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The Standard Model

A very powerful predictive theory which has resisted many decades of experimentalist trying to “break it”.  
Yet, given that the SM can not explain…
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T. Cohen 
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Flavour Physics as probe
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Inspired by M. Vally 

Complementarity 

Many observables & techniques are available 

Multiscale probes
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Y. Nir 

Emphasis the complementarity of direct vs indirect searches 



Towards Baryogenesis 

Art & History Museum in Geneva
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CPV violation timeline
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A flavour detector  
at the LHC 
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RU

Comput.Phys.Commun. 208 (2016) 35-42 

JINST 3 S08005 (2008) 
Int. J. Mod. Phys. A 30 (2015) 7, 1530022

JINST 3 S08005 (2008) 
Int. J. Mod. Phys. A 30 (2015) 7, 1530022

The LHCb detector 
Run 2 trigger

✤ Good vertex and impact parameter resolution σ (IP) = 15+29/pT   mm. 
✤ Excellent momentum resolution ~ 25 MeV/c2  two-body decays. 
✤ Excellent particle ID ( μ-ID 97% for (π → μ) misID of 1-3%). 
✤ Versatile & efficient trigger.

https://www.sciencedirect.com/science/article/pii/S0010465516302107?via=ihub
https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://inspirehep.net/literature/1335135
https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://inspirehep.net/literature/1335135


Everything you dreamt to know about LHCb’s data  !

📷 A. Seha 



Trees vs penguins 
Flavour Changing Charged Currents Flavour Changing Neutral Currents
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Rule of thumb: you can’t access all the parameters at once   
you have to pick your battles



CKM - matrix 

Let’s consider this current 

W
olfenstein param

etrisation 
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CKM - matrix 

Building the unitarity triangles 
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The other triangles

http://www.scholarpedia.org/article/Experimental_determination_of_the_CKM_matrix
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arXiv:0905.1572

All the phases…in 2009
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All the phases…Today
arXiv:2411.18639

https://arxiv.org/abs/2411.18639
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All the phases…Today
Question to my theory/phenomenology colleagues:  
While the overall picture is looking very SM-like do we believe there is room for NP in these observables? 

arXiv:2411.18639

https://arxiv.org/abs/2411.18639


An example of a UT fit 
Adopt a given parametrisation 

SM 

20http://www.utfit.org/UTfit/ResultsSummer2023
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If you have questions yasmine.sara.amhis@cern.chIf you have questions yasmine.sara.amhis@cern.ch

Let’s dive in 



Let’s start with sin2beta with the “golden” mode  B0 → ψ(ℓ+ℓ−)K0
S(π+π−)

22

Time dependent analysis → requires flavour tagging 



Text book like result !  

Trigger wise dilepton decays  
are a day at the beach    

Combination of a few decay channels 

23arXiv:2309.09728



It’s interesting to see what a “just” a difference in the spectator quark can do 
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~ 0.5 ps-1 17 ps-1

An other fascinating topic is “simple” lifetime measurements. 



A few lines about the mixing formalism 

Dispersive Absorptive 

25



A few lines about the mixing formalism 

CERN-THESIS-2014-361 a very pedagogical reference.
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arXiv:0209007
28
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My personal end of the universe at the time



Finally…

30arXiv:2104.04421
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Loop back to the models 

arXiv:1904.10954 one example out of the billion out there. 

Standard  
Model



Let’s us add complexity: Bs → ψ(ℓ+ℓ−)ϕ(K+K−)

Mixture of CP odd and CP even eigenstates 

None negligible difference between the  
heavy and the light state of your the  mesons  B0

s ΔΓs
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Fermilab paved the path of  physics B0
s

Prompt 



It’s “just” yet an other counting experiment 

CP eigenvalues of the final state

arXiv:2308.01468Mixture of CP odd and CP even requires an angular analysis 



Very similar experimental techniques  
between the LHC three collaborations  

arXiv:2308.01468
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arXiv:2412.19952v1
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arXiv:2411.18639

All the phases…Today
Question to my theory colleagues:  
While the overall picture is looking very SM-like do we believe there is room for NP in these observables? 

https://arxiv.org/abs/2411.18639


Production of Λ0
b Expression of the asymmetry 

38
arXiv:2503.16954





Very pure selection & careful modelling of the backgrounds 
40

Signal mode
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From Raw to CP observable 

Production asymmetry Detection asymmetry

➤     Measured for the control mode for which 

➤      Measured for the signal
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Control mode 



Production asymmetries 
• Production asymmetry 

dominated by gluon fusion.  

• Hadronization asymmetry of  
and  in pp collisions.  

• Ap 1-2% measured by LHCb as 
a function of kinematics.  

