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Physics motivations
‣ Higgs discovery explains the electroweak symmetry 

breaking: triumph of the Standard Model (SM) 

‣ Still many open questions in particle physics: dark 
matter, neutrino masses, matter-antimatter asymmetry of 
the Universe  

‣ Tensions and fine tuning in the SM: e.g. why the Higgs is 
so light, strong CP problem, fermion masses and mixing 

‣ The absence of NP discoveries at LHC weakens the case 
for new particles at close-by energies   

‣ Future physics programs rely more on indirect searches: 
e.g. electroweak physics precision observables, Higgs 
couplings, …
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Precision flavour physics 
‣ Model-independent effective Lagrangian   :

,    

‣   breaks lepton number,  encodes effects of new physics 
particles of generic mass 

ℒeff

ℒeff = ℒSM+
ℒ5

ΛNP
+

ℒ6

Λ2
NP

ℒ5 ℒ6
ΛNP
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‣ Reach in new physics 
scale at present and 
future facilities from 
generic  contributions 
compared with reach of 
direct searches 

ℒ6

CERN-ESU-004, arXiv:1910.11775 
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Precision flavour physics at LHCb
‣ Indirect searches for new physics require 

- precise SM predictions, small theoretical 
uncertainties  

• clean observables, e.g. CKM angle , leptonic decays, … 

• calculable hadronic contributions at subpercent level: non-
perturbative techniques, lattice QCD, e.g. , , 

, … 

• null tests: no theory inputs, negligible SM contributions, 
e.g. lepton flavour violation, CP violation in D mixing, … 

- high statistics data sample 

- excellent detector performance, low systematic 
uncertainties 

γ

Vub, Vcb Δms
Δmd
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LHCb data sample and plans

‣ Collected 9 fb-1 in Run1-Run2. Major detector upgrade 
during LS2 (Upgrade I- 2020). Aim at 50 fb-1 before 2030 

‣ First detector improvements in PID, tracking, and ECAL 
during LS3 (Upgrade 1b - 2025) 

‣ Major detector upgrade during LS4 (Upgrade II - 2030). 
Aim at >300 fb-1 after 2030 - ….
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LHCB-PUB-2018-009,  arXiv:1808.08865
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LHCb physics program
sin2β, γ, 𝜙s, |Vub/Vcb|, CPV in 
B0, Bs0, D0, b-baryons,…
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CKM and CP 
violation 

Rare decays

Spectroscopy

Electroweak 
QCD, Exotica

Ion, Fixed-
target

B(s)0→μ+μ−, b→sμ+μ−, b→se+e−, 
Σ+→pμ+μ−,…  

Tetraquarks, Pentaquarks, Ξcc++, 
Ωc*, Ξb−*,…
Z0, W+, top, H→cc, Dark 
photons, Long-lived particles,..    

Heavy ions, p-Gas, nuclear 
effects,… 

see also backup slides for more detailsLHCB-PUB-2018-009,  arXiv:1808.08865
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CKM angle 𝛾 from B−→DK− decays
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Ultimate γ sensitivity 

‣ Uncertainty of 0.35º with 300 fb-1, through a 
combination of measurements 

‣ Comparison of γ measurements from different B+, 
Bd0, Bs0, Λb0 modes will become possible
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CERN-LPCC-2018-06 , arXiv:1812.07638

Belle II 50 ab−1
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Belle II 50 ab−1

CERN-LPCC-2018-06 , arXiv:1812.07638
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Unitarity triangle fit
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‣ Present constraints on  
parameters using LHCb 
results and lattice QCD 
calculations 

ρ, η

ρ = 0.157+0.010
−0.006

η = 0.350+0.008
−0.007

σ(ρ) ≈ 0.0018
σ(η) ≈ 0.0015

‣ Future constraints on  
parameters using expected 
improvements from LHCb with 
300 fb−1 and lattice QCD

ρ, η

CERN-LPCC-2018-06 , arXiv:1812.07638

UTfit results are reported in the backup slides
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CP violation in B(s) mixing

