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ONCE UPON A TIME: THE STANDARD MODEL 



THE STANDARD MODEL 

A THEORY WITH STILL MANY OPEN QUESTIONS:	

• 3 generations, same gauge interaction but 
vastly different masses?	

• Matter-antimatter asymmetry in the universe?	

• Dark matter?	

• Gravity?

The Standard Model is understood as low energy approximation of a more fundamental theory
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Main outcome of LHC :	
1) Discovery of a SM Higgs-like boson	
2) No direct observation of new physics particles	

⇒ New physics scale is higher than expected	

                                      Can we explore it?

MAIN MESSAGE FROM THE LHCA MESSAGE FROM LHCA MESSAGE FROM THE LHC 
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PRECISION MEASUREMENTS!

•  Mesure precisely quantities predicted by the Standard Model and check consistency.

•  Quantum corrections could unveil new physics effects

•  Sensitivity to much higher scales and/or smaller couplings than direct searches 

•  Rarest decays provide highest sensitivity to NP 

PRECISION MEASUREMENTS 



THE HISTORY OF THE b QUARK 

Early 70s : Foundation for a SM extension: FCNC (GIM mechanism) and CP violation in kaons (1964)

SM with u,d,s only was predicting 10-4 ….

1970: Glashow, Iliopoulos, Maiani (GIM) propose:	
• no tree level Flavor Changing Neutral Current (FCNC)	
• FCNC occurs via loops, so suppressed	
• A new quark to suppress u contribution	
• prediction of charm quark, directly observed in 1973
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THE HISTORY OF THE b QUARK 

Early 70s : Foundation for a SM extension: FCNC (GIM mechanism) and CP violation in kaons (1964)


1973 :  Prediction of third  quark generation (CKM matrix)

The weak interaction acts on flavour eigenstates, different from mass eigenstates.

The transitions between families are described by the CKM matrix

The CKM matrix is unitary. The Lagrangian does not depend on absolute phases. 	
These conditions implies 18-9-5= 4 independent parameters, with 1 complex phase	
       ===>                     ==> CP violation. 
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THE HISTORY OF THE b QUARK 

Early 70s : Foundation for a SM extension: FCNC (GIM mechanism) and CP violation in kaons (1964)


1973 :  Prediction of third  quark generation (CKM matrix)


1977 : Discovery Y(1S) at E228 Fermilab  (Lederman et al.)
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THE HISTORY OF THE b QUARK 

Early 70s : Foundation for a SM extension: FCNC (GIM mechanism) and CP violation in kaons (1964)


1973 :  Prediction of third  quark generation (CKM matrix)


1977 : Discovery Y(1S) at E228 Fermilab  (Lederman et al.)


1986-1988 : First b-hadrons weak decays at  e+e- —>Y(4S) (CLEO/ARGUS). 


Late 80s and 90s : Mixing and lifetime b-hadrons. Lifetime (1.5 ps) provides first hint of large mass of the top 

(discovered in 1995). First  CKM unitarity tests (Vub, Vcb)
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THE HISTORY OF THE b QUARK 

Early 70s : Foundation for a SM extension: FCNC (GIM mechanism) and CP violation in kaons (1964)


1973 :  Prediction of third  quark generation (CKM matrix)


1977 : Discovery Y(1S) at E228 Fermilab  (Lederman et al.)


1986-1988 : First b-hadrons weak decays at  e+e- —>Y(4S) (CLEO/ARGUS). 


Late 80s and 90s : Mixing and lifetime b-hadrons. Lifetime (1.5 ps) provides first hint of large mass of the top 

(discovered in 1995). First  CKM unitarity tests (Vub, Vcb)


2001 : CP violation in b-decays observed by Babar and Belle. 


    Start of precision tests era for NP discovery 


    (Tevatron, b-factories, LHC )
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THE HISTORY OF THE b QUARK 

The b quark evolved from a theoretical necessity 
to one of the most powerful tools for testing the Standard Model 

and searching for new physics.

Early 70s : Foundation for a SM extension: FCNC (GIM mechanism) and CP violation in kaons (1964)


1973 :  Prediction of third  quark generation (CKM matrix)


1977 : Discovery Y(1S) at E228 Fermilab  (Lederman et al.)