• ΔAp vanishes 

Λ0
b

Λ̄0
b

LHCb-PAPER-2021-016



Detector asymmetries 

Matter, antimatter interact with detector 
(made by matter) differently 

• 𝒇: different combinations of 𝒑, 𝑲, 𝝅 etc. 

• Including effects from reconstruction of 
particles, PID, trigger effects 

Obtained using data-driven method with 
calibration channels

• ΔAD vanishes 
44



Putting everything together 

This CP asymmetry differs from zero by 5.2 standard deviations, marking the observation of CP violation !
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Taking it one step further 

Studies in different mass region to study local effects



Taking it one step further 
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Observe up to 6 standard deviations locally 

This discovery strongly suggests that 
specific intermediate resonances play a key role in 

generating CP violation



arXiv:2412.13958

No evidence of CP violation is found

Experimental techniques are very similar 
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LS1

LS2

1−2024 (13.6 TeV): 9.56 fb
1−2023 (13.6 TeV): 0.37 fb
1−2022 (13.6 TeV): 0.82 fb

1−2018 (13 TeV): 2.19 fb
1−2017 (13 TeV): 1.71 fb
1−2016 (13 TeV): 1.67 fb
1−2015 (13 TeV): 0.33 fb

1−2012 (8 TeV): 2.08 fb
1−2011 (7 TeV): 1.11 fb
1−2010 (7 TeV): 0.04 fb

LHCb in 2024: twice doubled data
LHCb-FIGURE-2024-030

Doubled the recorded integrated luminosity thanks to excellent detector&LHC performance 
More than doubled the efficiency for hadronic signals thanks to 30 MHz GPU tracking trigger

49

https://lbfence.cern.ch/alcm/public/figure/details/3837


Key precision observables remain statistically limited + unique reach for ions, baryons & exotic hadrons 
After showing that systematics scale with luminosity in Run 3 − aim to build the best quality U2 detector! 50

            Why another LHCb upgrade?
Table 1: Anticipated uncertainties at future upgrades of LHCb for some key flavour observables,
modified and updated from Refs. [5, 6]. Upgrade I projections are given both with the data
sample available after Run 3 (23 fb�1) and with that after Run 4 (50 fb�1). Uncertainties are
extrapolated assuming that systematic uncertainties will not becoming limiting (see Ref. [6] for
further discussion).

Observable Current LHCb Upgrade I Upgrade II
(up to 9 fb�1) (23 fb�1) (50 fb�1) (300 fb�1)

CKM tests
� (B ! DK, etc.) 2.8� [18, 19] 1.3� 0.8� 0.3�

�s (B0
s ! J/ �) 20 mrad [22] 12 mrad 8 mrad 3 mrad

|Vub|/|Vcb| (⇤0
b ! pµ�⌫µ, etc.) 6% [55,56] 3% 2% 1%

Charm
�ACP (D0

! K+K�,⇡+⇡�) 29 ⇥ 10�5 [25] 13 ⇥ 10�5 8 ⇥ 10�5 3.3 ⇥ 10�5

A� (D0
! K+K�,⇡+⇡�) 11 ⇥ 10�5 [29] 5 ⇥ 10�5 3.2 ⇥ 10�5 1.2 ⇥ 10�5

�x (D0
! K0

S⇡
+⇡�) 18 ⇥ 10�5 [57] 6.3 ⇥ 10�5 4.1 ⇥ 10�5 1.6 ⇥ 10�5

Rare decays
B(B0

! µ
+
µ
�)/B(B0

s ! µ
+
µ
�) 69% [30,31] 41% 27% 11%

Sµµ (B0
s ! µ+µ�) — — — 0.2

A
(2)
T (B0

! K⇤0e+e�) 0.10 [58] 0.060 0.043 0.016
S��(B0

s ! ��) 0.32 [59] 0.093 0.062 0.025
↵�(⇤0

b ! ⇤�) +0.17
�0.29 [60] 0.148 0.097 0.038

Summary. The current LHCb experiment is established as the world’s leading flavour455

physics facility. Results from the LHC to date continue to demonstrate that SM e↵ectively456

describes phenomena up to an energy scale of O(1 TeV). There must be physics beyond457

the SM, however, and there are strong reasons to believe that it will be accessible with the458

improved sensitivity that will be made possible with LHCb Upgrade II. The HL-LHC era459

o↵ers an opportunity to collect an unprecedented data sample for dedicated heavy flavour460

measurements. In addition to the vastly increased data sample, improvements in the461

LHCb Upgrade II detector will enable access to several new observables and reduce the462

uncertainties of other key measurements to levels comparable to their theory predictions.463