Search for potential new physics effects through virtual 
corrections in flavour oscillation box diagrams

Rev.Mod.Phys. 88 (2016) no.4, 045002
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Future landscape for semileptonic asymmetries
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CERN-LPCC-2018-06 , arXiv:1812.07638
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CP violation in D0 mixing 
‣ Null test: SM amplitudes for mixing are approximately 

real and are GIM or CKM suppressed  

‣ CP violation in mixing  would 
represent a signature of new physics

|q/p | ≠ 1, ϕ ≠ 0
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‣ Sensitivities at 300 fb−1 : 
,  

‣ Test SM predictions for 

ϕ ≈ 0.1∘ |q/p | ≈ 0.001

ϕ

CERN-LPCC-2018-06 , arXiv:1812.07638
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CP violation in D0 mixing 
‣ Predicted constraints on indirect CP violation 

asymmetry from LHCb and Belle II experiments in 
2025 and from LHCb with 300 fb−1 
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CERN-LPCC-2018-06 , arXiv:1812.07638
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 rare decaysB0
s,d → μ+μ−

‣ Flavour changing neutral current processes are rare in the 
SM. Effects from new physics contributions can change 
rates. Small theory uncertainties   
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PRL 118, 191801 (2017)  4.4fb−1

First observation in single experiment Sensitivity vs new physics predictions

C
ER

N
-LPC

C
-2018-06 , arX

iv:1812.07638
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Lepton flavour universality (LFU)
‣ LFU in the SM: same EW couplings for . 

Theoretically clean mode. Electron reconstruction is 
challenging in LHCb due to energy loss 

ℓ = e, μ, τ
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RX =
ℬ(B → Xμ+μ−)
ℬ(B → Xe+e−)

CERN-ESU-004, arXiv:1910.11775 
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Projected sensitivities for   RX
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‣ Projected sensitivities 
for  measurements 
in different new 
physics scenarios

RX

CERN-LPCC-2018-06 , arXiv:1812.07638

CERN-LPCC-2018-06 , arXiv:1812.07638
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Further opportunities
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CERN-LHCC-2018-027 

‣ New ideas for direct 
measurements of heavy 
baryon electric and 
magnetic dipole moments  

‣  baryon: spin precession 
induced by the LHCb 
magnetic field  

‣  baryons: spin 
precession of channeled 
particles in bent crystals. A 
new fixed-target setup in 
front of LHCb has been 
proposed

Λ

Λ+
c , Ξ+

c

LHCB-PUB-2018-009,  arXiv:1808.08865
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Summary and prospects
‣ Precision flavour physics is a fundamental tool for discovery: great 

physics reach compared to direct and electroweak precision searches 

‣ Theoretically clean processes and improvements in lattice-QCD 
motivate better experimental measurements of flavour observables 

‣ LHCb Upgrade II (1b): a unique opportunity for fully exploit flavour 
physics potential at HL-LHC  

‣ Ultimate test of CKM, unique new physics searches in FW region. You 
are welcome to join the enterprise! 
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Detector challenges
‣ Aim at 𝓛=2×1034 cm-2s-1, about 55 visible interactions 

per crossing  

‣ Tracking: 1500-3500 charged particles/crossing, 
fluence in excess of 1015 1MeV neq/cm2   

‣ PID: cope with high occupancy, upgrade the coverage 
at low ~10 GeV, and high momenta ~100 GeV 

‣ ECAL: sustain radiation dose ≲200 Mrad, energy 
resolution σ(E)/E~10%/√E⊕1%, reduce Moliere radius 

‣ TDAQ: biggest data processing challenge in HEP history  

‣ Detectors must be faster, harder, finer, stronger, smarter

22



Nicola Neri Physics perspectives for LHCb beyond Run4

LHCb Upgrade II detector

23
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Prospects for future measurements at LHCb
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Unitarity triangle fit
UTFit results 
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23  fb−1 

300 fb−1 

LHCb 23  fb−1 LHCb 300  fb−1 Present

CERN-LPCC-2018-06 , arXiv:1812.07638
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B0→K*0𝓁+𝓁- and lepton universality

