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Why (heavy quark) flavour?
• A very rich field, and a vast laboratory to test the SM 

• Heavy b mass → Easier to understand theoretically (αs(mb) ≈ 0.2, ΛQCD/mb ≈ 0.1)

• b (and c) lifetimes long enough for experimental detection (τb~1.5 10-12 s) 

• Sizeable CP violation expected in many b decays 
- Large CPV effects expected in processes which involve quarks from all three 

generations 

• Most TeV new physics contains new sources of CP and flavour 
violation 

• The observed baryon asymmetry of the Universe requires CPV 
beyond the SM  
- Not necessarily in flavour changing processes, nor necessarily in quark sector, it 

could originate from lepton sector
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Flavour physics as a tool  of discovery
• In the SM, some rare decays are forbidden at tree level and can only 

occur at loop level (penguin and box), e.g. Bs →μ+μ-       

• A new particle, too heavy to be produced at the LHC, can still give 
sizeable effects when exchanged in a loop (e.g. modify BFs, angular 
distributions,…) 

  

• Strategy: use well-predicted observables to look for deviations 
• Indirect approach to New Physics searches, complementary to that of 

ATLAS/CMS and particularly relevant at this point! 3

No FCNCs



A window on 
NP at high 

scales



The LHCb collaboration
• ~1250 members from  79 institutes in 18 countries
•  ~450 publications, some with very high impact
• Main focus on heavy quark flavour…but plenty of other 

physics in the forward direction
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- 2018: the best year!  
- Record in delivered and recorded Luminosity 
- Legacy Run 2 analyses: i.e. Run 1 (3/fb) +(2x2/fb)2015/16 + (2x1.8/fb)2017 + (2x2.2/fb)2018         →            

total equivalent to ~5x Run 1 dataset
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Luminosity @ LHCb

• Experiment designed to run at constant luminosity throughout fills                                    
- 4 x1032 cm-2 sec -1 (to be raised to 2 x1033 cm-2 sec -1 in Run 3) 
- mean number of interactions/bunch crossing ~1  
- (Typical ’18 peak Lumi for ATLAS/CMS ~2 1034 cm-2 sec-1 , with ~37 interactions/bunch crossing, 

~150/fb in Run 2)  9

Run 1  
~3 fb-1 

Run 2 
~6 fb-1 

bb̄

cc̄

~1011         decays/fb 
  in acceptance 
~1012       decays/fb

….
Z
L dt ⇠ 9 fb�1
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Higher cross-section 
Better trigger eficiency



LHCb detector: the essentials
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VELO

RICH

MUON

MAGNET

TRACKING

CALO

• Forward acceptance  
• Efficient trigger for hadronic and 

leptonic modes 
• Acceptance down to low pT 
• Precision tracking and vertexing 

(VELO@8 mm from beam) 
• Excellent PID 

JINST 3 (2008) S08005



The LHCb trigger
• Fully optimised for flavour physics 

• At first stage (L0) a hardware trigger fires 
on single hadrons, leptons and photons 

• High Level Trigger (HLT): software 
application designed to reduce event 
rate from 1 M to ~10 k events/s, 
executed on a large computing cluster. 
Flexible design that can adapt to 
changing machine conditions and 
evolving physics programme 

• Split HLT in two steps: buffer events to 
disk after HLT1 to perform online 
calibration & alignment 

• HLT2 uses offline-quality calibration à 
more discriminant trigger  

• Offline-quality reconstruction up-front 
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Run 2

HLT1

HLT2



2018: last year of LHCb as we know it!
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• LHCb is building its Upgrade I to be installed during LS2 (2019-20)→  
• Higher Lumi: 4 x1032 →2 x1033 cm-2 sec-1  
• more interactions per beam crossing: ~1→~5 

• Possible LHCb detector consolidation and modest enhancements in LS3 (2025) -      
ATLAS/CMS Phase II upgrades also in LS3 

• Major LHCb Upgrade II in LS4 (2030) →Factor ~10 increase in    : ~1.5 x1034 /cm2 /s

Run1 Run2 Run3 Run4 Run5LS1 LS2 LS3 LS4 LS5

2012 2014 2018  19-20 2023 24-25 2029 30-31 2034

LHCb
Upgrade

HL-LHC

7,8 TeV    13 TeV 14 TeV

We are 
here !
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Luminosity evolution

• Expression of Interest for LHCb Upgrade II (CERN-LHCC-2017-003) 
and physics case (CERN/LHCC 2018-027) submitted to LHCC
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Belle II/SuperKEKB
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Run 3 LS3

Belle & BaBar: ~1.1 ab-1

arXiv:1808.10567



Belle II/SuperKEKB
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Run 3 LS3

Belle & BaBar: ~1.1 ab-1

arXiv:1808.10567

Some modes better suited for Belle-2, 
e.g. inclusive measurements,  
modes with several neutrals

Others unique to LHCb, e.g. Bs, Bc, 
b-baryons, very rare modes
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VELO pixels         
(5.1 mm from beam)

RICH new 
photodetectors 

Upstream Tracker 
(UT) 

Tracker 
scintillating fibres

Calorimetry and muons: 
replace RO electronics 
 & remove redundant 

components

The upgraded detector
• Less than 10% of all channels will be kept! 
• NEW RO electronics 
• NEW DAQ & data centre

40 MHz Readout 
Software trigger only
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Dismantling and installation 
already started! Tight timescale!

VELO sensor tiles 
testing device

VELO module
SciFI module SciFI Readoout

CALO electronics

UT sensor

UT staves 
construction

Test of MUON 
electronics

RICH MaPMTs 
under test

PCIe40 boards



Tatsuya Nakada @ End of LHCb 
Phase I Celebrations
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CPV in beauty and 
charm



CKM Matrix and γ
• The CKM matrix VCKM  describes the decay of one quark to another by the emission of a W 

• VCKM depends on 3 mixing angles and 1 phase, which is the only source of CP violation in SM 

• Phase only present with N≥3 generations (Nobel prize 2008) 

- With N=2, all phases can be removed→matrix real→no CPV 

• These 4 parameters (3 angles, 1 phase) must be determined experimentally 

• VCKM unitary: unitarity constraints can be seen as sum of three complex numbers closing a 
triangle in complex plane 

• Check  consistency of Unitary Triangles                                                                       
through precise measurements                                                                                                                         
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-W • The probability of the transition from 
flavour i to flavour j is ~ |Vij|2 

• Probability of b to c decay  ~ |Vcb|2  

X

i

VijV
⇤
jk = 0 for j 6= k
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j = d, k = bMost open triangle:



Measuring γ
• γ easily accessible from tree-level processes  

- theoretically very clean δγ/γth~𝒪(10-7)  
- yields results unpolluted by NP 
- “SM Standard Candle” 

• Golden mode 
- Sensitivity from interference of            and             amplitudes through final 

states accessible to both       and        

- Many different methods and decay modes 
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B− → DK−

D0 D̄0
b → c b → u

Vub ∼ e−iγVcb

(Kπ, K3π, KK, K0
s ππ, . . . )

Derived from combination of 
observables in many  
decay channels

B → DK

Indirect prediction 
from rest of triangle 
(~2° precision)

• Uncertainty on world average 
~5°, driven by LHCb 

• Consistent with indirect 
precision but.. not as precise

Asup/Afav = rBe
i(�B±�)
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ratio of interfering B 
amplitudes ~0.10

strong phase 
difference



• D reconstructed using the three-body, self-conjugate final state 
• Sensitivity to γ by comparing Dalitz plot distributions for B+ and B- 
• Input on strong phase difference between                                   decay amplitudes across 

Dalitz plot taken from quantum correlation of             pairs from ψ(3770) 
decays  →   model independent measurement 

• Analysis of ~4500 decays from 2 fb-1 in Run 2
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D0, D
0
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[CLEO, PRD 82 (2010) 112006]

B+ ! DK+
<latexit sha1_base64="36f/8GQ+/sabpFFiu85Ga3v3syI=">AAAB83icdVDLSgMxFM3UV62vqks3wSIIhSFT2067K9WF4KaCfUBnWjJppg3NPEgyQin9DTcuFHHrz7jzb0wfgooeuHA4517uvceLOZMKoQ8jtba+sbmV3s7s7O7tH2QPj1oySgShTRLxSHQ8LClnIW0qpjjtxILiwOO07Y0v5377ngrJovBOTWLqBngYMp8RrLTk1Ht5R0XwCt708v1sDpnIsuxyCSLzolpGdkUTu1SoFi1omWiBHFih0c++O4OIJAENFeFYyq6FYuVOsVCMcDrLOImkMSZjPKRdTUMcUOlOFzfP4JlWBtCPhK5QwYX6fWKKAykngac7A6xG8rc3F//yuonyK+6UhXGiaEiWi/yEQ/3mPAA4YIISxSeaYCKYvhWSERaYKB1TRofw9Sn8n7QKpoVM67aYq9VXcaTBCTgF58ACNqiBa9AATUBADB7AE3g2EuPReDFel60pYzVzDH7AePsEcBWQpQ==</latexit><latexit sha1_base64="36f/8GQ+/sabpFFiu85Ga3v3syI=">AAAB83icdVDLSgMxFM3UV62vqks3wSIIhSFT2067K9WF4KaCfUBnWjJppg3NPEgyQin9DTcuFHHrz7jzb0wfgooeuHA4517uvceLOZMKoQ8jtba+sbmV3s7s7O7tH2QPj1oySgShTRLxSHQ8LClnIW0qpjjtxILiwOO07Y0v5377ngrJovBOTWLqBngYMp8RrLTk1Ht5R0XwCt708v1sDpnIsuxyCSLzolpGdkUTu1SoFi1omWiBHFih0c++O4OIJAENFeFYyq6FYuVOsVCMcDrLOImkMSZjPKRdTUMcUOlOFzfP4JlWBtCPhK5QwYX6fWKKAykngac7A6xG8rc3F//yuonyK+6UhXGiaEiWi/yEQ/3mPAA4YIISxSeaYCKYvhWSERaYKB1TRofw9Sn8n7QKpoVM67aYq9VXcaTBCTgF58ACNqiBa9AATUBADB7AE3g2EuPReDFel60pYzVzDH7AePsEcBWQpQ==</latexit><latexit sha1_base64="36f/8GQ+/sabpFFiu85Ga3v3syI=">AAAB83icdVDLSgMxFM3UV62vqks3wSIIhSFT2067K9WF4KaCfUBnWjJppg3NPEgyQin9DTcuFHHrz7jzb0wfgooeuHA4517uvceLOZMKoQ8jtba+sbmV3s7s7O7tH2QPj1oySgShTRLxSHQ8LClnIW0qpjjtxILiwOO07Y0v5377ngrJovBOTWLqBngYMp8RrLTk1Ht5R0XwCt708v1sDpnIsuxyCSLzolpGdkUTu1SoFi1omWiBHFih0c++O4OIJAENFeFYyq6FYuVOsVCMcDrLOImkMSZjPKRdTUMcUOlOFzfP4JlWBtCPhK5QwYX6fWKKAykngac7A6xG8rc3F//yuonyK+6UhXGiaEiWi/yEQ/3mPAA4YIISxSeaYCKYvhWSERaYKB1TRofw9Sn8n7QKpoVM67aYq9VXcaTBCTgF58ACNqiBa9AATUBADB7AE3g2EuPReDFel60pYzVzDH7AePsEcBWQpQ==</latexit><latexit sha1_base64="36f/8GQ+/sabpFFiu85Ga3v3syI=">AAAB83icdVDLSgMxFM3UV62vqks3wSIIhSFT2067K9WF4KaCfUBnWjJppg3NPEgyQin9DTcuFHHrz7jzb0wfgooeuHA4517uvceLOZMKoQ8jtba+sbmV3s7s7O7tH2QPj1oySgShTRLxSHQ8LClnIW0qpjjtxILiwOO07Y0v5377ngrJovBOTWLqBngYMp8RrLTk1Ht5R0XwCt708v1sDpnIsuxyCSLzolpGdkUTu1SoFi1omWiBHFih0c++O4OIJAENFeFYyq6FYuVOsVCMcDrLOImkMSZjPKRdTUMcUOlOFzfP4JlWBtCPhK5QwYX6fWKKAykngac7A6xG8rc3F//yuonyK+6UhXGiaEiWi/yEQ/3mPAA4YIISxSeaYCKYvhWSERaYKB1TRofw9Sn8n7QKpoVM67aYq9VXcaTBCTgF58ACNqiBa9AATUBADB7AE3g2EuPReDFel60pYzVzDH7AePsEcBWQpQ==</latexit>

B� ! DK�
<latexit sha1_base64="5BzxHhoQ51i0RpDqXIbHDMcGvMo=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVw0yFT+9yV6kJwU8HWQqctmTRtQzMPkkyhDP0TNy4UceufuPNvzLQVVPTAhcM593LvPW7ImVQIfRiptfWNza30dmZnd2//wDw8askgEoQ2ScAD0XaxpJz5tKmY4rQdCoo9l9N7d3KZ+PdTKiQL/Ds1C2nXwyOfDRnBSkt906z3co4K4BW86eWg42T6ZhZZyLbLpSJE1kW1hMoVTcrFfLVgQ9tCC2TBCo2++e4MAhJ51FeEYyk7NgpVN8ZCMcLpPONEkoaYTPCIdjT1sUdlN15cPodnWhnAYSB0+Qou1O8TMfaknHmu7vSwGsvfXiL+5XUiNax0Y+aHkaI+WS4aRhzqV5MY4IAJShSfaYKJYPpWSMZYYKJ0WEkIX5/C/0krb9nIsm8L2Vp9FUcanIBTcA5sUAY1cA0aoAkImIIH8ASejdh4NF6M12VryljNHIMfMN4+AeexkeQ=</latexit><latexit sha1_base64="5BzxHhoQ51i0RpDqXIbHDMcGvMo=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVw0yFT+9yV6kJwU8HWQqctmTRtQzMPkkyhDP0TNy4UceufuPNvzLQVVPTAhcM593LvPW7ImVQIfRiptfWNza30dmZnd2//wDw8askgEoQ2ScAD0XaxpJz5tKmY4rQdCoo9l9N7d3KZ+PdTKiQL/Ds1C2nXwyOfDRnBSkt906z3co4K4BW86eWg42T6ZhZZyLbLpSJE1kW1hMoVTcrFfLVgQ9tCC2TBCo2++e4MAhJ51FeEYyk7NgpVN8ZCMcLpPONEkoaYTPCIdjT1sUdlN15cPodnWhnAYSB0+Qou1O8TMfaknHmu7vSwGsvfXiL+5XUiNax0Y+aHkaI+WS4aRhzqV5MY4IAJShSfaYKJYPpWSMZYYKJ0WEkIX5/C/0krb9nIsm8L2Vp9FUcanIBTcA5sUAY1cA0aoAkImIIH8ASejdh4NF6M12VryljNHIMfMN4+AeexkeQ=</latexit><latexit sha1_base64="5BzxHhoQ51i0RpDqXIbHDMcGvMo=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVw0yFT+9yV6kJwU8HWQqctmTRtQzMPkkyhDP0TNy4UceufuPNvzLQVVPTAhcM593LvPW7ImVQIfRiptfWNza30dmZnd2//wDw8askgEoQ2ScAD0XaxpJz5tKmY4rQdCoo9l9N7d3KZ+PdTKiQL/Ds1C2nXwyOfDRnBSkt906z3co4K4BW86eWg42T6ZhZZyLbLpSJE1kW1hMoVTcrFfLVgQ9tCC2TBCo2++e4MAhJ51FeEYyk7NgpVN8ZCMcLpPONEkoaYTPCIdjT1sUdlN15cPodnWhnAYSB0+Qou1O8TMfaknHmu7vSwGsvfXiL+5XUiNax0Y+aHkaI+WS4aRhzqV5MY4IAJShSfaYKJYPpWSMZYYKJ0WEkIX5/C/0krb9nIsm8L2Vp9FUcanIBTcA5sUAY1cA0aoAkImIIH8ASejdh4NF6M12VryljNHIMfMN4+AeexkeQ=</latexit><latexit sha1_base64="5BzxHhoQ51i0RpDqXIbHDMcGvMo=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVw0yFT+9yV6kJwU8HWQqctmTRtQzMPkkyhDP0TNy4UceufuPNvzLQVVPTAhcM593LvPW7ImVQIfRiptfWNza30dmZnd2//wDw8askgEoQ2ScAD0XaxpJz5tKmY4rQdCoo9l9N7d3KZ+PdTKiQL/Ds1C2nXwyOfDRnBSkt906z3co4K4BW86eWg42T6ZhZZyLbLpSJE1kW1hMoVTcrFfLVgQ9tCC2TBCo2++e4MAhJ51FeEYyk7NgpVN8ZCMcLpPONEkoaYTPCIdjT1sUdlN15cPodnWhnAYSB0+Qou1O8TMfaknHmu7vSwGsvfXiL+5XUiNax0Y+aHkaI+WS4aRhzqV5MY4IAJShSfaYKJYPpWSMZYYKJ0WEkIX5/C/0krb9nIsm8L2Vp9FUcanIBTcA5sUAY1cA0aoAkImIIH8ASejdh4NF6M12VryljNHIMfMN4+AeexkeQ=</latexit>
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<latexit sha1_base64="69r1gOeOBRDlfeJO6ZdEuUpsFNo=">AAAB/nicdVDLSgMxFL3js9ZXVVy5CYogiENG7WtX1IXgRsFaoS8yaaaGZh4kGaEMBX/FjQtF3Pod7gQXfoqZVkFFDyQczrmXe+9xI8GVxvjVGhufmJyazsxkZ+fmFxZzS8sXKowlZVUailBeukQxwQNW1VwLdhlJRnxXsJrbO0z92jWTiofBue5HrOmTbsA9Tok2Uju3etTQITpp4bZqRLy1nX472XZuA9vYcYqFPML2XrmAiyVDivnd8r6DHBsPsVFZ33p7B4DTdu6l0Qlp7LNAU0GUqjs40s2ESM2pYINsI1YsIrRHuqxuaEB8pprJcP0B2jRKB3mhNC/QaKh+70iIr1Tfd02lT/SV+u2l4l9ePdZeqZnwIIo1C+hokBcLZC5Os0AdLhnVom8IoZKbXRG9IpJQbRJLQ/i6FP1PLnZtB9vOmUnjAEbIwBqswxY4UIQKHMMpVIFCArdwDw/WjXVnPVpPo9Ix67NnBX7Aev4AtMyW5g==</latexit><latexit sha1_base64="YZhWCCvQZEoopE9amtXha7y1EkI="></latexit><latexit sha1_base64="YZhWCCvQZEoopE9amtXha7y1EkI="></latexit><latexit sha1_base64="F3L8ItYpOS6HQMDKruBMRpuWbic=">AAAB/nicdVDLSgMxFM3UV62vqrhyEyyCIA6ZajvtrqgLwU0F+4BOWzJp2oZmHiQZoQwFf8WNC0Xc+h3u/BszbQUVPZBwOOde7r3HDTmTCqEPI7WwuLS8kl7NrK1vbG5lt3fqMogEoTUS8EA0XSwpZz6tKaY4bYaCYs/ltOGOLhK/cUeFZIF/q8YhbXt44LM+I1hpqZvdu3RUAK87qCudkHWOk+8k083mkIksyy4WIDJPy0VklzSxC/nymQUtE02RA3NUu9l3pxeQyKO+IhxL2bJQqNoxFooRTicZJ5I0xGSEB7SlqY89KtvxdP0JPNRKD/YDoZ+v4FT93hFjT8qx5+pKD6uh/O0l4l9eK1L9Ujtmfhgp6pPZoH7Eob44yQL2mKBE8bEmmAimd4VkiAUmSieWhPB1Kfyf1POmhUzrBuUq5/M40mAfHIAjYAEbVMAVqIIaICAGD+AJPBv3xqPxYrzOSlPGvGcX/IDx9gmj/ZSg</latexit>