1986-1988 : First b-hadrons weak decays at  e+e- —>Y(4S) (CLEO/ARGUS). 


Late 80s and 90s : Mixing and lifetime b-hadrons. Lifetime (1.5 ps) provides first hint of large mass of the top 

(discovered in 1995). First  CKM unitarity tests (Vub, Vcb)


2001 : CP violation in b-decays observed by Babar and Belle. Start of precision tests era for NP discovery 

(Tevatron, b-factories, LHC )
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 b—>sll TRANSITIONSb → sℓ+ℓ−



New 
Physics

New particles in the loop could:  enhance/suppress decay rates; introduce new sources of CP violation; 
modify angular distributions; couple differently to different lepton families.
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 b—>sll TRANSITIONSb → sℓ+ℓ−



New 
Physics

New particles in the loop could:  enhance/suppress decay rates; introduce new sources of CP violation; 
modify angular distributions; couple differently to different lepton families.

But beware of charm loops!  
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 b—>sll TRANSITIONSb → sℓ+ℓ−



 EFFECTIVE THEORY APPROACH

Operators Oi: non-perturbative long-distance effects 
Wilson coefficients Ci: perturbative short-distance effects 

Photon pole  
(not in B->Pll) b -> c c s 

(tree level) O7

O9

O10

-

   i = 1, 2       Tree 
   i = 3 -6, 8   Gluon penguin   
   i = 7           Photon penguin 
   i = 9, 10     Electroweak penguin 
   i = S           Higgs (scalar) penguin 
   i = P           Pseudoscalar penguin

EFFECTIVE THEORY APPROACH

Describe low-energy phenomena without knowing the full details of high-energy theory

EFFECTIVE FIELD THEORY
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Very different mixing structure 
between quarks and neutrinos!

Quarks Neutrinos

And why charged lepton are the only 
fermions not directly mixing?

Electron, muon tau

?

PUZZLE OF MIXING MATRICES



 LEPTON FLAVOUR VIOLATION
• Lepton flavour violation in the Standard Model through neutrino oscillations (Br < 10-40)  	
     => charged LFV decays in the SM have rates of the order of 10-54 !	

Observation  would be a striking sign of new physics! 

• LFV in B decays is potentially, but not necessarily, related to LFU violation : 	

TAU  RECONSTRUCTIONLEPTON FLAVOR VIOLATIONCHARGED LEPTON FLAVOR VIOLATION

[Glashow, Guadagnoli, Lane] 
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TIMESCALE OF THE ANALYSES

  
angular analysis (3 fb-1)

B0 → K*0μ+μ−

2011     2012     2013     2014     2015     2016     2017     2018     2019     2020     2021     2022     2023     2024     2025              

RK*0

B+ → K+μ±e∓ B0 → K*0τ±μ∓

B0 → K*0τ±e∓

RX

  
angular analysis (9 fb-1)

B0 → K*0μ+μ−

Co-direction de theses:	
Samuel Coquereau	
Andrea Mogini	
Tommaso Fulghesu	

Supervision des postdocs:	
Giulio Dujany	
Steffen George Weber
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LHCb DETECTORLHCb: A DETECTOR FOR FLAVOR PHYSICS
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LEPTONS AT LHCb
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LEPTONS AT LHCb
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• Clear trigger signature	
• Very good di-muon resolution.



LEPTONS AT LHCb
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Problems:	
1) bremsstrahlung	
2) trigger inefficiencies

Solutions:	
1) Recovery and brew categories	
2) Additional triggers



LEPTONS AT LHCb
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Problem:	
- reconstructed through 
decays with neutrino

Solution:	
- exploit event kinematics



B0 → K*0μ±μ∓

Multiple type of backgrounds should be rejected:	
• Combinatorial	
• Physics backgrounds (fully and/or  partially reconstructed and/or with mis-identification)	
              particularly annoying as could pollute physics quantities determinations.