Tensions with the SM at 2.1-2.3σ and 2.4-2.5σ in 
the two q2 regions, respectively 

JHEP 08 (2017) 055

RK⇤0 =
BR(B0 ! K⇤0µ+µ�)

BR(B0 ! K⇤0e+e�)

3fb–1 

https://arxiv.org/abs/1705.05802
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Bs→μ+μ- results and prospects
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PRL 118, 191801 (2017)  4.4fb−1

7.8σ

discriminate different NP models

First effective lifetime measurement

First observation in single experiment

R ⌘ BF (B0 ! µ+µ�)

BF (B0
s ! µ+µ�)
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Prospects with 300 fb-1:

�(R) ⇠ 10%
<latexit sha1_base64="DiIb6iMXIbYt7KDScxHK/Wl03m0=">AAAB/HicbZDNSsNAFIVv6l+tf9Eu3QyWQt2URARdFt24rGJroQllMp20Q2eSMDMRQqiv4saFIm59EHe+jdM2C209MPBx7r3cOydIOFPacb6t0tr6xuZWebuys7u3f2AfHnVVnEpCOyTmsewFWFHOItrRTHPaSyTFIuD0IZhcz+oPj1QqFkf3OkuoL/AoYiEjWBtrYFc9xUYCN+5OkSGBXMerD+ya03TmQqvgFlCDQu2B/eUNY5IKGmnCsVJ910m0n2OpGeF0WvFSRRNMJnhE+wYjLKjy8/nxU1Q3zhCFsTQv0mju/p7IsVAqE4HpFFiP1XJtZv5X66c6vPRzFiWpphFZLApTjnSMZkmgIZOUaJ4ZwEQycysiYywx0SavignBXf7yKnTPmq7TdG/Pa62rIo4yHMMJNMCFC2jBDbShAwQyeIZXeLOerBfr3fpYtJasYqYKf2R9/gBWdpNA</latexit><latexit sha1_base64="DiIb6iMXIbYt7KDScxHK/Wl03m0=">AAAB/HicbZDNSsNAFIVv6l+tf9Eu3QyWQt2URARdFt24rGJroQllMp20Q2eSMDMRQqiv4saFIm59EHe+jdM2C209MPBx7r3cOydIOFPacb6t0tr6xuZWebuys7u3f2AfHnVVnEpCOyTmsewFWFHOItrRTHPaSyTFIuD0IZhcz+oPj