Binning chosen to 
maximize γ sensitivity

   Measuring γ in B➝DK decays with           
D ! K0
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+K�

<latexit sha1_base64="vb7K5KSGQhYdKtqu4Rr8FA72ryQ="></latexit><latexit sha1_base64="vb7K5KSGQhYdKtqu4Rr8FA72ryQ="></latexit><latexit sha1_base64="vb7K5KSGQhYdKtqu4Rr8FA72ryQ="></latexit><latexit sha1_base64="vb7K5KSGQhYdKtqu4Rr8FA72ryQ="></latexit>

arXiv:1806.01202



   Measuring γ in B➝DK decays with           

• D reconstructed using the three-body, self-conjugate final state 
• Sensitivity to γ by comparing Dalitz plot distributions for B+ and B- 
• Input on strong phase difference between                                   decay amplitudes across 

Dalitz plot taken from quantum correlation of             pairs from ψ(3770) 
decays  →   model independent measurement 

• Analysis of ~4500 decays from 2 fb-1 in Run 2
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D ! K0
s⇡

+⇡�, K0
sK

+K�
<latexit sha1_base64="vb7K5KSGQhYdKtqu4Rr8FA72ryQ="></latexit><latexit sha1_base64="vb7K5KSGQhYdKtqu4Rr8FA72ryQ="></latexit><latexit sha1_base64="vb7K5KSGQhYdKtqu4Rr8FA72ryQ="></latexit><latexit sha1_base64="vb7K5KSGQhYdKtqu4Rr8FA72ryQ="></latexit>

arXiv:1806.01202

D0, D
0

<latexit sha1_base64="eFsR6OH127NlBNc7Ap7cheqYjnI=">AAAB+nicbVDLSgMxFL3js9bXVJdugkVwIWVGBF0WdeGygn1AO5ZMmmlDM8mQZJQy9lPcuFDErV/izr8x03ahrRcCJ+ece3NzwoQzbTzv21laXlldWy9sFDe3tnd23dJeQ8tUEVonkkvVCrGmnAlaN8xw2koUxXHIaTMcXuV684EqzaS4M6OEBjHuCxYxgo2lum7p+t476UhryScge+u6Za/iTQotAn8GyjCrWtf96vQkSWMqDOFY67bvJSbIsDKMcDoudlJNE0yGuE/bFgocUx1kk9XH6MgyPRRJZY8waML+7shwrPUoDq0zxmag57Wc/E9rpya6CDImktRQQaYPRSlHRqI8B9RjihLDRxZgopjdFZEBVpgYm1bRhuDPf3kRNE4rvlfxb8/K1ctZHAU4gEM4Bh/OoQo3UIM6EHiEZ3iFN+fJeXHenY+pdcmZ9ezDn3I+fwDEt5MF</latexit><latexit sha1_base64="eFsR6OH127NlBNc7Ap7cheqYjnI=">AAAB+nicbVDLSgMxFL3js9bXVJdugkVwIWVGBF0WdeGygn1AO5ZMmmlDM8mQZJQy9lPcuFDErV/izr8x03ahrRcCJ+ece3NzwoQzbTzv21laXlldWy9sFDe3tnd23dJeQ8tUEVonkkvVCrGmnAlaN8xw2koUxXHIaTMcXuV684EqzaS4M6OEBjHuCxYxgo2lum7p+t476UhryScge+u6Za/iTQotAn8GyjCrWtf96vQkSWMqDOFY67bvJSbIsDKMcDoudlJNE0yGuE/bFgocUx1kk9XH6MgyPRRJZY8waML+7shwrPUoDq0zxmag57Wc/E9rpya6CDImktRQQaYPRSlHRqI8B9RjihLDRxZgopjdFZEBVpgYm1bRhuDPf3kRNE4rvlfxb8/K1ctZHAU4gEM4Bh/OoQo3UIM6EHiEZ3iFN+fJeXHenY+pdcmZ9ezDn3I+fwDEt5MF</latexit><latexit sha1_base64="eFsR6OH127NlBNc7Ap7cheqYjnI=">AAAB+nicbVDLSgMxFL3js9bXVJdugkVwIWVGBF0WdeGygn1AO5ZMmmlDM8mQZJQy9lPcuFDErV/izr8x03ahrRcCJ+ece3NzwoQzbTzv21laXlldWy9sFDe3tnd23dJeQ8tUEVonkkvVCrGmnAlaN8xw2koUxXHIaTMcXuV684EqzaS4M6OEBjHuCxYxgo2lum7p+t476UhryScge+u6Za/iTQotAn8GyjCrWtf96vQkSWMqDOFY67bvJSbIsDKMcDoudlJNE0yGuE/bFgocUx1kk9XH6MgyPRRJZY8waML+7shwrPUoDq0zxmag57Wc/E9rpya6CDImktRQQaYPRSlHRqI8B9RjihLDRxZgopjdFZEBVpgYm1bRhuDPf3kRNE4rvlfxb8/K1ctZHAU4gEM4Bh/OoQo3UIM6EHiEZ3iFN+fJeXHenY+pdcmZ9ezDn3I+fwDEt5MF</latexit><latexit sha1_base64="eFsR6OH127NlBNc7Ap7cheqYjnI=">AAAB+nicbVDLSgMxFL3js9bXVJdugkVwIWVGBF0WdeGygn1AO5ZMmmlDM8mQZJQy9lPcuFDErV/izr8x03ahrRcCJ+ece3NzwoQzbTzv21laXlldWy9sFDe3tnd23dJeQ8tUEVonkkvVCrGmnAlaN8xw2koUxXHIaTMcXuV684EqzaS4M6OEBjHuCxYxgo2lum7p+t476UhryScge+u6Za/iTQotAn8GyjCrWtf96vQkSWMqDOFY67bvJSbIsDKMcDoudlJNE0yGuE/bFgocUx1kk9XH6MgyPRRJZY8waML+7shwrPUoDq0zxmag57Wc/E9rpya6CDImktRQQaYPRSlHRqI8B9RjihLDRxZgopjdFZEBVpgYm1bRhuDPf3kRNE4rvlfxb8/K1ctZHAU4gEM4Bh/OoQo3UIM6EHiEZ3iFN+fJeXHenY+pdcmZ9ezDn3I+fwDEt5MF</latexit>

D0D
0

<latexit sha1_base64="GU3cfW338lo5WLy1gN7/0IxfAAA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRQZdFXbisYB/QjiWTZtrQTDIkmUIZ+iduXCji1j9x59+YaWehrRcCJ+ece3NzwoQzbTzv2ymtrW9sbpW3Kzu7e/sH7uFRS8tUEdokkkvVCbGmnAnaNMxw2kkUxXHIaTsc3+Z6e0KVZlI8mmlCgxgPBYsYwcZSfde9e/J60jryAche+m7Vq3nzQqvAL0AVimr03a/eQJI0psIQjrXu+l5iggwrwwins0ov1TTBZIyHtGuhwDHVQTbffIbOLDNAkVT2CIPm7O+ODMdaT+PQOmNsRnpZy8n/tG5qousgYyJJDRVk8VCUcmQkymNAA6YoMXxqASaK2V0RGWGFibFhVWwI/vKXV0HrouZ7Nf/hslq/KeIowwmcwjn4cAV1uIcGNIHABJ7hFd6czHlx3p2PhbXkFD3H8Keczx9Z2JLP</latexit><latexit sha1_base64="GU3cfW338lo5WLy1gN7/0IxfAAA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRQZdFXbisYB/QjiWTZtrQTDIkmUIZ+iduXCji1j9x59+YaWehrRcCJ+ece3NzwoQzbTzv2ymtrW9sbpW3Kzu7e/sH7uFRS8tUEdokkkvVCbGmnAnaNMxw2kkUxXHIaTsc3+Z6e0KVZlI8mmlCgxgPBYsYwcZSfde9e/J60jryAche+m7Vq3nzQqvAL0AVimr03a/eQJI0psIQjrXu+l5iggwrwwins0ov1TTBZIyHtGuhwDHVQTbffIbOLDNAkVT2CIPm7O+ODMdaT+PQOmNsRnpZy8n/tG5qousgYyJJDRVk8VCUcmQkymNAA6YoMXxqASaK2V0RGWGFibFhVWwI/vKXV0HrouZ7Nf/hslq/KeIowwmcwjn4cAV1uIcGNIHABJ7hFd6czHlx3p2PhbXkFD3H8Keczx9Z2JLP</latexit><latexit sha1_base64="GU3cfW338lo5WLy1gN7/0IxfAAA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRQZdFXbisYB/QjiWTZtrQTDIkmUIZ+iduXCji1j9x59+YaWehrRcCJ+ece3NzwoQzbTzv2ymtrW9sbpW3Kzu7e/sH7uFRS8tUEdokkkvVCbGmnAnaNMxw2kkUxXHIaTsc3+Z6e0KVZlI8mmlCgxgPBYsYwcZSfde9e/J60jryAche+m7Vq3nzQqvAL0AVimr03a/eQJI0psIQjrXu+l5iggwrwwins0ov1TTBZIyHtGuhwDHVQTbffIbOLDNAkVT2CIPm7O+ODMdaT+PQOmNsRnpZy8n/tG5qousgYyJJDRVk8VCUcmQkymNAA6YoMXxqASaK2V0RGWGFibFhVWwI/vKXV0HrouZ7Nf/hslq/KeIowwmcwjn4cAV1uIcGNIHABJ7hFd6czHlx3p2PhbXkFD3H8Keczx9Z2JLP</latexit><latexit sha1_base64="GU3cfW338lo5WLy1gN7/0IxfAAA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRQZdFXbisYB/QjiWTZtrQTDIkmUIZ+iduXCji1j9x59+YaWehrRcCJ+ece3NzwoQzbTzv2ymtrW9sbpW3Kzu7e/sH7uFRS8tUEdokkkvVCbGmnAnaNMxw2kkUxXHIaTsc3+Z6e0KVZlI8mmlCgxgPBYsYwcZSfde9e/J60jryAche+m7Vq3nzQqvAL0AVimr03a/eQJI0psIQjrXu+l5iggwrwwins0ov1TTBZIyHtGuhwDHVQTbffIbOLDNAkVT2CIPm7O+ODMdaT+PQOmNsRnpZy8n/tG5qousgYyJJDRVk8VCUcmQkymNAA6YoMXxqASaK2V0RGWGFibFhVWwI/vKXV0HrouZ7Nf/hslq/KeIowwmcwjn4cAV1uIcGNIHABJ7hFd6czHlx3p2PhbXkFD3H8Keczx9Z2JLP</latexit>

[CLEO, PRD 82 (2010) 112006]
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Binning chosen to 
maximize γ sensitivity

B+-B- yields

Assuming 
no CPV



   Measuring γ in B➝DK decays with           

• D reconstructed using the three-body, self-conjugate final state 
• Sensitivity to γ by comparing Dalitz plot distributions for B+ and B- 
• Input on strong phase difference between                                   decay amplitudes across 

Dalitz plot taken from quantum correlation of             pairs from ψ(3770) 
decays  →   model independent measurement 

• Analysis of ~4500 decays from 2 fb-1 in Run 2
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B+-B- yields

Assuming 
no CPVCombining with Run1



   Measuring γ in B➝DK decays with           

• D reconstructed using the three-body, self-conjugate final state 
• Sensitivity to γ by comparing Dalitz plot distributions for B+ and B- 
• Input on strong phase difference between                                   decay amplitudes across 

Dalitz plot taken from quantum correlation of             pairs from ψ(3770) 
decays  →   model independent measurement 

• Analysis of ~4500 decays from 2 fb-1 in Run 2
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Most precise measurement 
  from a single analysis 
(fixes a single, narrow solution)



Updated LHCb γ combination
• Nice complementarity of the input methods, which vary in 

precision and number of solutions
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LHCb-CONF-2018-002 

New

New

New

The power of the combination (B+)



Updated LHCb γ combination
• Breakdown by B meson type (results consistent at 2σ level) 

• Indirect constraints give 
- Slight tension to be monitored as precision improves  
- Measurement statistically dominated   (3° to 4° precision at the end of Run 2)                    
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 Dominating the WA:
γ = (73.5.0+4.2

−5.1)
∘

γ = (65.8 ± 2.2)∘

(HFLAV, winter ’18) 

 (UTfit, summer 2018, prel.)
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                  combination  
is an LHCb triumph 

(Ph.Urquijo, ICHEP’18)



Evolving constraints
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Evolving constraints
• Major impact of LHCb
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What about charm?
• Extremely small level of CPV expected in charm mixing and decays 

offers the opportunity for very sensitive null tests of the CKM picture 

• Recent LHCb measurement of charm-mixing parameter yCP  

• Compare  decay width           from  decays to CP-even eigenstates  
                                                  with decay width     to CP-mixed states 

•  yCP differs from zero because of mixing 
•  yCP differs from                                 in presence of  CPV  (with           

decay widths of CP-even (odd) eigenstates                              )  
•  Reconstruct  D0s from semi-muonic B decays                           
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(D0 → K+K−, D0 → π+π−)
(D0 → K−π+)

ΓCP
Γ

y ⌘ (�1 � �2)/2�
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|D1,2i = p|D0i± q|D0i
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Measurement of the charm 
mixing parameter yCP

• Measurement of yCP from K+K- mode most precise 
from single experiment 

• Combination consistent and as  precise as current 
world average 

• Also consistent with known value of mixing parameter 
y (0.62±0.07) %  33

3 fb-1

-4 -3 -2 -1 0 1 2 3 4 5

yCP (%)

World average  0.835 ± 0.155 %

BESIII 2015 -2.000 ± 1.300 ± 0.700 %

BaBar 2012  0.720 ± 0.180 ± 0.124 %

Belle 2012  1.110 ± 0.220 ± 0.110 %

LHCb 2012  0.550 ± 0.630 ± 0.410 %

Belle 2009  0.110 ± 0.610 ± 0.520 %

CLEO 2002 -1.200 ± 2.500 ± 1.400 %

FOCUS 2000  3.420 ± 1.390 ± 0.740 %

E791 1999  0.732 ± 2.890 ± 1.030 %

 HFLAV 
 Summer 2016 

LHCb 2018 0.57± 0.13± 0.09%
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No evidence of CPV 
in                mixingD0 �D

0
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Tests of Lepton 
Flavour Universality



Lepton Flavour Universality
• The property that the three charged leptons (e, µ , τ) couple 

in a universal way to the SM gauge bosons 

• In the SM the only flavour non-universal terms are the three 
lepton masses:  mτ /mμ /me  ↔ 3477 / 207/ 1 

• If NP couples in a non-universal way to the three lepton 
families, then we can discover it by comparing classes of 
rare decays involving different lepton pairs (e.g. e/µ or µ/τ )
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The family of R ratios
• Comparing the rates of                           and                            allows precise 

testing of lepton flavour universality 

•                flavour-changing neutral currents with amplitudes involving loop diagrams 

• These ratios are clean probes of NP : 

- Sensitive to possible new interactions that couple in a non-universal way to 
electrons and muons   

