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The CKM MATRIX

Cabibbo-Kobayashi-

Maskawa

V. T., LHCb/CKMfitter, LPC Clermont FD

START 
OF 

DAY 2

The Rubik's Cube is a 3-D combination puzzle originally 
invented in 1974 by Hungarian sculptor and professor of 
architecture Ernő Rubik.
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RECAP: the Standard Model (SM) & the Unitary CKM Matrix

➔ mixing of the 3 quarks families &  CP violation

1-l2/2 l Al3(r-ih)

-l Al21-l2/2

-Al2 1Al3(1-r-ih)

• the Higgs boson gives mass to elementary bosons & fermions (quarks, leptons) 

through  Yukawa couplings, but there is not only that ! :

charged currents (EW) imply transitions between quark families : quarks decays [there 

are no neutral current changing flavour (FCNC) at tree level (i.e., GIM mechanism)].

• strong hierarchy in EW Vij 
couplings for the 3 families (wrt 

diagonal couplings lN  (0.225)N : 

➔ Cabibbo angle).

• KM (Kobayashi-Maskawa) mechanism : 

3 generations ➔ 4 params: A, 

l, r & 1 complex part h 

which phase is the unique 

source of CPV in SM. 
+ O(l4)     (VV=1)

V. T., LHCb/CKMfitter, LPC Clermont FD



=RtRu=

Unitarity triangle in the (ρ̅,η̅)

complex plane:Parametrisation « à  la Wolfenstein » phase invariant 

& valid at any orders in l @ CKMfitter 
(EPJ C41,  1-131, 2005) : 

4

RECAP: the CKM Matrix, the unitary triangle  & 

the very rich phenomenolgy of quark flavors  

➔4 parameters (A, l, r & h)  to be 

obtained/tested wrt. data: nucleons, 

K, D, B(s) & top quark physics.

➔ unitarity relation in  Bd system 

(1rst line/3rd column):

 

V. T., LHCb/CKMfitter, LPC Clermont FD
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Last 25 years have seen tremendous 

progresses on CKM metrology 

1995 after LEP

V. T., LHCb/CKMfitter, LPC Clermont FD
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2001: B-factories at work

1995

Last 25 years have seen tremendous 

progresses on CKM metrology 

V. T., LHCb/CKMfitter, LPC Clermont FD
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2010: B-factories legacy+CDF@TeVatron

1995

Last 25 years have seen tremendous 

progresses on CKM metrology 

V. T., LHCb/CKMfitter, LPC Clermont FD
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Now after 10 years of LHCb 

1995 2010

Last 25 years have seen tremendous 

progresses on CKM metrology 

V. T., LHCb/CKMfitter, LPC Clermont FD



9V. T., LHCb/CKMfitter, LPC Clermont FD

Parametrisation of the CKM Matrix 
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Intermezzo: CKM metrology the UT

& the PMNS Matrix & UT (CPV with neutrinos)

The PMNS Matrix

Pontecorvo (‘57) solar 
neutrino problem : neutrinos 
oscillation!  => explained by 
Sakata, Maki & Nakagawa 
(’62, the Nagoya school 
(+K.M.)) with a 3x3 unitary 
complex matrix! 

V. T., LHCb/CKMfitter, LPC Clermont FD
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Intermezzo: CKM metrology the UT

& the PMNS UT (CPV with neutrinos)

after 10 years of LHCb 2021 

The other UT
Pontecorvo (‘57) solar neutrino problem : 
neutrinos oscillation!  => explained by 
Sakata, Maki & Nakagawa (’62, the 
Nagoya school (+K.M.)) with a 3x3 
unitary complex matrix! 

V. T., LHCb/CKMfitter, LPC Clermont FD
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CKM metrology: where do we stand ? 

V. T., LHCb/CKMfitter, LPC Clermont FD

L. Vale Silva @ CKM2023 

https://indico.cern.ch/event/1184945/contributions/5378246/attachments/2715889/4717189/output.pdf
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CKM metrology: measuring the sides and the angles 

V. T., LHCb/CKMfitter, LPC Clermont FD

Select only “clean” experimental observables, with either
small theoretical uncertainties or well under control. For
instance :

• Sides measurement rely on Lattice-QCD data for some non-

perturbative quantities. Observables relying on penguin contamination

knowledge are excluded (e.g., ’K)

• Angles are measured through interference and are generally

theoretically clean observables. Extraction based on (broken) SU(3)F

symmetry or non-perturbative QCD are excluded.
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CKM global fit: the experimental and theoretical inputs 

V. T., LHCb/CKMfitter, LPC Clermont FD

New in 
2023
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CKM global fit: theoretical inputs, 

dealing with hadronic effects  

V. T., LHCb/CKMfitter, LPC Clermont FD

etc. means: D→ Klν, B→ D(*)lν / πlν

*

*
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CKM global fit: Testing the consistency  

V. T., LHCb/CKMfitter, LPC Clermont FD
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the sides:

V. T., LHCb/CKMfitter, LPC Clermont FD
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CKM global fit, e.g.: the B0 and Bs mixing parameters 

V. T., LHCb/CKMfitter, LPC Clermont FD

LHCb’2022 most precise meas.

𝚫𝐦𝐬 =17.7683±0.0057 ps−1

matter-antimatter oscillation at 2.8 103 GHz !!