1QqFkf3OkuoL/AoYiEjWBtrYFc9xUYCN+5OkSGBXMerD+ya03TmQqvgFlCDQu2B/eUNY5IKGmnCsVJ910m0n2OpGeF0WvFSRRNMJnhE+wYjLKjy8/nxU1Q3zhCFsTQv0mju/p7IsVAqE4HpFFiP1XJtZv5X66c6vPRzFiWpphFZLApTjnSMZkmgIZOUaJ4ZwEQycysiYywx0SavignBXf7yKnTPmq7TdG/Pa62rIo4yHMMJNMCFC2jBDbShAwQyeIZXeLOerBfr3fpYtJasYqYKf2R9/gBWdpNA</latexit><latexit sha1_base64="DiIb6iMXIbYt7KDScxHK/Wl03m0=">AAAB/HicbZDNSsNAFIVv6l+tf9Eu3QyWQt2URARdFt24rGJroQllMp20Q2eSMDMRQqiv4saFIm59EHe+jdM2C209MPBx7r3cOydIOFPacb6t0tr6xuZWebuys7u3f2AfHnVVnEpCOyTmsewFWFHOItrRTHPaSyTFIuD0IZhcz+oPj1QqFkf3OkuoL/AoYiEjWBtrYFc9xUYCN+5OkSGBXMerD+ya03TmQqvgFlCDQu2B/eUNY5IKGmnCsVJ910m0n2OpGeF0WvFSRRNMJnhE+wYjLKjy8/nxU1Q3zhCFsTQv0mju/p7IsVAqE4HpFFiP1XJtZv5X66c6vPRzFiWpphFZLApTjnSMZkmgIZOUaJ4ZwEQycysiYywx0SavignBXf7yKnTPmq7TdG/Pa62rIo4yHMMJNMCFC2jBDbShAwQyeIZXeLOerBfr3fpYtJasYqYKf2R9/gBWdpNA</latexit><latexit sha1_base64="DiIb6iMXIbYt7KDScxHK/Wl03m0=">AAAB/HicbZDNSsNAFIVv6l+tf9Eu3QyWQt2URARdFt24rGJroQllMp20Q2eSMDMRQqiv4saFIm59EHe+jdM2C209MPBx7r3cOydIOFPacb6t0tr6xuZWebuys7u3f2AfHnVVnEpCOyTmsewFWFHOItrRTHPaSyTFIuD0IZhcz+oPj1QqFkf3OkuoL/AoYiEjWBtrYFc9xUYCN+5OkSGBXMerD+ya03TmQqvgFlCDQu2B/eUNY5IKGmnCsVJ910m0n2OpGeF0WvFSRRNMJnhE+wYjLKjy8/nxU1Q3zhCFsTQv0mju/p7IsVAqE4HpFFiP1XJtZv5X66c6vPRzFiWpphFZLApTjnSMZkmgIZOUaJ4ZwEQycysiYywx0SavignBXf7yKnTPmq7TdG/Pa62rIo4yHMMJNMCFC2jBDbShAwQyeIZXeLOerBfr3fpYtJasYqYKf2R9/gBWdpNA</latexit>