- Small theoretical uncertainties because hadronic uncertainties cancel:                                                                
in SM,                neglecting lepton masses, with QED corrections at ~% level
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• LHCb performed 
measurement in two q2 bins: 

- Low-q2 bin: [0.045,1.1] GeV2 

- Central-q2 bin: [1.1,6.0] GeV2
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A very challenging measurement!
• Lepton identification is anything but 

universal! 
- Electrons emit a large amount of 

bremsstrahlung, degrading mass 
resolution→ need to recover energy 
using clusters in the calorimeter  

- Due to higher occupancy of 
calorimeters, trigger thresholds are 
higher for electrons (~2.5 to 3.0 GeV) than 
for muons (~1.5 to 1.8 GeV) →             
decays with electrons also selected 
using hadron trigger either fired by K* 
products or by any other particle in the 
event not associated with signal
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• To mitigate muon and electron differences due to bremsstrahlung and 
trigger, measurement performed as a double ratio with “resonant” control 
modes                      , which are not expected to be affected by NP:                        

→ Relevant experimental quantities: yields & efficiencies for the four decays 

• Similarities between the experimental efficiencies of the non resonant and 
resonant modes ensure a substantial reduction of systematic uncertainties in 
the double ratio (absolute size of e.g. tracking, PID or trigger efficiencies do not need to 
be known exactly, only ratios between rare mode and control mode matter) 
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RK⇤0 =
B(B0 ! K⇤0µ+µ�)

B(B0 ! K⇤0J/ (! µ+µ�))

,
B(B0 ! K⇤0e+e�)

B(B0 ! K⇤0J/ (! e+e�))

Measure as a double ratio

B0 ! J/ K⇤



Results
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RK⇤ =

(
0.66+0.11

�0.07 (stat)± 0.03 (syst) for 0.045 < q2 < 1.1GeV2

0.69+0.11
�0.07 (stat)± 0.05 (syst) for 1.1 < q2 < 6.0GeV2

BaBar:     PRD 86 (2012) 032012 
Belle:       PRL 103 (2009) 171801

BIP:        arXiv:1605.07633 
CDHMV: arXiv:1510.04239, 1605.03156, 1701.08672 
EOS:       arXiv:1610.08761, https://eos.github.io 
flav.io:  arXiv:1503.05534, 1703.09189, flav-io/flavio 
JC:       arXiv:1412.3183

2.1 - 2.3 σ 
2.4 - 2.5 σ

LHCb:     JHEP 08 (2017) 055

Comparison with SM predictions Comparison with BaBar & Belle

Z
L dt ⇠ 3 fb�1
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 Cross-checks
•                                                                                              

- very stringent test of absolute scale of efficiencies that does not benefit from 
the cancellation of the experimental systematics from the double ratio, also has  
small statistical uncertainty  

- compatible with being independent of decay kinematics (pT, η of the B0 
candidate) and track multiplicity                                                                             

•                           

•                                in agreement with JHEP 04 (2017) 142 

•                           compatible with expectation 

• If corrections to simulation are not accounted for, the ratio of the efficiencies 
(and thus       ) changes by less than 5%
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rJ/ =
B(B0 ! K⇤0J/ (! µ+µ�))

B(B0 ! K⇤0J/ (! e+e�))
= 1.043± 0.006± 0.045

B(B0 ! K⇤0µ+µ�)

R (2S) =
B(B0 ! K⇤0 (2S)(! µ+µ�))

B(B0 ! K⇤0J/ (! µ+µ�))

,
B(B0 ! K⇤0 (2S)(! e+e�))

B(B0 ! K⇤0J/ (! e+e�)) → compatible with 
expectation

B(B0 ! K⇤0�)

RK⇤
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A reminder: RK
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BaBar:     PRD 86 (2012) 032012 
Belle:       PRL 103 (2009) 171801

LHCb:    PRL 113 (2014) 151601

•  LHCb published an analysis of RK based on Run 1 (                ) 

• Also measured as a double ratio wrt  

• ~250                         candidates (~1200 dimuon candidates)

B+ → J/ψ( → ℓ+ℓ−)K+

Z
L dt ⇠ 3fb�1
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RK

⇥
q2min, q

2
max

⇤
=

R q2max

q2min
dq2 d�(B+!K+µ+µ�)

dq2

R q2max

q2min
dq2 d�(B+!K+e+e�)

dq2

, 1 < q2 < 6GeV2

<latexit sha1_base64="24FPR5evorOwGjdJzLONF+Hki0M="></latexit><latexit sha1_base64="24FPR5evorOwGjdJzLONF+Hki0M="></latexit><latexit sha1_base64="24FPR5evorOwGjdJzLONF+Hki0M="></latexit><latexit sha1_base64="24FPR5evorOwGjdJzLONF+Hki0M="></latexit>

B+ ! K+e+e�
<latexit sha1_base64="Uf2kHv+mcmc8fTHApOm9+aKPcXg=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBGEYklE0GWpG8FNBfuANi2T6aQdOpmEmUmhhP6JGxeKuPVP3Pk3TtostPUwA4dz7uXee/yYM6Ud59taW9/Y3Nou7BR39/YPDu2j46aKEklog0Q8km0fK8qZoA3NNKftWFIc+py2/PFd5rcmVCoWiSc9jakX4qFgASNYG6lv27Veuasj9NAr0+xd9u2SU3HmQKvEzUkJctT79ld3EJEkpEITjpXquE6svRRLzQins2I3UTTGZIyHtGOowCFVXjrffIbOjTJAQSTNFxrN1d8dKQ6Vmoa+qQyxHqllLxP/8zqJDm69lIk40VSQxaAg4cicmsWABkxSovnUEEwkM7siMsISE23CKpoQ3OWTV0nzquIa/nhdqtbyOApwCmdwAS7cQBXuoQ4NIDCBZ3iFNyu1Xqx362NRumblPSfwB9bnD1Vckic=</latexit><latexit sha1_base64="Uf2kHv+mcmc8fTHApOm9+aKPcXg=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBGEYklE0GWpG8FNBfuANi2T6aQdOpmEmUmhhP6JGxeKuPVP3Pk3TtostPUwA4dz7uXee/yYM6Ud59taW9/Y3Nou7BR39/YPDu2j46aKEklog0Q8km0fK8qZoA3NNKftWFIc+py2/PFd5rcmVCoWiSc9jakX4qFgASNYG6lv27Veuasj9NAr0+xd9u2SU3HmQKvEzUkJctT79ld3EJEkpEITjpXquE6svRRLzQins2I3UTTGZIyHtGOowCFVXjrffIbOjTJAQSTNFxrN1d8dKQ6Vmoa+qQyxHqllLxP/8zqJDm69lIk40VSQxaAg4cicmsWABkxSovnUEEwkM7siMsISE23CKpoQ3OWTV0nzquIa/nhdqtbyOApwCmdwAS7cQBXuoQ4NIDCBZ3iFNyu1Xqx362NRumblPSfwB9bnD1Vckic=</latexit><latexit sha1_base64="Uf2kHv+mcmc8fTHApOm9+aKPcXg=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBGEYklE0GWpG8FNBfuANi2T6aQdOpmEmUmhhP6JGxeKuPVP3Pk3TtostPUwA4dz7uXee/yYM6Ud59taW9/Y3Nou7BR39/YPDu2j46aKEklog0Q8km0fK8qZoA3NNKftWFIc+py2/PFd5rcmVCoWiSc9jakX4qFgASNYG6lv27Veuasj9NAr0+xd9u2SU3HmQKvEzUkJctT79ld3EJEkpEITjpXquE6svRRLzQins2I3UTTGZIyHtGOowCFVXjrffIbOjTJAQSTNFxrN1d8dKQ6Vmoa+qQyxHqllLxP/8zqJDm69lIk40VSQxaAg4cicmsWABkxSovnUEEwkM7siMsISE23CKpoQ3OWTV0nzquIa/nhdqtbyOApwCmdwAS7cQBXuoQ4NIDCBZ3iFNyu1Xqx362NRumblPSfwB9bnD1Vckic=</latexit><latexit sha1_base64="Uf2kHv+mcmc8fTHApOm9+aKPcXg=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBGEYklE0GWpG8FNBfuANi2T6aQdOpmEmUmhhP6JGxeKuPVP3Pk3TtostPUwA4dz7uXee/yYM6Ud59taW9/Y3Nou7BR39/YPDu2j46aKEklog0Q8km0fK8qZoA3NNKftWFIc+py2/PFd5rcmVCoWiSc9jakX4qFgASNYG6lv27Veuasj9NAr0+xd9u2SU3HmQKvEzUkJctT79ld3EJEkpEITjpXquE6svRRLzQins2I3UTTGZIyHtGOowCFVXjrffIbOjTJAQSTNFxrN1d8dKQ6Vmoa+qQyxHqllLxP/8zqJDm69lIk40VSQxaAg4cicmsWABkxSovnUEEwkM7siMsISE23CKpoQ3OWTV0nzquIa/nhdqtbyOApwCmdwAS7cQBXuoQ4NIDCBZ3iFNyu1Xqx362NRumblPSfwB9bnD1Vckic=</latexit>

RK = 0.745+0.090
�0.074 (stat)± 0.036 (syst)
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(~12% precision)



What happens next?
• RK analysis to be updated soon with much improved sensitivity 

- Improvements to offline processing 
- Adding part of Run 2 data (2015,16) gives ~2 fb-1 but with nearly twice cross-

section and better trigger 
- ~250 →~900                            candidates 
- Expected previous uncertainty of ~12% to shrink to ~7% 
- In main trigger category, systematic effects controlled at 2-3% level  

• R*K update with Run 2 data - still expect it to be statistically limited 
• Can make analogous measurement with                            and other 

similar modes
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Other experimental inputs
• In 2018 CMS have put in place a new trigger strategy in which 

a sizeable fraction of the trigger bandwidth is dedicated to 
flavour physics 

• Rate exceeds 5 kHz near the end of the fill, when pileup is low, 
not to exceed buffer capacity 

• Data are parked (→ no prompt reconstruction, opportunistic 
reconstruction during LS2, but over 1billion events already 
processed for monitoring and trigger optimisation ) 
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• They have on tape an unbiased sample of 
~1010 B hadrons (tag on B-tag side by 
requiring muons with significant impact 
parameter, no requirement on the other side )



Intriguing set of results in differential 
branching fractions for b→sµµ transitions 
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• In general, data tend to be lower than theory predictions at low q2 
• Comparison limited by theoretical knowledge of form factors
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Detmold and Meinel, PRD93 074501 (2016)



transitions

• First observation of                          
and                               and first 
evidence for                               and  

• Decays with BF 𝒪(10-8) 
• Ratios of rates for                  ,                       

give access to                                  46
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B+ ! ⇡+µ+µ�
<latexit sha1_base64="q9cBtOu5TgEOs6OWJNo/eqhbZcE=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARBLHMiKDLUjcuK9gHdMaSSTNtaB5DkhFK7cJfceNCEbf+hjv/xkw7C209kNzDOfeSmxMljGrjed9OYWl5ZXWtuF7a2Nza3nF395papgqTBpZMqnaENGFUkIahhpF2ogjiESOtaHid+a0HojSV4s6MEhJy1Bc0phgZK3Xdg9r9aWBkkFBbeTq7zkpdt+xVvCngIvFzUgY56l33K+hJnHIiDGZI647vJSYcI2UoZmRSClJNEoSHqE86lgrEiQ7H0/0n8NgqPRhLZY8wcKr+nhgjrvWIR7aTIzPQ814m/ud1UhNfhWMqktQQgWcPxSmDRsIsDNijimDDRpYgrKjdFeIBUggbG1kWgj//5UXSPK/4XsW/vShXa3kcRXAIjsAJ8MElqIIbUAcNgMEjeAav4M15cl6cd+dj1lpw8pl98AfO5w8zQpTp</latexit><latexit sha1_base64="q9cBtOu5TgEOs6OWJNo/eqhbZcE=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARBLHMiKDLUjcuK9gHdMaSSTNtaB5DkhFK7cJfceNCEbf+hjv/xkw7C209kNzDOfeSmxMljGrjed9OYWl5ZXWtuF7a2Nza3nF395papgqTBpZMqnaENGFUkIahhpF2ogjiESOtaHid+a0HojSV4s6MEhJy1Bc0phgZK3Xdg9r9aWBkkFBbeTq7zkpdt+xVvCngIvFzUgY56l33K+hJnHIiDGZI647vJSYcI2UoZmRSClJNEoSHqE86lgrEiQ7H0/0n8NgqPRhLZY8wcKr+nhgjrvWIR7aTIzPQ814m/ud1UhNfhWMqktQQgWcPxSmDRsIsDNijimDDRpYgrKjdFeIBUggbG1kWgj//5UXSPK/4XsW/vShXa3kcRXAIjsAJ8MElqIIbUAcNgMEjeAav4M15cl6cd+dj1lpw8pl98AfO5w8zQpTp</latexit><latexit sha1_base64="q9cBtOu5TgEOs6OWJNo/eqhbZcE=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARBLHMiKDLUjcuK9gHdMaSSTNtaB5DkhFK7cJfceNCEbf+hjv/xkw7C209kNzDOfeSmxMljGrjed9OYWl5ZXWtuF7a2Nza3nF395papgqTBpZMqnaENGFUkIahhpF2ogjiESOtaHid+a0HojSV4s6MEhJy1Bc0phgZK3Xdg9r9aWBkkFBbeTq7zkpdt+xVvCngIvFzUgY56l33K+hJnHIiDGZI647vJSYcI2UoZmRSClJNEoSHqE86lgrEiQ7H0/0n8NgqPRhLZY8wcKr+nhgjrvWIR7aTIzPQ814m/ud1UhNfhWMqktQQgWcPxSmDRsIsDNijimDDRpYgrKjdFeIBUggbG1kWgj//5UXSPK/4XsW/vShXa3kcRXAIjsAJ8MElqIIbUAcNgMEjeAav4M15cl6cd+dj1lpw8pl98AfO5w8zQpTp</latexit><latexit sha1_base64="q9cBtOu5TgEOs6OWJNo/eqhbZcE=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARBLHMiKDLUjcuK9gHdMaSSTNtaB5DkhFK7cJfceNCEbf+hjv/xkw7C209kNzDOfeSmxMljGrjed9OYWl5ZXWtuF7a2Nza3nF395papgqTBpZMqnaENGFUkIahhpF2ogjiESOtaHid+a0HojSV4s6MEhJy1Bc0phgZK3Xdg9r9aWBkkFBbeTq7zkpdt+xVvCngIvFzUgY56l33K+hJnHIiDGZI647vJSYcI2UoZmRSClJNEoSHqE86lgrEiQ7H0/0n8NgqPRhLZY8wcKr+nhgjrvWIR7aTIzPQ814m/ud1UhNfhWMqktQQgWcPxSmDRsIsDNijimDDRpYgrKjdFeIBUggbG1kWgj//5UXSPK/4XsW/vShXa3kcRXAIjsAJ8MElqIIbUAcNgMEjeAav4M15cl6cd+dj1lpw8pl98AfO5w8zQpTp</latexit>