The sensitivity to the quantum imprints of new particles will push to new physics scales464

of 10 TeV and higher, far beyond what is currently achievable at the energy frontier.465

The current and anticipated future uncertainties for some key flavour observables are466

summarised in Table 1. These are based on extrapolations from existing results based467

on Run 1 and 2 data, and include the improvement in e�ciency from the removal of the468

hardware trigger, since the start of Run 3, as assumed in Refs. [5, 6].469

1.2 Machine considerations470

The HL-LHC has been optimised to deliver ⇠ 250 fb�1 per year to ATLAS and CMS471

starting from Run 4 until the end of the machine operations, presently foreseen in 2041.472

The baseline HL-LHC configuration is already compatible with operating LHCb at the473

Upgrade I nominal luminosity of 2 ⇥ 1033 cm�2 s�1, as is planned until the end of Run 4.474

The main operational parameters of the accelerator during Run 5 and Run 6, which is475

the period of interest for LHCb Upgrade II, and the collision figures expected for ATLAS476
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LHCb Upgrade 2 Scoping Document
Old LHCb



 4 

Documents
Scoping document

Submitted to LHCC 
(Sept 2024)

Under review

And an other Upgrade 
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Conclusions 
• Flavour physics is an excellent 

approach to help us shed the light on 
many unknowns.  

• LHCb is a powerful environment to 
answer (some) of these questions.  

• There is enough left to understand to 
keep us busy for at least a couple of 
decades (probably more).  

• Thank you for the invitation ! 
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A colouring book for children is available at  
the CERN Science Gateway - also in German 

More information yasmineamhis.com 
53

http://yasmineamhis.com


Backup slides

Info about the tiny creatures www.yasmineamhis.com
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LHCC-2021-012
Framework TDR

Upgrades 

https://cds.cern.ch/record/2776420/
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The LHCb upgrades
Upgrade IIUpgrade I

Physics programme limited by detector, so there’s a clear case for an 
ambitious plan of upgrades covering the full HL-LHC phase

• Lpeak = 2x1033 cm-2 s-1

• Move to full software 
trigger, improved 
efficiency on hadronic 
modes

Upgrade I  just started 

• Lint = 50 fb-1  during 
Run 3 & 4 

Upgrade II, installation at LS4
• Lpeak = 1.5x1034 cm-2 s-1  , Lint = ~300 fb-1 during Run 5 & 6 

• Upgrade I will not saturate precision in many key observables  ⇒  Upgrade II will fully 
realise the flavour-physics potential of the HL-LHC

endorsed by the European Strategy Update 2020  

https://cds.cern.ch/record/2720131
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LHCb Upgrade II 
– Unprecedented sensitivity for B and D physics 

–  Broad general purpose programme with unique forward 
acceptance

• Spectroscopy, EW precision measurements, top quark and Higgs physics, dark sector, 
heavy ions and fixed target

• Beyond √N scaling with new subdetectors and reconstruction 
techniques 

LHCC-2018-027

The only planned facility with a realistic 
possibility to observe CPV in charm mixing 

Impressive precision on CP violating phases

NP?
LHCb only 300 fb-1

Physics case

https://cds.cern.ch/record/2636441
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The detector challenge
Side View

250mrad

100mrad

RICH2
PicoCalMagnet &

Magnet Stations
Mighty 
Tracker

z5m

y

5m

10m 15m 20m

UT

VELO

RICH1

LHCb Upgrade II

TORCH
Muon

Targeting same (or better in certain domains) performance as in Run 3, but with pile-up ×7!

Same spectrometer 
footprint, innovative 

technology for detector 
and data processing

Key ingredients:   
• granularity                      

• radiation hardness (up to 
few )1016neq /cm2

• fast timing  (few tens of ps)  

Run 3:  pile-up ~6

Upgrade II:  pile-up ~40 ~2000 tracks ~6 cm

VErtex LOcator (VELO)

• data throughput ~200 Tb/s
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The role of timing
Timing capability with few tens of ps resolution is key to reduce background  and associate 

signal decays to the correct p-p primary vertices
Side View

250mrad

100mrad

RICH2
PicoCalMagnet &

Magnet Stations
Mighty 
Tracker

z5m

y

5m

10m 15m 20m

UT

VELO

RICH1

LHCb Upgrade II

TORCH
Muon

track density with  pile-up ∼40 20 ps time window applied

precision timing in VELO

precision timing in 
calorimeter

precision timing in 
RICH
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LHCb Upgrade 2 detector layout

 30 

Upgrade 2 detector

VELO

RICH1

UP
Magnet

MT

TORCH RICH2 PicoCAL

Muon

Magnet 
stations



Flavour Tagging @ LHCb 
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