�(⌧µ+µ�) ⇠ 0.03ps
<latexit sha1_base64="jQ9vjqT37ewVXanu8iCONJCFIpQ=">AAACGHicbVDLSgMxFM34rPVVdekmWISKWGdU0GXRjcsK9gGdsWTStA1NZobkjliG+Qw3/oobF4q47c6/MW1noa0H7uVwzr0k9/iR4Bps+9taWFxaXlnNreXXNza3tgs7u3UdxoqyGg1FqJo+0UzwgNWAg2DNSDEifcEa/uBm7DcemdI8DO5hGDFPkl7Au5wSMFK7cOpq3pOk5AKJ24kr44fjcTtJj7BxJLbL9jl2gT2Bkkmk03ahaKQJ8DxxMlJEGartwsjthDSWLAAqiNYtx47AS4gCTgVL826sWUTogPRYy9CASKa9ZHJYig+N0sHdUJkKAE/U3xsJkVoPpW8mJYG+nvXG4n9eK4bulZfwIIqBBXT6UDcWGEI8Tgl3uGIUxNAQQhU3f8W0TxShYLLMmxCc2ZPnSf2s7Nhl5+6iWLnO4sihfXSASshBl6iCblEV1RBFz+gVvaMP68V6sz6tr+nogpXt7KE/sEY/gp2fbQ==</latexit><latexit sha1_base64="jQ9vjqT37ewVXanu8iCONJCFIpQ=">AAACGHicbVDLSgMxFM34rPVVdekmWISKWGdU0GXRjcsK9gGdsWTStA1NZobkjliG+Qw3/oobF4q47c6/MW1noa0H7uVwzr0k9/iR4Bps+9taWFxaXlnNreXXNza3tgs7u3UdxoqyGg1FqJo+0UzwgNWAg2DNSDEifcEa/uBm7DcemdI8DO5hGDFPkl7Au5wSMFK7cOpq3pOk5AKJ24kr44fjcTtJj7BxJLbL9jl2gT2Bkkmk03ahaKQJ8DxxMlJEGartwsjthDSWLAAqiNYtx47AS4gCTgVL826sWUTogPRYy9CASKa9ZHJYig+N0sHdUJkKAE/U3xsJkVoPpW8mJYG+nvXG4n9eK4bulZfwIIqBBXT6UDcWGEI8Tgl3uGIUxNAQQhU3f8W0TxShYLLMmxCc2ZPnSf2s7Nhl5+6iWLnO4sihfXSASshBl6iCblEV1RBFz+gVvaMP68V6sz6tr+nogpXt7KE/sEY/gp2fbQ==</latexit><latexit sha1_base64="jQ9vjqT37ewVXanu8iCONJCFIpQ=">AAACGHicbVDLSgMxFM34rPVVdekmWISKWGdU0GXRjcsK9gGdsWTStA1NZobkjliG+Qw3/oobF4q47c6/MW1noa0H7uVwzr0k9/iR4Bps+9taWFxaXlnNreXXNza3tgs7u3UdxoqyGg1FqJo+0UzwgNWAg2DNSDEifcEa/uBm7DcemdI8DO5hGDFPkl7Au5wSMFK7cOpq3pOk5AKJ24kr44fjcTtJj7BxJLbL9jl2gT2Bkkmk03ahaKQJ8DxxMlJEGartwsjthDSWLAAqiNYtx47AS4gCTgVL826sWUTogPRYy9CASKa9ZHJYig+N0sHdUJkKAE/U3xsJkVoPpW8mJYG+nvXG4n9eK4bulZfwIIqBBXT6UDcWGEI8Tgl3uGIUxNAQQhU3f8W0TxShYLLMmxCc2ZPnSf2s7Nhl5+6iWLnO4sihfXSASshBl6iCblEV1RBFz+gVvaMP68V6sz6tr+nogpXt7KE/sEY/gp2fbQ==</latexit><latexit sha1_base64="jQ9vjqT37ewVXanu8iCONJCFIpQ=">AAACGHicbVDLSgMxFM34rPVVdekmWISKWGdU0GXRjcsK9gGdsWTStA1NZobkjliG+Qw3/oobF4q47c6/MW1noa0H7uVwzr0k9/iR4Bps+9taWFxaXlnNreXXNza3tgs7u3UdxoqyGg1FqJo+0UzwgNWAg2DNSDEifcEa/uBm7DcemdI8DO5hGDFPkl7Au5wSMFK7cOpq3pOk5AKJ24kr44fjcTtJj7BxJLbL9jl2gT2Bkkmk03ahaKQJ8DxxMlJEGartwsjthDSWLAAqiNYtx47AS4gCTgVL826sWUTogPRYy9CASKa9ZHJYig+N0sHdUJkKAE/U3xsJkVoPpW8mJYG+nvXG4n9eK4bulZfwIIqBBXT6UDcWGEI8Tgl3uGIUxNAQQhU3f8W0TxShYLLMmxCc2ZPnSf2s7Nhl5+6iWLnO4sihfXSASshBl6iCblEV1RBFz+gVvaMP68V6sz6tr+nogpXt7KE/sEY/gp2fbQ==</latexit>
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CKM fits