B0 ! ⇡+⇡�µ+µ�
<latexit sha1_base64="mIrp9/VaIrxP+RbszrPokRpHL+M=">AAACBHicbVDLSgMxFM3UV62vUZfdBIsgSMuMCLosdeOygn1AZ1oyaaYNTTJDkhHK0IUbf8WNC0Xc+hHu/Bsz7Sy09UAuh3Pu5eaeIGZUacf5tgpr6xubW8Xt0s7u3v6BfXjUVlEiMWnhiEWyGyBFGBWkpalmpBtLgnjASCeY3GR+54FIRSNxr6cx8TkaCRpSjLSRBna50Xc8HXkx7Z9nperxxDBTqqWBXXFqzhxwlbg5qYAczYH95Q0jnHAiNGZIqZ7rxNpPkdQUMzIreYkiMcITNCI9QwXiRPnp/IgZPDXKEIaRNE9oOFd/T6SIKzXlgenkSI/VspeJ/3m9RIfXfkpFnGgi8GJRmDCoI5glAodUEqzZ1BCEJTV/hXiMJMLa5JaF4C6fvEraFzXXqbl3l5V6I4+jCMrgBJwBF1yBOrgFTdACGDyCZ/AK3qwn68V6tz4WrQUrnzkGf2B9/gDGiJbg</latexit><latexit sha1_base64="mIrp9/VaIrxP+RbszrPokRpHL+M=">AAACBHicbVDLSgMxFM3UV62vUZfdBIsgSMuMCLosdeOygn1AZ1oyaaYNTTJDkhHK0IUbf8WNC0Xc+hHu/Bsz7Sy09UAuh3Pu5eaeIGZUacf5tgpr6xubW8Xt0s7u3v6BfXjUVlEiMWnhiEWyGyBFGBWkpalmpBtLgnjASCeY3GR+54FIRSNxr6cx8TkaCRpSjLSRBna50Xc8HXkx7Z9nperxxDBTqqWBXXFqzhxwlbg5qYAczYH95Q0jnHAiNGZIqZ7rxNpPkdQUMzIreYkiMcITNCI9QwXiRPnp/IgZPDXKEIaRNE9oOFd/T6SIKzXlgenkSI/VspeJ/3m9RIfXfkpFnGgi8GJRmDCoI5glAodUEqzZ1BCEJTV/hXiMJMLa5JaF4C6fvEraFzXXqbl3l5V6I4+jCMrgBJwBF1yBOrgFTdACGDyCZ/AK3qwn68V6tz4WrQUrnzkGf2B9/gDGiJbg</latexit><latexit sha1_base64="mIrp9/VaIrxP+RbszrPokRpHL+M=">AAACBHicbVDLSgMxFM3UV62vUZfdBIsgSMuMCLosdeOygn1AZ1oyaaYNTTJDkhHK0IUbf8WNC0Xc+hHu/Bsz7Sy09UAuh3Pu5eaeIGZUacf5tgpr6xubW8Xt0s7u3v6BfXjUVlEiMWnhiEWyGyBFGBWkpalmpBtLgnjASCeY3GR+54FIRSNxr6cx8TkaCRpSjLSRBna50Xc8HXkx7Z9nperxxDBTqqWBXXFqzhxwlbg5qYAczYH95Q0jnHAiNGZIqZ7rxNpPkdQUMzIreYkiMcITNCI9QwXiRPnp/IgZPDXKEIaRNE9oOFd/T6SIKzXlgenkSI/VspeJ/3m9RIfXfkpFnGgi8GJRmDCoI5glAodUEqzZ1BCEJTV/hXiMJMLa5JaF4C6fvEraFzXXqbl3l5V6I4+jCMrgBJwBF1yBOrgFTdACGDyCZ/AK3qwn68V6tz4WrQUrnzkGf2B9/gDGiJbg</latexit><latexit sha1_base64="mIrp9/VaIrxP+RbszrPokRpHL+M=">AAACBHicbVDLSgMxFM3UV62vUZfdBIsgSMuMCLosdeOygn1AZ1oyaaYNTTJDkhHK0IUbf8WNC0Xc+hHu/Bsz7Sy09UAuh3Pu5eaeIGZUacf5tgpr6xubW8Xt0s7u3v6BfXjUVlEiMWnhiEWyGyBFGBWkpalmpBtLgnjASCeY3GR+54FIRSNxr6cx8TkaCRpSjLSRBna50Xc8HXkx7Z9nperxxDBTqqWBXXFqzhxwlbg5qYAczYH95Q0jnHAiNGZIqZ7rxNpPkdQUMzIreYkiMcITNCI9QwXiRPnp/IgZPDXKEIaRNE9oOFd/T6SIKzXlgenkSI/VspeJ/3m9RIfXfkpFnGgi8GJRmDCoI5glAodUEqzZ1BCEJTV/hXiMJMLa5JaF4C6fvEraFzXXqbl3l5V6I4+jCMrgBJwBF1yBOrgFTdACGDyCZ/AK3qwn68V6tz4WrQUrnzkGf2B9/gDGiJbg</latexit>

B0
s ! K

⇤0
µ+µ�

<latexit sha1_base64="E+6n6/FPxLlDBqne2FJKBTyoM14=">AAACDnicbVBNS8MwGE7n15xfVY9egmMgiqMVQY9jXgQvE9wHrF1Js3QLS5uSpMIo/QVe/CtePCji1bM3/43p1oNOH0h4eJ73fZP38WNGpbKsL6O0tLyyulZer2xsbm3vmLt7HckTgUkbc8ZFz0eSMBqRtqKKkV4sCAp9Rrr+5Cr3u/dESMqjOzWNiRuiUUQDipHSkmfWmgPLk47iqcN1XT4G3gzSYyvLnDAZnOTXacUzq1bdmgH+JXZBqqBAyzM/nSHHSUgihRmSsm9bsXJTJBTFjGQVJ5EkRniCRqSvaYRCIt10tk4Ga1oZwoALfSIFZ+rPjhSFUk5DX1eGSI3lopeL/3n9RAWXbkqjOFEkwvOHgoRBxWGeDRxSQbBiU00QFlT/FeIxEggrnWAegr248l/SOavbVt2+Pa82mkUcZXAADsERsMEFaIBr0AJtgMEDeAIv4NV4NJ6NN+N9Xloyip598AvGxzcET5tr</latexit><latexit sha1_base64="E+6n6/FPxLlDBqne2FJKBTyoM14=">AAACDnicbVBNS8MwGE7n15xfVY9egmMgiqMVQY9jXgQvE9wHrF1Js3QLS5uSpMIo/QVe/CtePCji1bM3/43p1oNOH0h4eJ73fZP38WNGpbKsL6O0tLyyulZer2xsbm3vmLt7HckTgUkbc8ZFz0eSMBqRtqKKkV4sCAp9Rrr+5Cr3u/dESMqjOzWNiRuiUUQDipHSkmfWmgPLk47iqcN1XT4G3gzSYyvLnDAZnOTXacUzq1bdmgH+JXZBqqBAyzM/nSHHSUgihRmSsm9bsXJTJBTFjGQVJ5EkRniCRqSvaYRCIt10tk4Ga1oZwoALfSIFZ+rPjhSFUk5DX1eGSI3lopeL/3n9RAWXbkqjOFEkwvOHgoRBxWGeDRxSQbBiU00QFlT/FeIxEggrnWAegr248l/SOavbVt2+Pa82mkUcZXAADsERsMEFaIBr0AJtgMEDeAIv4NV4NJ6NN+N9Xloyip598AvGxzcET5tr</latexit><latexit sha1_base64="E+6n6/FPxLlDBqne2FJKBTyoM14=">AAACDnicbVBNS8MwGE7n15xfVY9egmMgiqMVQY9jXgQvE9wHrF1Js3QLS5uSpMIo/QVe/CtePCji1bM3/43p1oNOH0h4eJ73fZP38WNGpbKsL6O0tLyyulZer2xsbm3vmLt7HckTgUkbc8ZFz0eSMBqRtqKKkV4sCAp9Rrr+5Cr3u/dESMqjOzWNiRuiUUQDipHSkmfWmgPLk47iqcN1XT4G3gzSYyvLnDAZnOTXacUzq1bdmgH+JXZBqqBAyzM/nSHHSUgihRmSsm9bsXJTJBTFjGQVJ5EkRniCRqSvaYRCIt10tk4Ga1oZwoALfSIFZ+rPjhSFUk5DX1eGSI3lopeL/3n9RAWXbkqjOFEkwvOHgoRBxWGeDRxSQbBiU00QFlT/FeIxEggrnWAegr248l/SOavbVt2+Pa82mkUcZXAADsERsMEFaIBr0AJtgMEDeAIv4NV4NJ6NN+N9Xloyip598AvGxzcET5tr</latexit><latexit sha1_base64="E+6n6/FPxLlDBqne2FJKBTyoM14=">AAACDnicbVBNS8MwGE7n15xfVY9egmMgiqMVQY9jXgQvE9wHrF1Js3QLS5uSpMIo/QVe/CtePCji1bM3/43p1oNOH0h4eJ73fZP38WNGpbKsL6O0tLyyulZer2xsbm3vmLt7HckTgUkbc8ZFz0eSMBqRtqKKkV4sCAp9Rrr+5Cr3u/dESMqjOzWNiRuiUUQDipHSkmfWmgPLk47iqcN1XT4G3gzSYyvLnDAZnOTXacUzq1bdmgH+JXZBqqBAyzM/nSHHSUgihRmSsm9bsXJTJBTFjGQVJ5EkRniCRqSvaYRCIt10tk4Ga1oZwoALfSIFZ+rPjhSFUk5DX1eGSI3lopeL/3n9RAWXbkqjOFEkwvOHgoRBxWGeDRxSQbBiU00QFlT/FeIxEggrnWAegr248l/SOavbVt2+Pa82mkUcZXAADsERsMEFaIBr0AJtgMEDeAIv4NV4NJ6NN+N9Xloyip598AvGxzcET5tr</latexit>
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B+ ! ⇡+µ+µ�
<latexit sha1_base64="q9cBtOu5TgEOs6OWJNo/eqhbZcE=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARBLHMiKDLUjcuK9gHdMaSSTNtaB5DkhFK7cJfceNCEbf+hjv/xkw7C209kNzDOfeSmxMljGrjed9OYWl5ZXWtuF7a2Nza3nF395papgqTBpZMqnaENGFUkIahhpF2ogjiESOtaHid+a0HojSV4s6MEhJy1Bc0phgZK3Xdg9r9aWBkkFBbeTq7zkpdt+xVvCngIvFzUgY56l33K+hJnHIiDGZI647vJSYcI2UoZmRSClJNEoSHqE86lgrEiQ7H0/0n8NgqPRhLZY8wcKr+nhgjrvWIR7aTIzPQ814m/ud1UhNfhWMqktQQgWcPxSmDRsIsDNijimDDRpYgrKjdFeIBUggbG1kWgj//5UXSPK/4XsW/vShXa3kcRXAIjsAJ8MElqIIbUAcNgMEjeAav4M15cl6cd+dj1lpw8pl98AfO5w8zQpTp</latexit><latexit sha1_base64="q9cBtOu5TgEOs6OWJNo/eqhbZcE=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARBLHMiKDLUjcuK9gHdMaSSTNtaB5DkhFK7cJfceNCEbf+hjv/xkw7C209kNzDOfeSmxMljGrjed9OYWl5ZXWtuF7a2Nza3nF395papgqTBpZMqnaENGFUkIahhpF2ogjiESOtaHid+a0HojSV4s6MEhJy1Bc0phgZK3Xdg9r9aWBkkFBbeTq7zkpdt+xVvCngIvFzUgY56l33K+hJnHIiDGZI647vJSYcI2UoZmRSClJNEoSHqE86lgrEiQ7H0/0n8NgqPRhLZY8wcKr+nhgjrvWIR7aTIzPQ814m/ud1UhNfhWMqktQQgWcPxSmDRsIsDNijimDDRpYgrKjdFeIBUggbG1kWgj//5UXSPK/4XsW/vShXa3kcRXAIjsAJ8MElqIIbUAcNgMEjeAav4M15cl6cd+dj1lpw8pl98AfO5w8zQpTp</latexit><latexit sha1_base64="q9cBtOu5TgEOs6OWJNo/eqhbZcE=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARBLHMiKDLUjcuK9gHdMaSSTNtaB5DkhFK7cJfceNCEbf+hjv/xkw7C209kNzDOfeSmxMljGrjed9OYWl5ZXWtuF7a2Nza3nF395papgqTBpZMqnaENGFUkIahhpF2ogjiESOtaHid+a0HojSV4s6MEhJy1Bc0phgZK3Xdg9r9aWBkkFBbeTq7zkpdt+xVvCngIvFzUgY56l33K+hJnHIiDGZI647vJSYcI2UoZmRSClJNEoSHqE86lgrEiQ7H0/0n8NgqPRhLZY8wcKr+nhgjrvWIR7aTIzPQ814m/ud1UhNfhWMqktQQgWcPxSmDRsIsDNijimDDRpYgrKjdFeIBUggbG1kWgj//5UXSPK/4XsW/vShXa3kcRXAIjsAJ8MElqIIbUAcNgMEjeAav4M15cl6cd+dj1lpw8pl98AfO5w8zQpTp</latexit><latexit sha1_base64="q9cBtOu5TgEOs6OWJNo/eqhbZcE=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARBLHMiKDLUjcuK9gHdMaSSTNtaB5DkhFK7cJfceNCEbf+hjv/xkw7C209kNzDOfeSmxMljGrjed9OYWl5ZXWtuF7a2Nza3nF395papgqTBpZMqnaENGFUkIahhpF2ogjiESOtaHid+a0HojSV4s6MEhJy1Bc0phgZK3Xdg9r9aWBkkFBbeTq7zkpdt+xVvCngIvFzUgY56l33K+hJnHIiDGZI647vJSYcI2UoZmRSClJNEoSHqE86lgrEiQ7H0/0n8NgqPRhLZY8wcKr+nhgjrvWIR7aTIzPQ814m/ud1UhNfhWMqktQQgWcPxSmDRsIsDNijimDDRpYgrKjdFeIBUggbG1kWgj//5UXSPK/4XsW/vShXa3kcRXAIjsAJ8MElqIIbUAcNgMEjeAav4M15cl6cd+dj1lpw8pl98AfO5w8zQpTp</latexit>

