹𝐿, 𝑆3)

 Sensitivity to 𝐶𝑖 different for various obs. and bins 

 a specific 𝛿𝐶𝑖 while reducing tension for one observable can increase tension in other observables 

global analysis required
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Global fits

Global analysis of the latest LHCb data

Relevant Wilson coefficients:

𝐶7
(′)
, 𝐶9
(′)
, 𝐶10
(′)

With SuperIso

• Scan over the values of 𝛿𝐶𝑖

• Calculation of flavour observables

• Comparison with experimental results

• Constraints on the Wilson coefficients 𝐶𝑖

16

http://superiso.in2p3.fr/


Global fits

Evaluations of uncertainties and correlations:

 Experimental errors and correlations

3 fb−1 LHCb data for 𝐵 → 𝐾∗ 𝜇+𝜇−: provided in LHCb-CONF-2015-002

 Theoretical uncertainties and correlations

 study of more than 100 observables

(at a later stage, selection of the relevant operators for each fit)

 Monte Carlo analysis 

 variation of the “standard” input parameters: masses, scales, CKM, ...

 for 𝐵𝑠 → 𝜙 𝜇
+𝜇− mixing effects taken into account from 1502.05509

 decay constants taken from the latest lattice results

 using the 𝐵(𝑠) → 𝑉 form factors of the lattice+LCSR combinations from 1503.05534 (BSZ)

including correlations

 using the 𝐵 → 𝐾 form factors of the lattice+LCSR combinations from 1411.3161, (AS)

including correlations

 for the exclusive decays, two approaches: soft form factors, full form factors

 two sets of hypotheses for the uncertainties associated to the factorisable and

non-factorisable power corrections

Computation of a (theory + exp) correlation matrix

17

http://arxiv.org/abs/1502.05509
http://arxiv.org/abs/1503.05534
http://arxiv.org/abs/1411.3161


Global fits

For the exclusive semi-leptonic decays, two approaches and two evaluations of the 

uncertainties for each decay

At low 𝒒𝟐:

• Soft form factor approach

uncertainties of the factorisable and non-factorisable power corrections parametrised as

𝐴𝑘 → 𝐴𝑘 1 + 𝑎𝑘 exp 𝑖𝜙𝑘 +
𝑞2

6 GeV2
𝑏𝑘exp 𝑖𝜃𝑘

where 𝐴𝑘 are the transversity amplitudes 𝐴⊥, 𝐴∥, 𝐴0, 𝐴𝑡 , 𝐴𝑆

𝑎𝑘 ∈ −10%,+10% or −20%,+20% 𝜙𝑘 , 𝜃𝑘 ∈ [−𝜋,+𝜋]

𝑏𝑘 ∈ −25%,+25% or −50%,+50%

• Full form factor approach

uncertainties of the non-factorisable power corrections parametrised in a similar way

𝑎𝑘 ∈ −5%,+5% or −10%,+10% 𝜙𝑘 , 𝜃𝑘 ∈ [−𝜋,+𝜋]

𝑏𝑘 ∈ −10%,+10% or −25%,+25%

At high 𝒒𝟐, uncertainties parametrised as  
𝐴𝑘 → 𝐴𝑘 1 + 𝑎𝑘 exp 𝑖𝜙𝑘

𝑎𝑘 ∈ −10%,+10% or −20%,+20% 𝜙𝑘 ∈ [−𝜋,+𝜋]

18



Global fits

Global fits of observables by minimization of

𝜒2 = 𝑂th − 𝑂exp ⋅ Σth + Σexp
−1
⋅ 𝑂th − 𝑂exp

Σth + Σexp
−1

is the inverse covariance matrix

58 observables considered for leptonic and semileptonic decays:

19

• BR 𝐵 → 𝑋𝑠 𝛾

• BR 𝐵 → 𝑋𝑑 𝛾

• Δ0 𝐵 → 𝐾
∗ 𝛾

• BRlow 𝐵 → 𝑋𝑠 𝜇
+𝜇−

• BRhigh 𝐵 → 𝑋𝑠 𝜇
+𝜇−

• BRlow 𝐵 → 𝑋𝑠 𝑒
+𝑒−

• BRhigh 𝐵 → 𝑋𝑠 𝑒
+𝑒−

• BR 𝐵𝑠 → 𝜇
+𝜇−

• BR 𝐵𝑑 → 𝜇
+𝜇−

• BR 𝐵 → 𝐾∗+𝜇+𝜇−

 BR 𝐵 → 𝐾0𝜇+𝜇−

 BR 𝐵+ → 𝐾+𝜇+𝜇−

 BR 𝐵 → 𝐾∗𝑒+𝑒−

 𝑅𝐾

 𝐵 → 𝐾∗0𝜇+𝜇−: 𝐹𝐿, 𝐴𝐹𝐵,

𝑆3, 𝑆4, 𝑆5 in five low 𝑞2

and two high 𝑞2 bins

 𝐵𝑠 → 𝜙 𝜇
+𝜇−: BR, 𝐹𝐿

in three low 𝑞2 and 

two high 𝑞2 bins



Global fits

Statistical approach:

1. Determination of the minimum of 𝜒2 best fit point

2. Computation for each point of the scan the difference between 𝜒2 of that point 

with the 𝜒2 of best fit point

3. Find the 1 − 2𝜎 regions corresponding to the number of d.o.f. 

Interpretation: considering the best fit point gives the “real” description, which

variations of the parameters are allowed
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Fit results for two operators {𝑪𝟗, 𝑪𝟏𝟎}
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with 10% power corrections