‣ In figure: constraints on  
parameters using only LHCb 
and lattice QCD expected 
improvements with 300 fb−1

ρ, η
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23 fb−1 300 fb−1

23 fb−1

300 fb−1

‣ In figure: constraints on  
parameters using only LHCb 
and lattice QCD expected 
improvements with 300 fb−1

ρ, η
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|Vub/Vcb| measurement with 

Normalise yields to                              , Vcb 
mediated decay, cancel many systematic 
uncertainties 

Apply tight vertex cut, PID on proton and 
muon, track isolation to reject 90% of 
background (using boosted decision tree) 

Use corrected mass to reconstruct the signal 
and retain events with

⇤0
b ! pµ�⌫̄µ

⇤0
b ! ⇤+

c µ
�⌫̄µ

Mcorr =
q

p2? +M2
pµ + p?

�(Mcorr) < 100MeV

‣ Use         flight direction and mass to 
determine q2 with two-fold ambiguity 
(neutrino). Require both solutions >15 GeV2, 
minimise migration to low q2 bins

⇤0
b

2fb-1 data at 8 TeV - Nature Phys. 11 (2015) 743-747
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|Vub/Vcb| results

Measure: 17687± 733

34255± 571

|Vub|2 = |Vcb|2
B(⇤0

b ! pµ�⌫̄µ)q2>15GeV2

B(⇤0
b ! ⇤+

c µ�⌫̄µ)q2>7GeV2

RFF

LQCD [1]
0.68± 0.07

measured
(1.00± 0.04± 0.08)⇥ 10�2

world average
(39.5± 0.8)⇥ 10�3

|Vub| = (3.27± 0.15± 0.17± 0.06)⇥ 10�3

exp. LQCD |Vcb|

‣ Largest exp. uncertainty from 

 [1] W. Detmold, C. Lehner, and S. Meinel, arXiv:1503.01421

B(⇤+
c ! pK+⇡�)

‣ Background contributions estimated 
using ad hoc control samples

2fb-1 data at 8 TeV - Nature Phys. 11 (2015) 743-747

Most precise measurement

‣ Important and independent 
determination of Vub from B factories
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𝛾 from combination of measurements

31

� = (69+17
�16)

�

� = (68+15
�14)

�
BaBar
Belle

PRD 87, 052015 (2013) 

arXiv:1301.2033 (2013)

Combination of B→DK measurements 
Most precise measurement of 𝛾
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 mixingsB  mixingsB

|BL,Hi = q|B0i± q|B0i

Prob(B0 ! B0) =
�e��t

2
[cosh(��/2t) + cos(�mt)]

Prob(B0 ! B
0
) =

�e��t

2
[cosh(��/2t)� cos(�mt)]|q/p|2

Prob(B
0 ! B0) =

�e��t

2
[cosh(��/2t)� cos(�mt)]|p/q|2

Prob(B
0 ! B

0
) =

�e��t

2
[cosh(��/2t) + cos(�mt)]

‣ Study time evolution of flavour defined 
states: �m = mH �mL > 0 �� = �L � �H

‣ In SM ΔΓ>0 (very small for B0) and |q/p|~1, 
very small CPV in B0 and Bs mixing 

B0

B0
s

�m

�
= 0.770

��

2�
< 0.01

��

2�
= 0.062

�m

�
= 26.72

B(s) flavour oscillations
Flavour oscillations occur when flavour 
eigenstates differ from mass eigenstates
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Measurement of Δmd and Δms

Flavour oscillations 
via box diagram

EPJC 76 (2016) 412 

 NJP 15 (2013) 053021 

B0
s ! D�

s ⇡
+

�ms

�md
=

mBs

mBd

����
Vts

Vtd

����
2

(1.206± 0.019)2

MILC, PRD 93 (2016) 113016

Theory uncertainty from LQCD 
dominates extraction of |Vts/Vtd| 

V ⇤
tb

Vtq

Vtq

V ⇤
tb

B0 ! D�µ+⌫X B0 ! D⇤�µ+⌫X

3fb–1 Δmd=(505.0±2.1±1.0)ns−1

∆ms=17.768±0.023(stat)±0.006(syst)ps−1 

1fb–1 
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B+→K+𝓁+𝓁- and lepton universality

PRL	113	(2014)	151601	
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Test of lepton flavour universality

LFU test with B→D(*)𝓁ν  
tree level decay, sensitive to 
possible H+ contribution 

R(D) and R(D*) definition 

R(D)
0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5
BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, arXiv:1603.06711

) = 67%2χHFAG Average, P(
SM prediction

 = 1.02χΔ

R(D), PRD92,054510(2015)
R(D*), PRD85,094025(2012)

HFAG
Prel. Winter 2016

R(D(⇤)) =
B0 ! D(⇤)�⌧+⌫⌧
B0 ! D(⇤)�`+⌫⌧

` = µ, e

‣ Experimental challenge 
- tau reconstruction, 

missing neutrinos

‣ 3.1 σ from SM (2D 
average)

R(D)
0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5 BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, FPCP2017
Average

SM Predictions

 = 1.0 contours2χΔ

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

HFLAV

FPCP 2017

) = 71.6%2χP(

σ4

σ2

HFLAV
FPCP 2017
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Semitauonic measurements

Phase-II will substantially benefit R(Xc) measurements of 
Bs, Λb0, Bc hadrons, not accessible at Belle II 
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EDM limits 
‣ Summary of current EDM limits and future 

planned sensitivities
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