⇤0
b ! p⇡�µ+µ�

<latexit sha1_base64="nflLHpmGQv5VirZZHS2w8wFfc5Q=">AAACCnicbVDNS8MwHE3n15xfVY9eqkMQdKMVQY9DLx48THAfsHYlTdMtLE1Dkgqj7OzFf8WLB0W8+hd4878x3XrQ6YOEx3vvR/J7AadEKtv+MkoLi0vLK+XVytr6xuaWub3TlkkqEG6hhCaiG0CJKWG4pYiiuMsFhnFAcScYXeV+5x4LSRJ2p8YcezEcMBIRBJWWfHPfvdHhEPpB33ZV4p5wl5N+zY3T/nF+1Sq+WbXr9hTWX+IUpAoKNH3z0w0TlMaYKUShlD3H5srLoFAEUTypuKnEHKIRHOCepgzGWHrZdJWJdaiV0IoSoQ9T1lT9OZHBWMpxHOhkDNVQznu5+J/XS1V04WWE8VRhhmYPRSm1VGLlvVghERgpOtYEIkH0Xy00hAIipdvLS3DmV/5L2qd1x647t2fVxmVRRxnsgQNwBBxwDhrgGjRBCyDwAJ7AC3g1Ho1n4814n0VLRjGzC37B+PgGdNmZcg==</latexit><latexit sha1_base64="nflLHpmGQv5VirZZHS2w8wFfc5Q=">AAACCnicbVDNS8MwHE3n15xfVY9eqkMQdKMVQY9DLx48THAfsHYlTdMtLE1Dkgqj7OzFf8WLB0W8+hd4878x3XrQ6YOEx3vvR/J7AadEKtv+MkoLi0vLK+XVytr6xuaWub3TlkkqEG6hhCaiG0CJKWG4pYiiuMsFhnFAcScYXeV+5x4LSRJ2p8YcezEcMBIRBJWWfHPfvdHhEPpB33ZV4p5wl5N+zY3T/nF+1Sq+WbXr9hTWX+IUpAoKNH3z0w0TlMaYKUShlD3H5srLoFAEUTypuKnEHKIRHOCepgzGWHrZdJWJdaiV0IoSoQ9T1lT9OZHBWMpxHOhkDNVQznu5+J/XS1V04WWE8VRhhmYPRSm1VGLlvVghERgpOtYEIkH0Xy00hAIipdvLS3DmV/5L2qd1x647t2fVxmVRRxnsgQNwBBxwDhrgGjRBCyDwAJ7AC3g1Ho1n4814n0VLRjGzC37B+PgGdNmZcg==</latexit><latexit sha1_base64="nflLHpmGQv5VirZZHS2w8wFfc5Q=">AAACCnicbVDNS8MwHE3n15xfVY9eqkMQdKMVQY9DLx48THAfsHYlTdMtLE1Dkgqj7OzFf8WLB0W8+hd4878x3XrQ6YOEx3vvR/J7AadEKtv+MkoLi0vLK+XVytr6xuaWub3TlkkqEG6hhCaiG0CJKWG4pYiiuMsFhnFAcScYXeV+5x4LSRJ2p8YcezEcMBIRBJWWfHPfvdHhEPpB33ZV4p5wl5N+zY3T/nF+1Sq+WbXr9hTWX+IUpAoKNH3z0w0TlMaYKUShlD3H5srLoFAEUTypuKnEHKIRHOCepgzGWHrZdJWJdaiV0IoSoQ9T1lT9OZHBWMpxHOhkDNVQznu5+J/XS1V04WWE8VRhhmYPRSm1VGLlvVghERgpOtYEIkH0Xy00hAIipdvLS3DmV/5L2qd1x647t2fVxmVRRxnsgQNwBBxwDhrgGjRBCyDwAJ7AC3g1Ho1n4814n0VLRjGzC37B+PgGdNmZcg==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="Cs65nATmA9LMKSDdU1c+9NG10s4=">AAAB/3icbVA9T8MwEL3wWUqBwMpiqJCQoFXCAiMSCwNDkeiH1KSR4zitVSexbAepqjqz8FdYGECIf8HGv8FpO0DLk+709N6d7Huh4Expx/m2VlbX1jc2S1vl7crO7p69X2mpLJeENknGM9kJsaKcpbSpmea0IyTFSchpOxzeFH77kUrFsvRBjwT1E9xPWcwI1kYK7CPvzgxHOAh7jqcz71x4gvVqXpL3zopWKwd21ak7U6Bl4s5JFeZoBPaXF2UkT2iqCcdKdV1HaH+MpWaE00nZyxUVmAxxn3YNTXFClT+enjJBJ0aJUJxJU6lGU/X3xhgnSo2S0EwmWA/UoleI/3ndXMdX/pilItc0JbOH4pwjnaEiFxQxSYnmI0Mwkcz8FZEBlphok14Rgrt48jJpXdRdp+7eO1CCQziGU3DhEq7hFhrQBAJP8AJv8G49W6/WxyyuFWue2wH8gfX5A90ul/0=</latexit><latexit sha1_base64="Cs65nATmA9LMKSDdU1c+9NG10s4=">AAAB/3icbVA9T8MwEL3wWUqBwMpiqJCQoFXCAiMSCwNDkeiH1KSR4zitVSexbAepqjqz8FdYGECIf8HGv8FpO0DLk+709N6d7Huh4Expx/m2VlbX1jc2S1vl7crO7p69X2mpLJeENknGM9kJsaKcpbSpmea0IyTFSchpOxzeFH77kUrFsvRBjwT1E9xPWcwI1kYK7CPvzgxHOAh7jqcz71x4gvVqXpL3zopWKwd21ak7U6Bl4s5JFeZoBPaXF2UkT2iqCcdKdV1HaH+MpWaE00nZyxUVmAxxn3YNTXFClT+enjJBJ0aJUJxJU6lGU/X3xhgnSo2S0EwmWA/UoleI/3ndXMdX/pilItc0JbOH4pwjnaEiFxQxSYnmI0Mwkcz8FZEBlphok14Rgrt48jJpXdRdp+7eO1CCQziGU3DhEq7hFhrQBAJP8AJv8G49W6/WxyyuFWue2wH8gfX5A90ul/0=</latexit><latexit sha1_base64="qMLJKhmtLE47aJZjWvdd+HhrOXY=">AAACCnicbVA7T8MwGHTKq5RXgJElUCEhQSuHBcYKFgaGItGH1KSR4zitVSexbAepijqz8FdYGECIlV/Axr/BaTNAy0m2Tnf3yf7O54xKBeG3UVpaXlldK69XNja3tnfM3b22TFKBSQsnLBFdH0nCaExaiipGulwQFPmMdPzRde53HoiQNInv1ZgTN0KDmIYUI6Ulzzx0bnU4QJ7fh45KnDPucNqvOVHaP82vWsUzq7AOp7AWiV2QKijQ9MwvJ0hwGpFYYYak7NmQKzdDQlHMyKTipJJwhEdoQHqaxigi0s2mq0ysY60EVpgIfWJlTdXfExmKpBxHvk5GSA3lvJeL/3m9VIWXbkZjnioS49lDYcoslVh5L1ZABcGKjTVBWFD9VwsPkUBY6fbyEuz5lRdJ+7xuw7p9B6uNq6KOMjgAR+AE2OACNMANaIIWwOARPINX8GY8GS/Gu/Exi5aMYmYf/IHx+QNzmZlu</latexit><latexit sha1_base64="nflLHpmGQv5VirZZHS2w8wFfc5Q=">AAACCnicbVDNS8MwHE3n15xfVY9eqkMQdKMVQY9DLx48THAfsHYlTdMtLE1Dkgqj7OzFf8WLB0W8+hd4878x3XrQ6YOEx3vvR/J7AadEKtv+MkoLi0vLK+XVytr6xuaWub3TlkkqEG6hhCaiG0CJKWG4pYiiuMsFhnFAcScYXeV+5x4LSRJ2p8YcezEcMBIRBJWWfHPfvdHhEPpB33ZV4p5wl5N+zY3T/nF+1Sq+WbXr9hTWX+IUpAoKNH3z0w0TlMaYKUShlD3H5srLoFAEUTypuKnEHKIRHOCepgzGWHrZdJWJdaiV0IoSoQ9T1lT9OZHBWMpxHOhkDNVQznu5+J/XS1V04WWE8VRhhmYPRSm1VGLlvVghERgpOtYEIkH0Xy00hAIipdvLS3DmV/5L2qd1x647t2fVxmVRRxnsgQNwBBxwDhrgGjRBCyDwAJ7AC3g1Ho1n4814n0VLRjGzC37B+PgGdNmZcg==</latexit><latexit sha1_base64="nflLHpmGQv5VirZZHS2w8wFfc5Q=">AAACCnicbVDNS8MwHE3n15xfVY9eqkMQdKMVQY9DLx48THAfsHYlTdMtLE1Dkgqj7OzFf8WLB0W8+hd4878x3XrQ6YOEx3vvR/J7AadEKtv+MkoLi0vLK+XVytr6xuaWub3TlkkqEG6hhCaiG0CJKWG4pYiiuMsFhnFAcScYXeV+5x4LSRJ2p8YcezEcMBIRBJWWfHPfvdHhEPpB33ZV4p5wl5N+zY3T/nF+1Sq+WbXr9hTWX+IUpAoKNH3z0w0TlMaYKUShlD3H5srLoFAEUTypuKnEHKIRHOCepgzGWHrZdJWJdaiV0IoSoQ9T1lT9OZHBWMpxHOhkDNVQznu5+J/XS1V04WWE8VRhhmYPRSm1VGLlvVghERgpOtYEIkH0Xy00hAIipdvLS3DmV/5L2qd1x647t2fVxmVRRxnsgQNwBBxwDhrgGjRBCyDwAJ7AC3g1Ho1n4814n0VLRjGzC37B+PgGdNmZcg==</latexit><latexit sha1_base64="nflLHpmGQv5VirZZHS2w8wFfc5Q=">AAACCnicbVDNS8MwHE3n15xfVY9eqkMQdKMVQY9DLx48THAfsHYlTdMtLE1Dkgqj7OzFf8WLB0W8+hd4878x3XrQ6YOEx3vvR/J7AadEKtv+MkoLi0vLK+XVytr6xuaWub3TlkkqEG6hhCaiG0CJKWG4pYiiuMsFhnFAcScYXeV+5x4LSRJ2p8YcezEcMBIRBJWWfHPfvdHhEPpB33ZV4p5wl5N+zY3T/nF+1Sq+WbXr9hTWX+IUpAoKNH3z0w0TlMaYKUShlD3H5srLoFAEUTypuKnEHKIRHOCepgzGWHrZdJWJdaiV0IoSoQ9T1lT9OZHBWMpxHOhkDNVQznu5+J/XS1V04WWE8VRhhmYPRSm1VGLlvVghERgpOtYEIkH0Xy00hAIipdvLS3DmV/5L2qd1x647t2fVxmVRRxnsgQNwBBxwDhrgGjRBCyDwAJ7AC3g1Ho1n4814n0VLRjGzC37B+PgGdNmZcg==</latexit><latexit sha1_base64="nflLHpmGQv5VirZZHS2w8wFfc5Q=">AAACCnicbVDNS8MwHE3n15xfVY9eqkMQdKMVQY9DLx48THAfsHYlTdMtLE1Dkgqj7OzFf8WLB0W8+hd4878x3XrQ6YOEx3vvR/J7AadEKtv+MkoLi0vLK+XVytr6xuaWub3TlkkqEG6hhCaiG0CJKWG4pYiiuMsFhnFAcScYXeV+5x4LSRJ2p8YcezEcMBIRBJWWfHPfvdHhEPpB33ZV4p5wl5N+zY3T/nF+1Sq+WbXr9hTWX+IUpAoKNH3z0w0TlMaYKUShlD3H5srLoFAEUTypuKnEHKIRHOCepgzGWHrZdJWJdaiV0IoSoQ9T1lT9OZHBWMpxHOhkDNVQznu5+J/XS1V04WWE8VRhhmYPRSm1VGLlvVghERgpOtYEIkH0Xy00hAIipdvLS3DmV/5L2qd1x647t2fVxmVRRxnsgQNwBBxwDhrgGjRBCyDwAJ7AC3g1Ho1n4814n0VLRjGzC37B+PgGdNmZcg==</latexit><latexit sha1_base64="nflLHpmGQv5VirZZHS2w8wFfc5Q=">AAACCnicbVDNS8MwHE3n15xfVY9eqkMQdKMVQY9DLx48THAfsHYlTdMtLE1Dkgqj7OzFf8WLB0W8+hd4878x3XrQ6YOEx3vvR/J7AadEKtv+MkoLi0vLK+XVytr6xuaWub3TlkkqEG6hhCaiG0CJKWG4pYiiuMsFhnFAcScYXeV+5x4LSRJ2p8YcezEcMBIRBJWWfHPfvdHhEPpB33ZV4p5wl5N+zY3T/nF+1Sq+WbXr9hTWX+IUpAoKNH3z0w0TlMaYKUShlD3H5srLoFAEUTypuKnEHKIRHOCepgzGWHrZdJWJdaiV0IoSoQ9T1lT9OZHBWMpxHOhkDNVQznu5+J/XS1V04WWE8VRhhmYPRSm1VGLlvVghERgpOtYEIkH0Xy00hAIipdvLS3DmV/5L2qd1x647t2fVxmVRRxnsgQNwBBxwDhrgGjRBCyDwAJ7AC3g1Ho1n4814n0VLRjGzC37B+PgGdNmZcg==</latexit><latexit sha1_base64="nflLHpmGQv5VirZZHS2w8wFfc5Q=">AAACCnicbVDNS8MwHE3n15xfVY9eqkMQdKMVQY9DLx48THAfsHYlTdMtLE1Dkgqj7OzFf8WLB0W8+hd4878x3XrQ6YOEx3vvR/J7AadEKtv+MkoLi0vLK+XVytr6xuaWub3TlkkqEG6hhCaiG0CJKWG4pYiiuMsFhnFAcScYXeV+5x4LSRJ2p8YcezEcMBIRBJWWfHPfvdHhEPpB33ZV4p5wl5N+zY3T/nF+1Sq+WbXr9hTWX+IUpAoKNH3z0w0TlMaYKUShlD3H5srLoFAEUTypuKnEHKIRHOCepgzGWHrZdJWJdaiV0IoSoQ9T1lT9OZHBWMpxHOhkDNVQznu5+J/XS1V04WWE8VRhhmYPRSm1VGLlvVghERgpOtYEIkH0Xy00hAIipdvLS3DmV/5L2qd1x647t2fVxmVRRxnsgQNwBBxwDhrgGjRBCyDwAJ7AC3g1Ho1n4814n0VLRjGzC37B+PgGdNmZcg==</latexit>

B0 ! ⇡+⇡�µ+µ�
<latexit sha1_base64="mIrp9/VaIrxP+RbszrPokRpHL+M=">AAACBHicbVDLSgMxFM3UV62vUZfdBIsgSMuMCLosdeOygn1AZ1oyaaYNTTJDkhHK0IUbf8WNC0Xc+hHu/Bsz7Sy09UAuh3Pu5eaeIGZUacf5tgpr6xubW8Xt0s7u3v6BfXjUVlEiMWnhiEWyGyBFGBWkpalmpBtLgnjASCeY3GR+54FIRSNxr6cx8TkaCRpSjLSRBna50Xc8HXkx7Z9nperxxDBTqqWBXXFqzhxwlbg5qYAczYH95Q0jnHAiNGZIqZ7rxNpPkdQUMzIreYkiMcITNCI9QwXiRPnp/IgZPDXKEIaRNE9oOFd/T6SIKzXlgenkSI/VspeJ/3m9RIfXfkpFnGgi8GJRmDCoI5glAodUEqzZ1BCEJTV/hXiMJMLa5JaF4C6fvEraFzXXqbl3l5V6I4+jCMrgBJwBF1yBOrgFTdACGDyCZ/AK3qwn68V6tz4WrQUrnzkGf2B9/gDGiJbg</latexit><latexit sha1_base64="mIrp9/VaIrxP+RbszrPokRpHL+M=">AAACBHicbVDLSgMxFM3UV62vUZfdBIsgSMuMCLosdeOygn1AZ1oyaaYNTTJDkhHK0IUbf8WNC0Xc+hHu/Bsz7Sy09UAuh3Pu5eaeIGZUacf5tgpr6xubW8Xt0s7u3v6BfXjUVlEiMWnhiEWyGyBFGBWkpalmpBtLgnjASCeY3GR+54FIRSNxr6cx8TkaCRpSjLSRBna50Xc8HXkx7Z9nperxxDBTqqWBXXFqzhxwlbg5qYAczYH95Q0jnHAiNGZIqZ7rxNpPkdQUMzIreYkiMcITNCI9QwXiRPnp/IgZPDXKEIaRNE9oOFd/T6SIKzXlgenkSI/VspeJ/3m9RIfXfkpFnGgi8GJRmDCoI5glAodUEqzZ1BCEJTV/hXiMJMLa5JaF4C6fvEraFzXXqbl3l5V6I4+jCMrgBJwBF1yBOrgFTdACGDyCZ/AK3qwn68V6tz4WrQUrnzkGf2B9/gDGiJbg</latexit><latexit sha1_base64="mIrp9/VaIrxP+RbszrPokRpHL+M=">AAACBHicbVDLSgMxFM3UV62vUZfdBIsgSMuMCLosdeOygn1AZ1oyaaYNTTJDkhHK0IUbf8WNC0Xc+hHu/Bsz7Sy09UAuh3Pu5eaeIGZUacf5tgpr6xubW8Xt0s7u3v6BfXjUVlEiMWnhiEWyGyBFGBWkpalmpBtLgnjASCeY3GR+54FIRSNxr6cx8TkaCRpSjLSRBna50Xc8HXkx7Z9nperxxDBTqqWBXXFqzhxwlbg5qYAczYH95Q0jnHAiNGZIqZ7rxNpPkdQUMzIreYkiMcITNCI9QwXiRPnp/IgZPDXKEIaRNE9oOFd/T6SIKzXlgenkSI/VspeJ/3m9RIfXfkpFnGgi8GJRmDCoI5glAodUEqzZ1BCEJTV/hXiMJMLa5JaF4C6fvEraFzXXqbl3l5V6I4+jCMrgBJwBF1yBOrgFTdACGDyCZ/AK3qwn68V6tz4WrQUrnzkGf2B9/gDGiJbg</latexit><latexit sha1_base64="mIrp9/VaIrxP+RbszrPokRpHL+M=">AAACBHicbVDLSgMxFM3UV62vUZfdBIsgSMuMCLosdeOygn1AZ1oyaaYNTTJDkhHK0IUbf8WNC0Xc+hHu/Bsz7Sy09UAuh3Pu5eaeIGZUacf5tgpr6xubW8Xt0s7u3v6BfXjUVlEiMWnhiEWyGyBFGBWkpalmpBtLgnjASCeY3GR+54FIRSNxr6cx8TkaCRpSjLSRBna50Xc8HXkx7Z9nperxxDBTqqWBXXFqzhxwlbg5qYAczYH95Q0jnHAiNGZIqZ7rxNpPkdQUMzIreYkiMcITNCI9QwXiRPnp/IgZPDXKEIaRNE9oOFd/T6SIKzXlgenkSI/VspeJ/3m9RIfXfkpFnGgi8GJRmDCoI5glAodUEqzZ1BCEJTV/hXiMJMLa5JaF4C6fvEraFzXXqbl3l5V6I4+jCMrgBJwBF1yBOrgFTdACGDyCZ/AK3qwn68V6tz4WrQUrnzkGf2B9/gDGiJbg</latexit>