BACKGROUNDS
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• Trigger	
• “stripping”, i.e. central preselection	
• Multivariate techniques exploiting kinematics and topology	
• Specific vetoes to remove or reduce peaking backgrounds 	
• Particle Identification requirements	
• Control channels to correct simulations 	
• Normalization channels to reduce systematics (no absolute BR)	
• Statistical methods on a final set of discriminating variables
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A TYPICAL ANALYSIS AT LHCb
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                                ANGULAR ANALYSISB0 → K*0μ±μ∓



                                ANGULAR ANALYSISB0 → K*0μ±μ∓
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CP-averaged observables

CP-asymmetries



B -> K*µµ ANGULAR ANALYSIS

• The full angular distribution (θl, θK,φ) is  described by eight independent observables: 

• Observables (AFB, FL and Sj) are function of the Wilson coefficients.	

• P’ is a set of observables where hadronic form factor uncertainties cancels at the leading order (JHEP 1305(2013)137). 
Example:	

16

THE ANGULAR DISTRIBUTION



EFFICIENCY SHAPE 
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0.10 < q2 < 0.98 GeV2/c4
18  < q2 < 19 GeV2/c4



MAXIMUM LIKELIHOOD FIT 
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First full angular analysis of  B->K*µµ, 
using Run1 (3 fb-1 )	
• full set of CP-averaged angular terms	
• full set of CP-asymmetries	
• correlation matrix published	
• form-factor independent ratios of 

observables measured (P’)



Plots To be updated!!!!

RESULTATS

19

CP-averaged observables CP-asymmetriesCP-averaged  P’



Plots To be updated!!!!

RESULTATS

Puzzling discrepancy of about 3.4 σ 19



SYSTEMATIC UNCERTAINTIES
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Errors on the measurements  are statistically dominated. 



THE LEGACY LHCb RUN 1-2 RESULT
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8.4 fb-1	
Accounts for non-negligible muon mass, extension of lowest bin to 0.06 Gev2/c4	
Measurement of interference terms of P and S wave



B -> K*µµ ANGULAR ANALYSIS2025 LHCb UPDATE: LEGACY LHCb RUN 1-2
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But beware of charm loops!  



TEST OF LEPTON FLAVOR UNIVERSALITY



Hs = K, K*, φ

24

=
N(B0 → K*0μμ)

N(B0 → K*0J/ψ(μμ))
×

N(B0 → K*0J/ψ(ee))
N(B0 → K*0ee)

×
ϵ(B0 → K*0J/ψ(μμ))

ϵ(B0 → K*0μμ)
×

ϵ(B0 → K*0ee)
ϵ(B0 → K*0J/ψ(ee))

LEPTON FLAVOR UNIVERSALITY TEST RK*

• Experimentally: double ratio reduces systematic uncertainties

• Theoretically: ratio cancels hadronic uncertainties



RK*  DATASET AFTER PRESELECTION

• Integrated luminosity: 3fb-1	
• Analysis in two q2 bins: 	
    -  low-q2          [0.045, 1.1] GeV2/c4 	
    - central-q2      [1.1, 6] GeV2/c4 

Dataset after preselection

J/ψ 

ψ(2s) 

central q2

low q2

Cut to remove	
partially reconstructed 	

backgrounds
Partially reconstructed 	

backgrounds polluting the signal region

RK* : DATASET AFTER PRESELECTION

25



26

EFFICIENCY PER TRIGGER CATEGORIES



B0 → K *0µµ

B0 → K *0ee

353 ± 21
274K

89 ± 11 111 ± 14

58K

285 ± 18

YIELDS
Low q2 Central q2 Normalization mode
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RK* CROSSCHECKS

• BR(B->K*μμ) :  in agreement with published LHCb result [arXiv:1606.04731].	

• No corrections to MC : less than 5% variation on RK*.	

• Population of bremsstrahlung categories : consistent between data and MC.	

• Kinematic distributions : consistent among MC/background subtracted data.	

• rJ/ψ ratio :    => very stringent test! (not a double ratio)

• Rψ(2s) and rγ  ratios : consistent with expectations 

=

Compatible with 1 and flat as function of kinematics and event multiplicity

CROSSCHECKS
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SYSTEMATICS

WHAT ELSE?