Soft form factor approach

with 20% power corrections

Full form factor approach

with 5% power corrections

with 10% power corrections

• 𝐶9 in more than 2𝜎 tension with SM value, no tension in 𝐶10
• Going from 10% to 20% power correction in the soft FF approach slightly decrease tension

• Going from 5% to 10% power correction  in the full FF approach has no significant effect 

𝜒2 = 47 𝜒2 = 51

𝜒2 = 44 𝜒2 = 51



Fit results for two operators {𝑪𝟗
′ , 𝑪𝟗}
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with 10% power corrections

Soft form factor approach

with 20% power corrections

Full form factor approach

with 5% power corrections

with 10% power corrections

• Having 𝐶9
′ in the fit still 𝐶9 is in more than 2𝜎 tension with SM value, no tension for 𝐶9

′

• Fit does not improve           no preference for a modified 𝐶9
′ or 𝐶10

𝜒2 = 47 𝜒2 = 51

𝜒2 = 44 𝜒2 = 50



Fit results for two operators {𝑪𝟗
𝒆 , 𝑪𝟗
𝝁
}
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with 10% power corrections

Soft form factor approach

with 20% power corrections

Full form factor approach

with 5% power corrections

with 10% power corrections

𝜒2 = 38 𝜒2 = 41

𝜒2 = 35 𝜒2 = 40

• More than 2𝜎 tension for 𝐶9
𝜇

,  non-universality improves the fit

• Universality condition 𝛿𝐶9
𝑒 = 𝛿𝐶9

𝜇
is barely allowed at 2𝜎 level

𝛿𝐶9
𝑒 = 𝛿𝐶9

𝜇

𝛿𝐶9
𝑒 = 𝛿𝐶9

𝜇

𝛿𝐶9
𝑒 = 𝛿𝐶9

𝜇

𝛿𝐶9
𝑒 = 𝛿𝐶9

𝜇



Fit results for four operators {𝑪𝟗, 𝑪𝟗
′ , 𝑪𝟏𝟎, 𝑪𝟏𝟎

′ }

24

Full form factor approach with 5% power corrections

• More than 2𝜎 tension for 𝐶9, even in the four operator fit

• {𝐶9, 𝐶10} → 𝜒
2 = 51, {𝐶9, 𝐶9

′ , 𝐶10, 𝐶10
′ } → 𝜒2 = 50

adding primed WC doesn’t improve the fit 

𝜒2 = 50
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Full form factor approach with 5% power corrections

𝜒2 = 40

Fit results for four operators {𝑪𝟗
𝝁
, 𝑪𝟗
𝒆 , 𝑪𝟗
′𝝁
, 𝑪𝟗
′𝒆}

𝛿𝐶9
𝑒 = 𝛿𝐶9

𝜇

• More than 2𝜎 tension for 𝐶9
• In the four operator fit, it is possible to have 𝛿𝐶9

𝑒 = 𝛿𝐶9
𝜇

𝛿𝐶9
′𝜇
≠ 𝛿𝐶9

′𝑒

• {𝐶9, 𝐶9
′} → 𝜒2 = 51, {𝐶9

𝜇
, 𝐶9
𝑒 , 𝐶9
′𝜇
, 𝐶9
′𝑒} → 𝜒2 = 40

considering lepton flavour violation improves the fit



Fit results for four operators {𝑪𝟗
𝝁
, 𝑪𝟗
𝒆 , 𝑪𝟏𝟎
𝝁
, 𝑪𝟏𝟎
𝒆 }
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Full form factor approach with 5% power corrections

𝜒2 = 41𝛿𝐶9
𝑒 = 𝛿𝐶9

𝜇

• More than 2𝜎 tension for 𝐶9
• In the four operator fit, it is possible to have 𝛿𝐶9

𝑒 = 𝛿𝐶9
𝜇

𝛿𝐶10
𝜇
≠ 𝛿𝐶10

𝑒

• {𝐶9, 𝐶10} → 𝜒
2 = 51, {𝐶9

𝜇
, 𝐶9
𝑒 , 𝐶10
𝜇
, 𝐶10
𝑒 } → 𝜒2 = 41

considering lepton flavour violation improves the fit



Conclusions

Conclusions:

• Factorisable power corrections have small effect at observable level

• The fit results do not depend very much on wheather one uses soft or full 

form factor approach

• In the two operator fit going from 10% to 20% power correction in the 

soft FF approach slightly decrease tension in 𝐶9, this is not case when 

going from 5% to10% in the full form factor approach 

• In two operator fit there is a 2𝜎 tension for 𝛿𝐶9
𝑒 = 𝛿𝐶9

𝜇

• In four operator fit, possible to have 𝛿𝐶9
𝑒 = 𝛿𝐶9

𝜇
but flavour violation 

takes place in 𝐶9
′ or 𝐶10

′

• Considering lepton flavour violation the fit is significantly improved

27



Thank you
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Transversity amplitudes

To compute the transversity amplitudes we need to have control over all the form factors
29

Backup



Transversity amplitudes (at LO for large recoil)
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Backup
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Backup
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Backup



Backup

Khodjamirian et al. form factors (𝑇1, 𝑇2, 𝑇3)
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Backup

𝑽, 𝑨𝟏 form factors at low 𝒒𝟐

Khodjamirian et al 

Bharucha et al.
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Backup

Modified Wilson coefficient effects

• 𝐴𝐹𝐵

•
• 𝑆4
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Backup

Modified Wilson coefficient effects

• 𝑆5

•
• 𝑆7
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Backup

Modified Wilson coefficient effects

• 𝑆8

•
• 𝑆9
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Scalar and pseudoscalar
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Backup