B0
s ! K

⇤0
µ+µ�

<latexit sha1_base64="E+6n6/FPxLlDBqne2FJKBTyoM14=">AAACDnicbVBNS8MwGE7n15xfVY9egmMgiqMVQY9jXgQvE9wHrF1Js3QLS5uSpMIo/QVe/CtePCji1bM3/43p1oNOH0h4eJ73fZP38WNGpbKsL6O0tLyyulZer2xsbm3vmLt7HckTgUkbc8ZFz0eSMBqRtqKKkV4sCAp9Rrr+5Cr3u/dESMqjOzWNiRuiUUQDipHSkmfWmgPLk47iqcN1XT4G3gzSYyvLnDAZnOTXacUzq1bdmgH+JXZBqqBAyzM/nSHHSUgihRmSsm9bsXJTJBTFjGQVJ5EkRniCRqSvaYRCIt10tk4Ga1oZwoALfSIFZ+rPjhSFUk5DX1eGSI3lopeL/3n9RAWXbkqjOFEkwvOHgoRBxWGeDRxSQbBiU00QFlT/FeIxEggrnWAegr248l/SOavbVt2+Pa82mkUcZXAADsERsMEFaIBr0AJtgMEDeAIv4NV4NJ6NN+N9Xloyip598AvGxzcET5tr</latexit><latexit sha1_base64="E+6n6/FPxLlDBqne2FJKBTyoM14=">AAACDnicbVBNS8MwGE7n15xfVY9egmMgiqMVQY9jXgQvE9wHrF1Js3QLS5uSpMIo/QVe/CtePCji1bM3/43p1oNOH0h4eJ73fZP38WNGpbKsL6O0tLyyulZer2xsbm3vmLt7HckTgUkbc8ZFz0eSMBqRtqKKkV4sCAp9Rrr+5Cr3u/dESMqjOzWNiRuiUUQDipHSkmfWmgPLk47iqcN1XT4G3gzSYyvLnDAZnOTXacUzq1bdmgH+JXZBqqBAyzM/nSHHSUgihRmSsm9bsXJTJBTFjGQVJ5EkRniCRqSvaYRCIt10tk4Ga1oZwoALfSIFZ+rPjhSFUk5DX1eGSI3lopeL/3n9RAWXbkqjOFEkwvOHgoRBxWGeDRxSQbBiU00QFlT/FeIxEggrnWAegr248l/SOavbVt2+Pa82mkUcZXAADsERsMEFaIBr0AJtgMEDeAIv4NV4NJ6NN+N9Xloyip598AvGxzcET5tr</latexit><latexit sha1_base64="E+6n6/FPxLlDBqne2FJKBTyoM14=">AAACDnicbVBNS8MwGE7n15xfVY9egmMgiqMVQY9jXgQvE9wHrF1Js3QLS5uSpMIo/QVe/CtePCji1bM3/43p1oNOH0h4eJ73fZP38WNGpbKsL6O0tLyyulZer2xsbm3vmLt7HckTgUkbc8ZFz0eSMBqRtqKKkV4sCAp9Rrr+5Cr3u/dESMqjOzWNiRuiUUQDipHSkmfWmgPLk47iqcN1XT4G3gzSYyvLnDAZnOTXacUzq1bdmgH+JXZBqqBAyzM/nSHHSUgihRmSsm9bsXJTJBTFjGQVJ5EkRniCRqSvaYRCIt10tk4Ga1oZwoALfSIFZ+rPjhSFUk5DX1eGSI3lopeL/3n9RAWXbkqjOFEkwvOHgoRBxWGeDRxSQbBiU00QFlT/FeIxEggrnWAegr248l/SOavbVt2+Pa82mkUcZXAADsERsMEFaIBr0AJtgMEDeAIv4NV4NJ6NN+N9Xloyip598AvGxzcET5tr</latexit><latexit sha1_base64="E+6n6/FPxLlDBqne2FJKBTyoM14=">AAACDnicbVBNS8MwGE7n15xfVY9egmMgiqMVQY9jXgQvE9wHrF1Js3QLS5uSpMIo/QVe/CtePCji1bM3/43p1oNOH0h4eJ73fZP38WNGpbKsL6O0tLyyulZer2xsbm3vmLt7HckTgUkbc8ZFz0eSMBqRtqKKkV4sCAp9Rrr+5Cr3u/dESMqjOzWNiRuiUUQDipHSkmfWmgPLk47iqcN1XT4G3gzSYyvLnDAZnOTXacUzq1bdmgH+JXZBqqBAyzM/nSHHSUgihRmSsm9bsXJTJBTFjGQVJ5EkRniCRqSvaYRCIt10tk4Ga1oZwoALfSIFZ+rPjhSFUk5DX1eGSI3lopeL/3n9RAWXbkqjOFEkwvOHgoRBxWGeDRxSQbBiU00QFlT/FeIxEggrnWAegr248l/SOavbVt2+Pa82mkUcZXAADsERsMEFaIBr0AJtgMEDeAIv4NV4NJ6NN+N9Xloyip598AvGxzcET5tr</latexit>
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d
<latexit sha1_base64="ROx/Xw0XRiZy5/Eopabg5924NLE=">AAAB6HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LXjy2YD+gDWWzmbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vrCwsM7M+zMG6SCa+O6387a+sbm1nZpp7y7t39wWDk6buskUwxbLBGJ6gZUo+ASW4Ybgd1UIY0DgZ1gfDerd55QaZ7IBzNJ0Y/pUPKIM2qs1QwHlapbc+ciq+AVUIVCjUHlqx8mLItRGiao1j3PTY2fU2U4Ezgt9zONKWVjOsSeRUlj1H4+X3RKzq0TkihR9klD5u7viZzGWk/iwHbG1Iz0cm1m/lfrZSa68XMu08ygZIuPokwQk5DZ1STkCpkREwuUKW53JWxEFWXGZlO2IXjLJ69C+7LmWW5eVeu3RRwlOIUzuAAPrqEO99CAFjBAeIZXeHMenRfn3flYtK45xcwJ/JHz+QPH64zo</latexit><latexit sha1_base64="ROx/Xw0XRiZy5/Eopabg5924NLE=">AAAB6HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LXjy2YD+gDWWzmbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vrCwsM7M+zMG6SCa+O6387a+sbm1nZpp7y7t39wWDk6buskUwxbLBGJ6gZUo+ASW4Ybgd1UIY0DgZ1gfDerd55QaZ7IBzNJ0Y/pUPKIM2qs1QwHlapbc+ciq+AVUIVCjUHlqx8mLItRGiao1j3PTY2fU2U4Ezgt9zONKWVjOsSeRUlj1H4+X3RKzq0TkihR9klD5u7viZzGWk/iwHbG1Iz0cm1m/lfrZSa68XMu08ygZIuPokwQk5DZ1STkCpkREwuUKW53JWxEFWXGZlO2IXjLJ69C+7LmWW5eVeu3RRwlOIUzuAAPrqEO99CAFjBAeIZXeHMenRfn3flYtK45xcwJ/JHz+QPH64zo</latexit><latexit sha1_base64="ROx/Xw0XRiZy5/Eopabg5924NLE=">AAAB6HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LXjy2YD+gDWWzmbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vrCwsM7M+zMG6SCa+O6387a+sbm1nZpp7y7t39wWDk6buskUwxbLBGJ6gZUo+ASW4Ybgd1UIY0DgZ1gfDerd55QaZ7IBzNJ0Y/pUPKIM2qs1QwHlapbc+ciq+AVUIVCjUHlqx8mLItRGiao1j3PTY2fU2U4Ezgt9zONKWVjOsSeRUlj1H4+X3RKzq0TkihR9klD5u7viZzGWk/iwHbG1Iz0cm1m/lfrZSa68XMu08ygZIuPokwQk5DZ1STkCpkREwuUKW53JWxEFWXGZlO2IXjLJ69C+7LmWW5eVeu3RRwlOIUzuAAPrqEO99CAFjBAeIZXeHMenRfn3flYtK45xcwJ/JHz+QPH64zo</latexit><latexit sha1_base64="ROx/Xw0XRiZy5/Eopabg5924NLE=">AAAB6HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LXjy2YD+gDWWzmbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vrCwsM7M+zMG6SCa+O6387a+sbm1nZpp7y7t39wWDk6buskUwxbLBGJ6gZUo+ASW4Ybgd1UIY0DgZ1gfDerd55QaZ7IBzNJ0Y/pUPKIM2qs1QwHlapbc+ciq+AVUIVCjUHlqx8mLItRGiao1j3PTY2fU2U4Ezgt9zONKWVjOsSeRUlj1H4+X3RKzq0TkihR9klD5u7viZzGWk/iwHbG1Iz0cm1m/lfrZSa68XMu08ygZIuPokwQk5DZ1STkCpkREwuUKW53JWxEFWXGZlO2IXjLJ69C+7LmWW5eVeu3RRwlOIUzuAAPrqEO99CAFjBAeIZXeHMenRfn3flYtK45xcwJ/JHz+QPH64zo</latexit>

(3+1.6/fb)

b ! d`+`�
<latexit sha1_base64="mlx/+aoJ5AlM9KAmdEFF4w56Fxg=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgiCURQZdFNy4r2Ac0sUwmt+3QySTMTMQS+ituXCji1h9x5984TbPQ1gMzHM65l3vvCRLOlHacb6u0srq2vlHerGxt7+zu2fvVtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0AnGNzO/8whSsVjc60kCfkSGgg0YJdpIfbsaeDrGoQecP5zm/1nfrjl1JwdeJm5BaqhAs29/eWFM0wiEppwo1XOdRPsZkZpRDtOKlypICB2TIfQMFSQC5Wf57lN8bJQQD2JpntA4V393ZCRSahIFpjIieqQWvZn4n9dL9eDKz5hIUg2CzgcNUo7NubMgcMgkUM0nhhAqmdkV0xGRhGoTV8WE4C6evEza53XX8LuLWuO6iKOMDtEROkEuukQNdIuaqIUoekLP6BW9WVPrxXq3PualJavoOUB/YH3+AA+Ak8o=</latexit><latexit sha1_base64="mlx/+aoJ5AlM9KAmdEFF4w56Fxg=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgiCURQZdFNy4r2Ac0sUwmt+3QySTMTMQS+ituXCji1h9x5984TbPQ1gMzHM65l3vvCRLOlHacb6u0srq2vlHerGxt7+zu2fvVtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0AnGNzO/8whSsVjc60kCfkSGgg0YJdpIfbsaeDrGoQecP5zm/1nfrjl1JwdeJm5BaqhAs29/eWFM0wiEppwo1XOdRPsZkZpRDtOKlypICB2TIfQMFSQC5Wf57lN8bJQQD2JpntA4V393ZCRSahIFpjIieqQWvZn4n9dL9eDKz5hIUg2CzgcNUo7NubMgcMgkUM0nhhAqmdkV0xGRhGoTV8WE4C6evEza53XX8LuLWuO6iKOMDtEROkEuukQNdIuaqIUoekLP6BW9WVPrxXq3PualJavoOUB/YH3+AA+Ak8o=</latexit><latexit sha1_base64="mlx/+aoJ5AlM9KAmdEFF4w56Fxg=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgiCURQZdFNy4r2Ac0sUwmt+3QySTMTMQS+ituXCji1h9x5984TbPQ1gMzHM65l3vvCRLOlHacb6u0srq2vlHerGxt7+zu2fvVtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0AnGNzO/8whSsVjc60kCfkSGgg0YJdpIfbsaeDrGoQecP5zm/1nfrjl1JwdeJm5BaqhAs29/eWFM0wiEppwo1XOdRPsZkZpRDtOKlypICB2TIfQMFSQC5Wf57lN8bJQQD2JpntA4V393ZCRSahIFpjIieqQWvZn4n9dL9eDKz5hIUg2CzgcNUo7NubMgcMgkUM0nhhAqmdkV0xGRhGoTV8WE4C6evEza53XX8LuLWuO6iKOMDtEROkEuukQNdIuaqIUoekLP6BW9WVPrxXq3PualJavoOUB/YH3+AA+Ak8o=</latexit><latexit sha1_base64="mlx/+aoJ5AlM9KAmdEFF4w56Fxg=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgiCURQZdFNy4r2Ac0sUwmt+3QySTMTMQS+ituXCji1h9x5984TbPQ1gMzHM65l3vvCRLOlHacb6u0srq2vlHerGxt7+zu2fvVtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0AnGNzO/8whSsVjc60kCfkSGgg0YJdpIfbsaeDrGoQecP5zm/1nfrjl1JwdeJm5BaqhAs29/eWFM0wiEppwo1XOdRPsZkZpRDtOKlypICB2TIfQMFSQC5Wf57lN8bJQQD2JpntA4V393ZCRSahIFpjIieqQWvZn4n9dL9eDKz5hIUg2CzgcNUo7NubMgcMgkUM0nhhAqmdkV0xGRhGoTV8WE4C6evEza53XX8LuLWuO6iKOMDtEROkEuukQNdIuaqIUoekLP6BW9WVPrxXq3PualJavoOUB/YH3+AA+Ak8o=</latexit>

b ! s`+`�
<latexit sha1_base64="mDUnotAzGwzmCJ4nNUM/cPBLG4s=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgiCURQZdFNy4r2Ac0sUymN+3QySTMTMQS+ituXCji1h9x5984TbPQ1gMzHM65l3vvCRLOlHacb6u0srq2vlHerGxt7+zu2fvVtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0AnGNzO/8whSsVjc60kCfkSGgoWMEm2kvl0NPB1j5QHnD6f5f9a3a07dyYGXiVuQGirQ7Ntf3iCmaQRCU06U6rlOov2MSM0oh2nFSxUkhI7JEHqGChKB8rN89yk+NsoAh7E0T2icq787MhIpNYkCUxkRPVKL3kz8z+ulOrzyMyaSVIOg80FhyrE5dxYEHjAJVPOJIYRKZnbFdEQkodrEVTEhuIsnL5P2ed01/O6i1rgu4iijQ3SETpCLLlED3aImaiGKntAzekVv1tR6sd6tj3lpySp6DtAfWJ8/JvCT2Q==</latexit><latexit sha1_base64="mDUnotAzGwzmCJ4nNUM/cPBLG4s=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgiCURQZdFNy4r2Ac0sUymN+3QySTMTMQS+ituXCji1h9x5984TbPQ1gMzHM65l3vvCRLOlHacb6u0srq2vlHerGxt7+zu2fvVtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0AnGNzO/8whSsVjc60kCfkSGgoWMEm2kvl0NPB1j5QHnD6f5f9a3a07dyYGXiVuQGirQ7Ntf3iCmaQRCU06U6rlOov2MSM0oh2nFSxUkhI7JEHqGChKB8rN89yk+NsoAh7E0T2icq787MhIpNYkCUxkRPVKL3kz8z+ulOrzyMyaSVIOg80FhyrE5dxYEHjAJVPOJIYRKZnbFdEQkodrEVTEhuIsnL5P2ed01/O6i1rgu4iijQ3SETpCLLlED3aImaiGKntAzekVv1tR6sd6tj3lpySp6DtAfWJ8/JvCT2Q==</latexit><latexit sha1_base64="mDUnotAzGwzmCJ4nNUM/cPBLG4s=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgiCURQZdFNy4r2Ac0sUymN+3QySTMTMQS+ituXCji1h9x5984TbPQ1gMzHM65l3vvCRLOlHacb6u0srq2vlHerGxt7+zu2fvVtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0AnGNzO/8whSsVjc60kCfkSGgoWMEm2kvl0NPB1j5QHnD6f5f9a3a07dyYGXiVuQGirQ7Ntf3iCmaQRCU06U6rlOov2MSM0oh2nFSxUkhI7JEHqGChKB8rN89yk+NsoAh7E0T2icq787MhIpNYkCUxkRPVKL3kz8z+ulOrzyMyaSVIOg80FhyrE5dxYEHjAJVPOJIYRKZnbFdEQkodrEVTEhuIsnL5P2ed01/O6i1rgu4iijQ3SETpCLLlED3aImaiGKntAzekVv1tR6sd6tj3lpySp6DtAfWJ8/JvCT2Q==</latexit><latexit sha1_base64="mDUnotAzGwzmCJ4nNUM/cPBLG4s=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgiCURQZdFNy4r2Ac0sUymN+3QySTMTMQS+ituXCji1h9x5984TbPQ1gMzHM65l3vvCRLOlHacb6u0srq2vlHerGxt7+zu2fvVtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0AnGNzO/8whSsVjc60kCfkSGgoWMEm2kvl0NPB1j5QHnD6f5f9a3a07dyYGXiVuQGirQ7Ntf3iCmaQRCU06U6rlOov2MSM0oh2nFSxUkhI7JEHqGChKB8rN89yk+NsoAh7E0T2icq787MhIpNYkCUxkRPVKL3kz8z+ulOrzyMyaSVIOg80FhyrE5dxYEHjAJVPOJIYRKZnbFdEQkodrEVTEhuIsnL5P2ed01/O6i1rgu4iijQ3SETpCLLlED3aImaiGKntAzekVv1tR6sd6tj3lpySp6DtAfWJ8/JvCT2Q==</latexit>

|Vtd|/|Vts|
<latexit sha1_base64="08nOfWasbcIezKcgOY4JFqumsNU=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN8EiuKqJCLosunFZwV6gDWEymbRDJ5MwM1FKmkdx40IRtz6JO9/GaZqFtv4w8PGfczhnfj9hVCrb/jYqa+sbm1vV7drO7t7+gVk/7Mo4FZh0cMxi0feRJIxy0lFUMdJPBEGRz0jPn9zO671HIiSN+YOaJsSN0IjTkGKktOWZ9VnXy1SQz84LkPnMMxt20y5krYJTQgNKtT3zaxjEOI0IV5ghKQeOnSg3Q0JRzEheG6aSJAhP0IgMNHIUEelmxem5daqdwApjoR9XVuH+nshQJOU08nVnhNRYLtfm5n+1QarCazejPEkV4XixKEyZpWJrnoMVUEGwYlMNCAuqb7XwGAmElU6rpkNwlr+8Ct2LpqP5/rLRuinjqMIxnMAZOHAFLbiDNnQAwxM8wyu8GTPjxXg3PhatFaOcOYI/Mj5/ACHLlI0=</latexit><latexit sha1_base64="08nOfWasbcIezKcgOY4JFqumsNU=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN8EiuKqJCLosunFZwV6gDWEymbRDJ5MwM1FKmkdx40IRtz6JO9/GaZqFtv4w8PGfczhnfj9hVCrb/jYqa+sbm1vV7drO7t7+gVk/7Mo4FZh0cMxi0feRJIxy0lFUMdJPBEGRz0jPn9zO671HIiSN+YOaJsSN0IjTkGKktOWZ9VnXy1SQz84LkPnMMxt20y5krYJTQgNKtT3zaxjEOI0IV5ghKQeOnSg3Q0JRzEheG6aSJAhP0IgMNHIUEelmxem5daqdwApjoR9XVuH+nshQJOU08nVnhNRYLtfm5n+1QarCazejPEkV4XixKEyZpWJrnoMVUEGwYlMNCAuqb7XwGAmElU6rpkNwlr+8Ct2LpqP5/rLRuinjqMIxnMAZOHAFLbiDNnQAwxM8wyu8GTPjxXg3PhatFaOcOYI/Mj5/ACHLlI0=</latexit><latexit sha1_base64="08nOfWasbcIezKcgOY4JFqumsNU=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN8EiuKqJCLosunFZwV6gDWEymbRDJ5MwM1FKmkdx40IRtz6JO9/GaZqFtv4w8PGfczhnfj9hVCrb/jYqa+sbm1vV7drO7t7+gVk/7Mo4FZh0cMxi0feRJIxy0lFUMdJPBEGRz0jPn9zO671HIiSN+YOaJsSN0IjTkGKktOWZ9VnXy1SQz84LkPnMMxt20y5krYJTQgNKtT3zaxjEOI0IV5ghKQeOnSg3Q0JRzEheG6aSJAhP0IgMNHIUEelmxem5daqdwApjoR9XVuH+nshQJOU08nVnhNRYLtfm5n+1QarCazejPEkV4XixKEyZpWJrnoMVUEGwYlMNCAuqb7XwGAmElU6rpkNwlr+8Ct2LpqP5/rLRuinjqMIxnMAZOHAFLbiDNnQAwxM8wyu8GTPjxXg3PhatFaOcOYI/Mj5/ACHLlI0=</latexit><latexit sha1_base64="08nOfWasbcIezKcgOY4JFqumsNU=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN8EiuKqJCLosunFZwV6gDWEymbRDJ5MwM1FKmkdx40IRtz6JO9/GaZqFtv4w8PGfczhnfj9hVCrb/jYqa+sbm1vV7drO7t7+gVk/7Mo4FZh0cMxi0feRJIxy0lFUMdJPBEGRz0jPn9zO671HIiSN+YOaJsSN0IjTkGKktOWZ9VnXy1SQz84LkPnMMxt20y5krYJTQgNKtT3zaxjEOI0IV5ghKQeOnSg3Q0JRzEheG6aSJAhP0IgMNHIUEelmxem5daqdwApjoR9XVuH+nshQJOU08nVnhNRYLtfm5n+1QarCazejPEkV4XixKEyZpWJrnoMVUEGwYlMNCAuqb7XwGAmElU6rpkNwlr+8Ct2LpqP5/rLRuinjqMIxnMAZOHAFLbiDNnQAwxM8wyu8GTPjxXg3PhatFaOcOYI/Mj5/ACHLlI0=</latexit>