SYSTEMATIC UNCERTAINTIES

Measurement is statistically dominated 
Many systematics cancels in the double  ratio
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RESULTS

Central  q2

Compatibility with the SM: 	
• 2.1-2.3  standard deviations (low-q2)  	
• 2.4-2.5  standard deviations (central-q2) 

RESULTS
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 LEPTON FLAVOUR VIOLATIONTAU  RECONSTRUCTIONRESULTS ARE SOLID
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LEGACY RUN1-2 LHCb ANALYSIS RX
Simultaneous measurement of RK and RK* using all the available data



 LEPTON FLAVOUR VIOLATIONTAU  RECONSTRUCTIONCHARGED LEPTON FLAVOR VIOLATION
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LFU IN b-HADRON DECAYS: STATUS



SEARCH FOR LEPTON FLAVOR VIOLATING B DECAYS



NEW PHYSICS KINEMATICS?

B0 → K*0τ±e∓
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DETERMINATION OF THE EFFICIENCY SHAPE
Underlining new physics kinematics is unknown. 	
phase space hypothesis used as baseline;	
efficiency shapes provided for re-casting in different models.

B+ → K+μ±e∓ B0 → K*0τ±e∓

B0 → K*0τ±μ∓
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RESULTS :jhjhjhjhjhjhj    B+ → K+μ±e∓
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RESULTS :jhjhjhjhjhjhj    B0 → K*0τ±μ∓
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RESULTS :jhjhjhjhjhjhj    B0 → K*0τ±e∓

B0 → K*0τ+e−B0 → K*0τ−e+
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SUMMARY OF UPPER LIMITS
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SYSTEMATIC UNCERTAINTIES

• The background parameterisations has the largest 
impact in analyses with tau leptons	

• Input branching fractions are also relevant                                     

40



 LEPTON FLAVOUR VIOLATIONTAU  RECONSTRUCTION
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STATUS OF cLFV IN B DECAYS



THE FUTURE



THE CURRENT LHCb 

Deputy operations coordinator (9/2020 - 8/2022)	
Operations coordinator (9/2022 - 8/2024)
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A COMPLETELY SOFTWARE TRIGGER
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BRANCHING RATIOS

45

But beware of charm loops!  

BRANCHING RATIOS AND ANGULAR OBSERVABLES STILL PUZZLING

Investigation is not over.	
Need to keep exploring all observables for these transitions!



BRANCHING RATIOS
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LHCb PROSPECTS



BRANCHING RATIOS

• Complementary measurements are performed in different b —> s ll transitions	

• Other experiments are also now performing angular and LFU  measurements

47

COMPLEMENTARY MEASUREMENTS ARE NEEDED



NEW FRONTIER : LFU ANGULAR ANALYSIS 
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NEW FRONTIER : LFU ANGULAR ANALYSIS 
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NEED THEORY PROGRESS

• New hope from calculation of non-local 
contribution from LQCD (but will take time)
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MEANWHILE AMPLITUDE ANALYSIS AND q2 DEPENDENCE

• Unbinned amplitude analysis introduce 
degrees of freedom to fit non-local 
contributions

• Non-local contributions are q2 dependent
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MY RESEARCH PROJECT FOR THE FUTURE



IMPROVE Vub MEASUREMENT

Références bibliographiques :  
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Références bibliographiques :  

NEW LFU TESTS 

New, complementary measurements!
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LFU TEST IN RARE PION DECAYS

 u

  d
  Vud
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Vud MEASUREMENT IN RARE PION DECAYS

|Vud |2 + |Vus |2 + |Vub |2 = 1

 u

  d
  Vud
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CONCLUSIONS

Nature is telling us that the Standard Model is not the ultimate theory. Yet, it is working
hard to hide new physics from our sight. In my opinion, a diversified approach is the key to
unveiling the mysteries of nature, and I am proud and excited to keep contributing to this
fascinating work of investigation.



BACKUP 

https://videos.cern.ch/record/2302130



THE UNITARITY TRIANGLE

72

UNITARITY TRIANGLE



Key ingredients:	

- High luminosity to collect large data samples	

- Performing triggers (for LHC: ex low pT triggers in GPD, real time 

analysis in LHCb)	

- Be able to cope with high pileup (up to hundreds p-p interactions 

in GPD, few but now increasing in LHCb)	

- Vertex reconstruction capabilities to identify the B decay, 

especially important for time-dependent measurements	

- Good mass resolution to identify signal over backgrounds	

- Flavor tagging of initial states for CPV measurements 	

- Particle identification

REQUIREMENTS FOR FLAVOR PHYSICS AT LHC



 S-wave



REDUCING FORM FACTOR UNCERTAINTIES: P’ OBSERVABLES 



COMPLEMENTARY APPROACHES: METHOD OF MOMENTS 



Additional measurement of zero-crossing points, parameterizing the angular distribution with q2 dependent decay amplitudes

COMPLEMENTARY APPROACHES: AMPLITUDE ANALYSIS 



SYSTEMATICS



CHECKING BREMSSTRAHLUNG CROSSCHECKS: BREMSSTRAHLUNG



CROSSCHECKSCROSSCHECKS: KINEMATICS



 LEPTON FLAVOUR VIOLATIONTAU  RECONSTRUCTIONRESULTS ARE SOLIDRX ANALYSIS: EFFICIENCIES



e or µ

82

LFU IN b—>c l nu TRANSITIONS
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b -> s v v
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In b decays the photon is 
predominantly left-handed 
due to V-A structure	

(In b-bar is right handed)

CONSTRAINTS ON PHOTON POLARIZATION



RW  MEASUREMENTS

All experiments in agreement among them and with SM expectations

RW : ratio of forward production cross 
        section W->eν (JHEP 10 (2016) 030)     
               and W->µν (JHEP 01 (2016) 155)

2012 data (2 fb-1)

New ATLAS result: Eur. Phys. J. C 77 (2017) 367

Rw



A GROWING PRECISION, A STRONGER TESTPROSPECTS FOR OTHER cLFV DECAYS



OVERVIEW OF THE PIONEER EXPERIMENTAL APPARATUS

87
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Vπ
ud = 0.97386 (281)BR (9)τπ

(14)Δπ
R
(28)Δf

[283]total

V0+→0+

ud = 0.97367 (11)exp (13)ΔR
V

(27)NS [32]total

Vn,PDG
ud = 0.97430 (2)Δf

(13)ΔR
(82)λ (28)τn

[88]total

Brodeur et al, 

arXiv:2301.03975 

GOAL II:  LANDSCAPE OF Vud MEASUREMENTS

+0→+0 Neutron Pion

Data Source

0.97

0.971

0.972

0.973

0.974

0.975

0.976

0.977udV

PIONEER Phase II

PIONEER Phase III

 = 0.2233[5] (Kl3 average)us from unitarity with VudV
| meas.)ud/Vus = 0.2250[4] (|Vus from unitarity with VudV

PIONEER vs neutron/nuclei:  

     a competitive probe with a completely different error budget 

PIONEER can verify the observed discrepancy 88

 LANDSCAPE OF Vud MEASUREMENTS



89

π → eνH Physical Review D 97(7) 072012 (2018)
Physics Letters B 798 134980 (2019)​
Phys. Rev. D 102, 012001 (2020)​
Phys. Rev. D 101, 052014 (2020)​
Phys. Rev. D 103, 052006 (2021)

Many signatures explored by TRIUMF PIENU

π → eνX
μ → eX

π → ℓνℓνν

π → μνH

PIONEER will collect an unprecedented set of pion decays:  


• surpassing existing sample by at least a factor 10


• opportunity to search for feeble interactions producing 
new particles in the pion decay


• look for deviation of SM quantities or modification of the 
energy spectrum lineshape


W. Altmannshofer, J. Dror, and S. Gori
Phys. Rev. Lett. 130, 241801

Recent development with  
Lepto-philic axion-like particles

GOAL III:  EXOTICS DECAYS

PIONEER can improve feeble interacting new particle searches  (ALPs, heavy neutrinos)  
by an order of magnitude in the 10-100 MeV range 89

 PIONEER : EXOTICS



LFU TEST IN RARE PION DECAYS

 u

  d
  Vud

Re/μ =
m2

e

m2
μ

× ( m2
π − m2

e

m2
π − m2

μ )
2

× [1 + EW  corrections] = 1.23524(015) × 10−4

Phase space 
term:  ~ 5.5

‘Helicity suppression’

term: ~2.3 x10-5

Fully computed at NLO

O(10-4) uncertainties at NNLO