Anothe

Another puzzling result 
in tree-level b → c transitions
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• Different class of decays (tree-level charged current 

• Not at all rare:                                                      

• Lepton-universality ratio R(D*) :                                                                        

• Predicted theoretically at ~1-2%: 

• Studied by Belle, BaBar and LHCb  

                                                                                                                                                                         

B(B0 ! D⇤�⌧+⌫⌧ ) ⇠ 1%
<latexit sha1_base64="6JamdURf1E0dyXXoQ9nqJm69wiM=">AAACFnicbVDLSgMxFM3UV62vqks3wVKoSsuMCHZZqguXFewDmnbIpJk2NJMZkoxQhn6FG3/FjQtF3Io7/8a0nYVWDwQO59zLzTlexJnStv1lZVZW19Y3spu5re2d3b38/kFLhbEktElCHsqOhxXlTNCmZprTTiQpDjxO2974aua376lULBR3ehLRXoCHgvmMYG0kN19OEMEc1qelet9GOoTX/eS0PEUax/0zJGJ3xk6QYgF0UNHNF+yKPQf8S5yUFECKhpv/RIOQxAEVmnCsVNexI91LsNSMcDrNoVjRCJMxHtKuoQIHVPWSeawpLBplAP1Qmic0nKs/NxIcKDUJPDMZYD1Sy95M/M/rxtqv9hImolhTQRaH/JhDE3/WERwwSYnmE0Mwkcz8FZIRlpho02TOlOAsR/5LWucVx644txeFWjWtIwuOwDEoAQdcghq4AQ3QBAQ8gCfwAl6tR+vZerPeF6MZK905BL9gfXwDeZmdpA==</latexit><latexit sha1_base64="6JamdURf1E0dyXXoQ9nqJm69wiM=">AAACFnicbVDLSgMxFM3UV62vqks3wVKoSsuMCHZZqguXFewDmnbIpJk2NJMZkoxQhn6FG3/FjQtF3Io7/8a0nYVWDwQO59zLzTlexJnStv1lZVZW19Y3spu5re2d3b38/kFLhbEktElCHsqOhxXlTNCmZprTTiQpDjxO2974aua376lULBR3ehLRXoCHgvmMYG0kN19OEMEc1qelet9GOoTX/eS0PEUax/0zJGJ3xk6QYgF0UNHNF+yKPQf8S5yUFECKhpv/RIOQxAEVmnCsVNexI91LsNSMcDrNoVjRCJMxHtKuoQIHVPWSeawpLBplAP1Qmic0nKs/NxIcKDUJPDMZYD1Sy95M/M/rxtqv9hImolhTQRaH/JhDE3/WERwwSYnmE0Mwkcz8FZIRlpho02TOlOAsR/5LWucVx644txeFWjWtIwuOwDEoAQdcghq4AQ3QBAQ8gCfwAl6tR+vZerPeF6MZK905BL9gfXwDeZmdpA==</latexit><latexit sha1_base64="6JamdURf1E0dyXXoQ9nqJm69wiM=">AAACFnicbVDLSgMxFM3UV62vqks3wVKoSsuMCHZZqguXFewDmnbIpJk2NJMZkoxQhn6FG3/FjQtF3Io7/8a0nYVWDwQO59zLzTlexJnStv1lZVZW19Y3spu5re2d3b38/kFLhbEktElCHsqOhxXlTNCmZprTTiQpDjxO2974aua376lULBR3ehLRXoCHgvmMYG0kN19OEMEc1qelet9GOoTX/eS0PEUax/0zJGJ3xk6QYgF0UNHNF+yKPQf8S5yUFECKhpv/RIOQxAEVmnCsVNexI91LsNSMcDrNoVjRCJMxHtKuoQIHVPWSeawpLBplAP1Qmic0nKs/NxIcKDUJPDMZYD1Sy95M/M/rxtqv9hImolhTQRaH/JhDE3/WERwwSYnmE0Mwkcz8FZIRlpho02TOlOAsR/5LWucVx644txeFWjWtIwuOwDEoAQdcghq4AQ3QBAQ8gCfwAl6tR+vZerPeF6MZK905BL9gfXwDeZmdpA==</latexit><latexit sha1_base64="6JamdURf1E0dyXXoQ9nqJm69wiM=">AAACFnicbVDLSgMxFM3UV62vqks3wVKoSsuMCHZZqguXFewDmnbIpJk2NJMZkoxQhn6FG3/FjQtF3Io7/8a0nYVWDwQO59zLzTlexJnStv1lZVZW19Y3spu5re2d3b38/kFLhbEktElCHsqOhxXlTNCmZprTTiQpDjxO2974aua376lULBR3ehLRXoCHgvmMYG0kN19OEMEc1qelet9GOoTX/eS0PEUax/0zJGJ3xk6QYgF0UNHNF+yKPQf8S5yUFECKhpv/RIOQxAEVmnCsVNexI91LsNSMcDrNoVjRCJMxHtKuoQIHVPWSeawpLBplAP1Qmic0nKs/NxIcKDUJPDMZYD1Sy95M/M/rxtqv9hImolhTQRaH/JhDE3/WERwwSYnmE0Mwkcz8FZIRlpho02TOlOAsR/5LWucVx644txeFWjWtIwuOwDEoAQdcghq4AQ3QBAQ8gCfwAl6tR+vZerPeF6MZK905BL9gfXwDeZmdpA==</latexit>

HFLAV 2018

B ! D(⇤)⌧⌫
<latexit sha1_base64="/2gxhruI4jse5OiCbeI2j7xWECU=">AAAB/XicdVDLSsNAFJ3Ud33Fx87NYBHURZj4iu5EXbhUsFZoYplMJ3VwMgnzEGoo/oobF4q49T/c+TdOagUVPXDhcM693HtPnHOmNELvTmVoeGR0bHyiOjk1PTPrzs2fq8xIQusk45m8iLGinAla10xzepFLitOY00Z8fVj6jRsqFcvEme7mNEpxR7CEEayt1HIXD0KdwaPLYnV9rRdqbEJhqi23hjzk+8HONkTe5t4OCnYtCbY39rZ86HuojxoY4KTlvoXtjJiUCk04Vqrpo1xHBZaaEU571dAommNyjTu0aanAKVVR0b++B1es0oZJJm0JDfvq94kCp0p109h2plhfqd9eKf7lNY1OdqOCidxoKsjnosRwaB8uo4BtJinRvGsJJpLZWyG5whITbQMrQ/j6FP5Pzjc8H3n+6VZt/2AQxzhYAstgFfggAPvgGJyAOiDgFtyDR/Dk3DkPzrPz8tlacQYzC+AHnNcPLOaUaQ==</latexit><latexit sha1_base64="/2gxhruI4jse5OiCbeI2j7xWECU=">AAAB/XicdVDLSsNAFJ3Ud33Fx87NYBHURZj4iu5EXbhUsFZoYplMJ3VwMgnzEGoo/oobF4q49T/c+TdOagUVPXDhcM693HtPnHOmNELvTmVoeGR0bHyiOjk1PTPrzs2fq8xIQusk45m8iLGinAla10xzepFLitOY00Z8fVj6jRsqFcvEme7mNEpxR7CEEayt1HIXD0KdwaPLYnV9rRdqbEJhqi23hjzk+8HONkTe5t4OCnYtCbY39rZ86HuojxoY4KTlvoXtjJiUCk04Vqrpo1xHBZaaEU571dAommNyjTu0aanAKVVR0b++B1es0oZJJm0JDfvq94kCp0p109h2plhfqd9eKf7lNY1OdqOCidxoKsjnosRwaB8uo4BtJinRvGsJJpLZWyG5whITbQMrQ/j6FP5Pzjc8H3n+6VZt/2AQxzhYAstgFfggAPvgGJyAOiDgFtyDR/Dk3DkPzrPz8tlacQYzC+AHnNcPLOaUaQ==</latexit><latexit sha1_base64="/2gxhruI4jse5OiCbeI2j7xWECU=">AAAB/XicdVDLSsNAFJ3Ud33Fx87NYBHURZj4iu5EXbhUsFZoYplMJ3VwMgnzEGoo/oobF4q49T/c+TdOagUVPXDhcM693HtPnHOmNELvTmVoeGR0bHyiOjk1PTPrzs2fq8xIQusk45m8iLGinAla10xzepFLitOY00Z8fVj6jRsqFcvEme7mNEpxR7CEEayt1HIXD0KdwaPLYnV9rRdqbEJhqi23hjzk+8HONkTe5t4OCnYtCbY39rZ86HuojxoY4KTlvoXtjJiUCk04Vqrpo1xHBZaaEU571dAommNyjTu0aanAKVVR0b++B1es0oZJJm0JDfvq94kCp0p109h2plhfqd9eKf7lNY1OdqOCidxoKsjnosRwaB8uo4BtJinRvGsJJpLZWyG5whITbQMrQ/j6FP5Pzjc8H3n+6VZt/2AQxzhYAstgFfggAPvgGJyAOiDgFtyDR/Dk3DkPzrPz8tlacQYzC+AHnNcPLOaUaQ==</latexit><latexit sha1_base64="/2gxhruI4jse5OiCbeI2j7xWECU=">AAAB/XicdVDLSsNAFJ3Ud33Fx87NYBHURZj4iu5EXbhUsFZoYplMJ3VwMgnzEGoo/oobF4q49T/c+TdOagUVPXDhcM693HtPnHOmNELvTmVoeGR0bHyiOjk1PTPrzs2fq8xIQusk45m8iLGinAla10xzepFLitOY00Z8fVj6jRsqFcvEme7mNEpxR7CEEayt1HIXD0KdwaPLYnV9rRdqbEJhqi23hjzk+8HONkTe5t4OCnYtCbY39rZ86HuojxoY4KTlvoXtjJiUCk04Vqrpo1xHBZaaEU571dAommNyjTu0aanAKVVR0b++B1es0oZJJm0JDfvq94kCp0p109h2plhfqd9eKf7lNY1OdqOCidxoKsjnosRwaB8uo4BtJinRvGsJJpLZWyG5whITbQMrQ/j6FP5Pzjc8H3n+6VZt/2AQxzhYAstgFfggAPvgGJyAOiDgFtyDR/Dk3DkPzrPz8tlacQYzC+AHnNcPLOaUaQ==</latexit>

with Vcb suppression)

, problem is the background

-  sensitive to any NP model coupling preferentially to third generation leptons

[R(D*) ~4%, according to Bigi et al, arXiv:1707.09509]

R(D)SM = 0.299± 0.003

R(D⇤)SM = 0.258± 0.005
<latexit sha1_base64="k3YSCacxAcob36cEUSLihadu2GY=">AAACHHicbZDLSsNAFIYn9VbjLerSTbAI1UVJWovtQijqwo1QL71AE8tkOmmHTi7MTIQS+iBufBU3LhRx40LwbZy0AbV6YJiP/z+HmfM7ISVcGMankpmbX1hcyi6rK6tr6xva5laTBxFDuIECGrC2AzmmxMcNQQTF7ZBh6DkUt5zhaeK37jDjJPBvxCjEtgf7PnEJgkJKXa10lT/b78bXF+Njo1CsVq3QMwqGUbIsVTq3B99euZJ65a6WS+6k9L9gppADadW72rvVC1DkYV8gCjnvmEYo7BgyQRDFY9WKOA4hGsI+7kj0oYe5HU+WG+t7UunpbsDk8YU+UX9OxNDjfOQ5stODYsBnvUT8z+tEwq3YMfHDSGAfTR9yI6qLQE+S0nuEYSToSAJEjMi/6mgAGURC5qnKEMzZlf9Cs1gwJV8e5monaRxZsAN2QR6Y4AjUwDmogwZA4B48gmfwojwoT8qr8jZtzSjpzDb4VcrHF0O0nH4=</latexit><latexit sha1_base64="k3YSCacxAcob36cEUSLihadu2GY=">AAACHHicbZDLSsNAFIYn9VbjLerSTbAI1UVJWovtQijqwo1QL71AE8tkOmmHTi7MTIQS+iBufBU3LhRx40LwbZy0AbV6YJiP/z+HmfM7ISVcGMankpmbX1hcyi6rK6tr6xva5laTBxFDuIECGrC2AzmmxMcNQQTF7ZBh6DkUt5zhaeK37jDjJPBvxCjEtgf7PnEJgkJKXa10lT/b78bXF+Njo1CsVq3QMwqGUbIsVTq3B99euZJ65a6WS+6k9L9gppADadW72rvVC1DkYV8gCjnvmEYo7BgyQRDFY9WKOA4hGsI+7kj0oYe5HU+WG+t7UunpbsDk8YU+UX9OxNDjfOQ5stODYsBnvUT8z+tEwq3YMfHDSGAfTR9yI6qLQE+S0nuEYSToSAJEjMi/6mgAGURC5qnKEMzZlf9Cs1gwJV8e5monaRxZsAN2QR6Y4AjUwDmogwZA4B48gmfwojwoT8qr8jZtzSjpzDb4VcrHF0O0nH4=</latexit><latexit sha1_base64="k3YSCacxAcob36cEUSLihadu2GY=">AAACHHicbZDLSsNAFIYn9VbjLerSTbAI1UVJWovtQijqwo1QL71AE8tkOmmHTi7MTIQS+iBufBU3LhRx40LwbZy0AbV6YJiP/z+HmfM7ISVcGMankpmbX1hcyi6rK6tr6xva5laTBxFDuIECGrC2AzmmxMcNQQTF7ZBh6DkUt5zhaeK37jDjJPBvxCjEtgf7PnEJgkJKXa10lT/b78bXF+Njo1CsVq3QMwqGUbIsVTq3B99euZJ65a6WS+6k9L9gppADadW72rvVC1DkYV8gCjnvmEYo7BgyQRDFY9WKOA4hGsI+7kj0oYe5HU+WG+t7UunpbsDk8YU+UX9OxNDjfOQ5stODYsBnvUT8z+tEwq3YMfHDSGAfTR9yI6qLQE+S0nuEYSToSAJEjMi/6mgAGURC5qnKEMzZlf9Cs1gwJV8e5monaRxZsAN2QR6Y4AjUwDmogwZA4B48gmfwojwoT8qr8jZtzSjpzDb4VcrHF0O0nH4=</latexit><latexit sha1_base64="k3YSCacxAcob36cEUSLihadu2GY=">AAACHHicbZDLSsNAFIYn9VbjLerSTbAI1UVJWovtQijqwo1QL71AE8tkOmmHTi7MTIQS+iBufBU3LhRx40LwbZy0AbV6YJiP/z+HmfM7ISVcGMankpmbX1hcyi6rK6tr6xva5laTBxFDuIECGrC2AzmmxMcNQQTF7ZBh6DkUt5zhaeK37jDjJPBvxCjEtgf7PnEJgkJKXa10lT/b78bXF+Njo1CsVq3QMwqGUbIsVTq3B99euZJ65a6WS+6k9L9gppADadW72rvVC1DkYV8gCjnvmEYo7BgyQRDFY9WKOA4hGsI+7kj0oYe5HU+WG+t7UunpbsDk8YU+UX9OxNDjfOQ5stODYsBnvUT8z+tEwq3YMfHDSGAfTR9yI6qLQE+S0nuEYSToSAJEjMi/6mgAGURC5qnKEMzZlf9Cs1gwJV8e5monaRxZsAN2QR6Y4AjUwDmogwZA4B48gmfwojwoT8qr8jZtzSjpzDb4VcrHF0O0nH4=</latexit>

R(D⇤) =
B(B0 ! D⇤�⌧+⌫⌧ )

B(B0 ! D⇤�µ+⌫µ)
<latexit sha1_base64="iFx0ykBFOr7I+rIZIKt+Q8R4r7c="></latexit><latexit sha1_base64="iFx0ykBFOr7I+rIZIKt+Q8R4r7c="></latexit>



: Experimental challenges
• Experimentally very difficult al the LHC (considered unfeasible) 
• As opposed to B factories, the rest of the event does not 

provide any useful kinematic constraint. (However, profit from 
large boost and huge B production.) 

• At least two neutrinos in the final state (three if using                ) 
• Two LHCb measurements, in muonic and hadronic τ decays:  
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⌧ ! µ⌫⌫
<latexit sha1_base64="dl3jmoI6M6JIhTeKYLn3i4FuMBA=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIYJcFNy4r2Ad0SsmkmTY0kwzJHaWM/RQ3LhRx65e482/MtLPQ1sO9cDjnXnJzwkRwA5737ZQ2Nre2d8q7lb39g8Mjt3rcMSrVlLWpEkr3QmKY4JK1gYNgvUQzEoeCdcPpTe53H5g2XMl7mCVsEJOx5BGnBKw0dKsBkDQAFcRpIPOqDN2aV/cWwOvEL0gNFWgN3a9gpGgaMwlUEGP6vpfAICMaOBVsXglSwxJCp2TM+pZKEjMzyBanz/G5VUY4Utq2BLxQf29kJDZmFod2MiYwMateLv7n9VOIGoOMyyQFJunyoSgVGBTOc8AjrhkFMbOEUM3trZhOiCYUbFp5CP7ql9dJ57Lue3X/7qrWbBRxlNEpOkMXyEfXqIluUQu1EUWP6Bm9ojfnyXlx3p2P5WjJKXZO0B84nz9INJP2</latexit><latexit sha1_base64="dl3jmoI6M6JIhTeKYLn3i4FuMBA=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIYJcFNy4r2Ad0SsmkmTY0kwzJHaWM/RQ3LhRx65e482/MtLPQ1sO9cDjnXnJzwkRwA5737ZQ2Nre2d8q7lb39g8Mjt3rcMSrVlLWpEkr3QmKY4JK1gYNgvUQzEoeCdcPpTe53H5g2XMl7mCVsEJOx5BGnBKw0dKsBkDQAFcRpIPOqDN2aV/cWwOvEL0gNFWgN3a9gpGgaMwlUEGP6vpfAICMaOBVsXglSwxJCp2TM+pZKEjMzyBanz/G5VUY4Utq2BLxQf29kJDZmFod2MiYwMateLv7n9VOIGoOMyyQFJunyoSgVGBTOc8AjrhkFMbOEUM3trZhOiCYUbFp5CP7ql9dJ57Lue3X/7qrWbBRxlNEpOkMXyEfXqIluUQu1EUWP6Bm9ojfnyXlx3p2P5WjJKXZO0B84nz9INJP2</latexit><latexit sha1_base64="dl3jmoI6M6JIhTeKYLn3i4FuMBA=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIYJcFNy4r2Ad0SsmkmTY0kwzJHaWM/RQ3LhRx65e482/MtLPQ1sO9cDjnXnJzwkRwA5737ZQ2Nre2d8q7lb39g8Mjt3rcMSrVlLWpEkr3QmKY4JK1gYNgvUQzEoeCdcPpTe53H5g2XMl7mCVsEJOx5BGnBKw0dKsBkDQAFcRpIPOqDN2aV/cWwOvEL0gNFWgN3a9gpGgaMwlUEGP6vpfAICMaOBVsXglSwxJCp2TM+pZKEjMzyBanz/G5VUY4Utq2BLxQf29kJDZmFod2MiYwMateLv7n9VOIGoOMyyQFJunyoSgVGBTOc8AjrhkFMbOEUM3trZhOiCYUbFp5CP7ql9dJ57Lue3X/7qrWbBRxlNEpOkMXyEfXqIluUQu1EUWP6Bm9ojfnyXlx3p2P5WjJKXZO0B84nz9INJP2</latexit><latexit sha1_base64="dl3jmoI6M6JIhTeKYLn3i4FuMBA=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIYJcFNy4r2Ad0SsmkmTY0kwzJHaWM/RQ3LhRx65e482/MtLPQ1sO9cDjnXnJzwkRwA5737ZQ2Nre2d8q7lb39g8Mjt3rcMSrVlLWpEkr3QmKY4JK1gYNgvUQzEoeCdcPpTe53H5g2XMl7mCVsEJOx5BGnBKw0dKsBkDQAFcRpIPOqDN2aV/cWwOvEL0gNFWgN3a9gpGgaMwlUEGP6vpfAICMaOBVsXglSwxJCp2TM+pZKEjMzyBanz/G5VUY4Utq2BLxQf29kJDZmFod2MiYwMateLv7n9VOIGoOMyyQFJunyoSgVGBTOc8AjrhkFMbOEUM3trZhOiCYUbFp5CP7ql9dJ57Lue3X/7qrWbBRxlNEpOkMXyEfXqIluUQu1EUWP6Bm9ojfnyXlx3p2P5WjJKXZO0B84nz9INJP2</latexit>

K
π

D*

τ
Β π

μ ν ν
ν

• Three-prong mode 
used for the first 
time! 

• A semileptonic 
decay with no 
(charged) lepton in 
final state (one K, 
five π)

K
π

D*

τ
Β π

ν

R(D⇤)
<latexit sha1_base64="ZRYVjT0/pAtHjGa41br4pOHsV8c=">AAAB7XicdVDLSgMxFM3UV62vqks3wSJUF2WmWG13RV24rGIf0I4lk2ba2EwyJBmhDP0HNy4Ucev/uPNvzLQjqOiBC4dz7uXee7yQUaVt+8PKLCwuLa9kV3Nr6xubW/ntnZYSkcSkiQUTsuMhRRjlpKmpZqQTSoICj5G2Nz5P/PY9kYoKfqMnIXEDNOTUpxhpI7Wuixe3R4f9fMEu2TNAu1Su2LVqQiq2UztxoJNaBZCi0c+/9wYCRwHhGjOkVNexQ+3GSGqKGZnmepEiIcJjNCRdQzkKiHLj2bVTeGCUAfSFNMU1nKnfJ2IUKDUJPNMZID1Sv71E/MvrRtqvujHlYaQJx/NFfsSgFjB5HQ6oJFiziSEIS2puhXiEJMLaBJQzIXx9Cv8nrXLJMfzquFA/S+PIgj2wD4rAAaegDi5BAzQBBnfgATyBZ0tYj9aL9TpvzVjpzC74AevtE1r+jlM=</latexit><latexit sha1_base64="ZRYVjT0/pAtHjGa41br4pOHsV8c=">AAAB7XicdVDLSgMxFM3UV62vqks3wSJUF2WmWG13RV24rGIf0I4lk2ba2EwyJBmhDP0HNy4Ucev/uPNvzLQjqOiBC4dz7uXee7yQUaVt+8PKLCwuLa9kV3Nr6xubW/ntnZYSkcSkiQUTsuMhRRjlpKmpZqQTSoICj5G2Nz5P/PY9kYoKfqMnIXEDNOTUpxhpI7Wuixe3R4f9fMEu2TNAu1Su2LVqQiq2UztxoJNaBZCi0c+/9wYCRwHhGjOkVNexQ+3GSGqKGZnmepEiIcJjNCRdQzkKiHLj2bVTeGCUAfSFNMU1nKnfJ2IUKDUJPNMZID1Sv71E/MvrRtqvujHlYaQJx/NFfsSgFjB5HQ6oJFiziSEIS2puhXiEJMLaBJQzIXx9Cv8nrXLJMfzquFA/S+PIgj2wD4rAAaegDi5BAzQBBnfgATyBZ0tYj9aL9TpvzVjpzC74AevtE1r+jlM=</latexit><latexit sha1_base64="ZRYVjT0/pAtHjGa41br4pOHsV8c=">AAAB7XicdVDLSgMxFM3UV62vqks3wSJUF2WmWG13RV24rGIf0I4lk2ba2EwyJBmhDP0HNy4Ucev/uPNvzLQjqOiBC4dz7uXee7yQUaVt+8PKLCwuLa9kV3Nr6xubW/ntnZYSkcSkiQUTsuMhRRjlpKmpZqQTSoICj5G2Nz5P/PY9kYoKfqMnIXEDNOTUpxhpI7Wuixe3R4f9fMEu2TNAu1Su2LVqQiq2UztxoJNaBZCi0c+/9wYCRwHhGjOkVNexQ+3GSGqKGZnmepEiIcJjNCRdQzkKiHLj2bVTeGCUAfSFNMU1nKnfJ2IUKDUJPNMZID1Sv71E/MvrRtqvujHlYaQJx/NFfsSgFjB5HQ6oJFiziSEIS2puhXiEJMLaBJQzIXx9Cv8nrXLJMfzquFA/S+PIgj2wD4rAAaegDi5BAzQBBnfgATyBZ0tYj9aL9TpvzVjpzC74AevtE1r+jlM=</latexit><latexit sha1_base64="ZRYVjT0/pAtHjGa41br4pOHsV8c=">AAAB7XicdVDLSgMxFM3UV62vqks3wSJUF2WmWG13RV24rGIf0I4lk2ba2EwyJBmhDP0HNy4Ucev/uPNvzLQjqOiBC4dz7uXee7yQUaVt+8PKLCwuLa9kV3Nr6xubW/ntnZYSkcSkiQUTsuMhRRjlpKmpZqQTSoICj5G2Nz5P/PY9kYoKfqMnIXEDNOTUpxhpI7Wuixe3R4f9fMEu2TNAu1Su2LVqQiq2UztxoJNaBZCi0c+/9wYCRwHhGjOkVNexQ+3GSGqKGZnmepEiIcJjNCRdQzkKiHLj2bVTeGCUAfSFNMU1nKnfJ2IUKDUJPNMZID1Sv71E/MvrRtqvujHlYaQJx/NFfsSgFjB5HQ6oJFiziSEIS2puhXiEJMLaBJQzIXx9Cv8nrXLJMfzquFA/S+PIgj2wD4rAAaegDi5BAzQBBnfgATyBZ0tYj9aL9TpvzVjpzC74AevtE1r+jlM=</latexit>

(
⌧+ ! µ+⌫µ⌫̄⌧ , ⌧+ ! ⇡+⇡�⇡+(⇡0)⌫̄⌧

D⇤� ! D
0
(! K+⇡�)⇡�

<latexit sha1_base64="bamrTbTfiqlmCqbGSPKCCPJqHOk="></latexit><latexit sha1_base64="bamrTbTfiqlmCqbGSPKCCPJqHOk="></latexit><latexit sha1_base64="bamrTbTfiqlmCqbGSPKCCPJqHOk="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="Hqpmn3B6Et8hHBzXWa0YShwmZ3Q="></latexit><latexit sha1_base64="5KAhXDIz53hR3Cm68h3UqfHghw8="></latexit><latexit sha1_base64="OHLEH89rcP4QxMWKBPXgue7pKyA="></latexit><latexit sha1_base64="bamrTbTfiqlmCqbGSPKCCPJqHOk="></latexit><latexit sha1_base64="bamrTbTfiqlmCqbGSPKCCPJqHOk="></latexit><latexit sha1_base64="bamrTbTfiqlmCqbGSPKCCPJqHOk="></latexit><latexit sha1_base64="bamrTbTfiqlmCqbGSPKCCPJqHOk="></latexit><latexit sha1_base64="bamrTbTfiqlmCqbGSPKCCPJqHOk="></latexit><latexit sha1_base64="bamrTbTfiqlmCqbGSPKCCPJqHOk="></latexit>



•    

•
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PRL 115 (2015) 111803

R(D⇤) with ⌧+ ! µ+⌫µ⌫̄⌧
<latexit sha1_base64="bBKD/41AuPtMB4yvwFJtKNljf0Y="></latexit><latexit sha1_base64="bBKD/41AuPtMB4yvwFJtKNljf0Y="></latexit><latexit sha1_base64="bBKD/41AuPtMB4yvwFJtKNljf0Y="></latexit><latexit sha1_base64="bBKD/41AuPtMB4yvwFJtKNljf0Y="></latexit>

~2 σ > SM



• Separation between B and 3π vertices (Δz>4σΔz) crucial to 
obtain the required rejection of                          (ΒF~100 x signal)                           
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Signal Background
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PRD 97 (2018) 072013 

~1 σ > SM

B ! D⇤3⇡X

<latexit sha1_base64="2XZIDdlO9zICiCqyeDu2LpvTwnQ="></latexit>

• Remaining double-charm background 
(D*D(s)X,  (BF~10 x signal, same vertex 
topology)  suppressed by employing a 
multivariate classifier          

R(D⇤) with ⌧+ ! ⇡+⇡�⇡+(⇡0)⌫̄⌧
<latexit sha1_base64="mDSnlKggD04Etc2E7rVFWN8SWqI="></latexit><latexit sha1_base64="mDSnlKggD04Etc2E7rVFWN8SWqI="></latexit><latexit sha1_base64="mDSnlKggD04Etc2E7rVFWN8SWqI="></latexit>
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R(D) vs R(D*) 

• All experiments see an excess wrt SM predictions  
• Tension at ~3.8 σ level  (Bigi et al, arXiv:1707.09509)          INTRIGUING! 
• ~20% effect on R(D*) (more precise, larger BF and less feed-down)



Testing LFU with Bc decays
• Generalization of R(D*) to Bc : 
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<latexit sha1_base64="qxmMzLgmPSVZScWICGhb5cag/P4=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBKNREBF2WuhFXFewDmjRMppN2cDIJ8xBK6MaNv+LGhSJu/Qd3/o3TNgttPTBwOOde7pwTpoxK5TjfVmFpeWV1rbhe2tjc2t6xd/daMtECkyZOWCI6IZKEUU6aiipGOqkgKA4ZaYf3VxO//UCEpAm/U6OU+DEacBpRjJSRAvuw3qsE2FMJvDn1UkmhF+texeM6MCSwy07VmQIuEjcnZZCjEdhfXj/BOiZcYYak7LpOqvwMCUUxI+OSpyVJEb5HA9I1lKOYSD+bphjDY6P0YZQI87iCU/X3RoZiKUdxaCZjpIZy3puI/3ldraJLP6M81YpwPDsUaQZN6EklsE8FwYqNDEFYUPNXiIdIIKxMcSVTgjsfeZG0zqquU3Vvz8u1el5HERyAI3ACXHABauAaNEATYPAInsEreLOerBfr3fqYjRasfGcf/IH1+QPuWJeT</latexit>

R(J/ ) =
B(B+

c ! J/ ⌧+⌫⌧ )

B(B+
c ! J/ µ+⌫µ)

<latexit sha1_base64="b4RBEG8xT47fTzWMSWVTyJdT67M="></latexit><latexit sha1_base64="b4RBEG8xT47fTzWMSWVTyJdT67M="></latexit><latexit sha1_base64="b4RBEG8xT47fTzWMSWVTyJdT67M="></latexit><latexit sha1_base64="b4RBEG8xT47fTzWMSWVTyJdT67M="></latexit>

• Largest background 
from light b hadrons 
to J/ψ with a π or K 
misidentified  as μ  

<latexit sha1_base64="qSwPqhdKyEBCSSsem0hEpU3zLFg=">AAACFXicbVDLSgNBEJyNrxhfqx69DAZhA7LuipBchKAX8RTFPCAbwuxkkgyZ2V1meoUQ8hNe/BUvHhTxKnjzb5w8DhotaCiquunuChPBNXjel5VZWl5ZXcuu5zY2t7Z37N29mo5TRVmVxiJWjZBoJnjEqsBBsEaiGJGhYPVwcDnx6/dMaR5HdzBMWEuSXsS7nBIwUts+vnWuT4JE88K55xb9IJGe6xedQEmsgUBhJpQcPdRQaNt5z/WmwH+JPyd5NEelbX8GnZimkkVABdG66XsJtEZEAaeCjXNBqllC6ID0WNPQiEimW6PpV2N8ZJQO7sbKVAR4qv6cGBGp9VCGplMS6OtFbyL+5zVT6JZaIx4lKbCIzhZ1U4EhxpOIcIcrRkEMDSFUcXMrpn2iCAUTZM6E4C++/JfUTl3fBHdzli9fzOPIogN0iBzkoyIqoytUQVVE0QN6Qi/o1Xq0nq03633WmrHmM/voF6yPbytAm7U=</latexit>

Higher by ~2σ than SM 
prediction (0.25-0.28)

PRL120 (2018) 121801

• Signal reconstructed using τ→μνν, 
with                               as norm.         



What happens next?
• Extend analyses to full Run2 statistics (will take time!) 

- from ~1300 to ~6000 events in hadronic mode 
- goal is to be competitive with world average 

• A whole programme of semi-tauonic measurements, e.g. 

• Waiting for Belle II   ~1.5% projected sensitivity on R(D*) 
with 5 ab-1
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First  expected result, 
simultaneous fit to D0μ+& D*-μ+ 

(Still Run 1- based)

……



Possible explanations of the anomalies
• Statistical fluctuations?: unlikely given the number and pattern of the effects?  

• Experimental artefacts?: these are difficult measurements; have the systematic 
uncertainties been correctly estimated?  

• Theoretical uncertainties?: large theoretical uncertainties from                     
hadronic form factors, but LFU tests should be robust 

•A cocktail of the above? 

•New Physics only once all the above have been excluded... 
• Many NP models proposed (leptoquarks,…), see for example: “B-physics 

anomalies: a guide to combined explanations” D. Buttazzo et al., JHEP 1711 
(2017) 044, arXiv:1706.07808  

- “the case of an SU(2)L-singlet vector leptoquark emerges as a particularly 
simple and successful framework.” 

•  The large amount of data still to be analysed by LHCb and high-pT LHC 
experiments, as well as from future Belle II, will certainly shed more light on the 
origin of these effects 
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Conclusions
• Lots of measurements in flavour only a few of which were highlighted here 

• Dramatic improvements to the already impressive knowledge accumulated by the B-
factories and Tevatron. Healthy competition from Belle II, ATLAS & CMS very welcome! 

• Precise measurements of flavour observables provide a powerful way to probe for NP 
effects beyond the SM, complementing direct searches for NP 

• Most of these results show good compatibility with the SM, but some signs of tension 
are emerging 

• Need to analyse Run 2 to test these hints 

• In LHCb we are working hard to prepare for the future: ready to instal upgraded 
detector in ’19-20 and also thinking about a possible Upgrade II for the the ultimate 
exploitation of the LHC for flavour physics in the HL-LHC era 

• Belle II and the LHCb Upgrade(s) will open up a new frontier in precision
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A few extra slides
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