B⁰→ D⁽*⁾⁻μ⁺ νμ X

LHCb’2016 most precise meas.

𝚫𝐦d =505.0±2.3 ns−1

 

b ̅ s̅
F=B=2
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➔ uncertainty  (ms)=0.3% smaller than (md)0.37% !

Very weak dependence ρ ̅ and η̅

➔ Measurement of ms reduces the uncertainties on f2
Bd

Bd since  is 
better known  from LQCD
➔Leads to improvement of the constraint from md measurement 

on |VtdV
*

tb|
2

Bdf

Bsf

Bd

Bs= the SU(3)F breaking corrections (largest uncertainty)

HFLAV (WA) :

Δmₛ=GF²/(6π²)mBsm²WηBsS0(xt)f²BsBs|VtsV*tb|² 

Δmd=GF²/(6π²)mBdm²WηBdS0(xt)f²BdBd |VtdV*tb|²
    

      λ⁶A²[(1−ρ ̅)²+η̅²]

CKM global fit, e.g.: the B0 and Bs mixing parameters 
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HFLAV (WA) :

|VtdV*tb|=λ⁶A²[(1−ρ̅)²+η̅²]+𝒪(λ¹⁰)

Global CKMfit:

Disclaimer:
Just talked about |Vt(d,s,b)|
won’t talk here about the 6 

other |Vij| elements :   |Vub| 

(nor about |Vcb|, nor |Vu(d,s)|, 
|Vc(d,s)| …)

See: L. Vale Silva @ CKM2023 

CKM global fit, e.g.: the B0 and Bs mixing parameters 

https://indico.cern.ch/event/1184945/contributions/5378246/
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The angles 

V. T., LHCb/CKMfitter, LPC Clermont FD

φ1

φ2

φ3
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CKM global fit: we have already seen the meas. Of

sin(2 /1) and sin2s (-sins)

V. T., LHCb/CKMfitter, LPC Clermont FD

See for more details the LHCb CERN 
June 2023 Seminar:
https://indico.cern.ch/event/1281612/
 

https://indico.cern.ch/event/1281612/
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CKM global fit: we have already seen the meas. of

sin(2 /1) 

V. T., LHCb/CKMfitter, LPC Clermont FD

/1 =(22.54±0.31)°



24V. T., LHCb/CKMfitter, LPC Clermont FD

CKM global fit: sin2s (-sins)

Unitarity condition from 2nd and 3rd columns:

VusV*ub+VcsV*cb+VtsV*tb=0

s
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CKM global fit: the angle  /2

V. T., LHCb/CKMfitter, LPC Clermont FD

Global CKMfit+ meas.:



Already ~12 years ago after the B factories  BaBar@SLAC and 
Belle@KEK, we knew that! 
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M. Kobayashi & 
T. Masakwa, 
Nobel prize of 
physics 2008

The KM 
mechanism is 

the main 
source of CPV 
at EW scale 
(i.e. @ mW/Z)

But there is 
still room for 
BSM physics

The CKM angle /3 is special 
It is a fundamental parameter of the SM related to 

the complex phase in the KM mechanism 

responsible for CP violation in quark sector.

In particular, /3 is the phase of the complex number (ρ̅, η̅)

V. T., LHCb/CKMfitter, LPC Clermont FD
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The usefulness of measuring accurately /φ3

V. T., LHCb/CKMfitter, LPC Clermont FD

CKM angle  is the least well known CKM constraint
(although now only just (i.e., similar to )) and
remains a unique CPV parameter:

▪SM benchmark or standard candle of

the CKM Matrix in SM – The only CKM

angle accessible at tree level

▪ Probes NP scales extremely far beyond direct 
searches in ((N)M)FV NP scenarios: 

[arXiv:1101.0134]

and at least 15-20 TeV in Model independent    
approach ! 

➔ Determination form tree B→DK decay theoretically extremely clean : [arXiv:1308.5663]

➔ Use for “direct” vs “indirect” (i.e., “tree” vs “loop” processes) disagreement in global CKM fit 

consistency test : - Tree level decays test the SM and are robust to New Physics (“standard candle for the 
SM KM coherence tests”): ⊥ constraint to sin(2), need ideally precision of about ~1° and below 

- Loops (B to charmless decays) test for physics beyond the SM but require a clean measurement as input
& precise understanding of theory assumptions (SU(3) breaking, U-spin…).

https://arxiv.org/pdf/1309.2293.pdf
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Measuring /φ3 in open-charm B-decays: B-→D(*)0K(*)-

V. T., LHCb/CKMfitter, LPC Clermont FD

~

VcbB-

K(*)-

b c

D(*)0

Vub

B-

D(*)0b

u

K(*)-

Same final state D0[D0/D0]

~





See Young’s 

double slit 

experiment
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Measuring /φ3 in open-charm B-decays: B-→D(*)0K(*)-

Experimental aspects

V. T., LHCb/CKMfitter, LPC Clermont FD

~

➔ measuring γ at tree level is difficult (typical BFs <10-6 and

less, reconst. & selection efficiencies below % ):

▪ STATISTICS is THE NAME OF THE GAME  efficient detection/ 
selection/ PID/ tracking/ vertexing and even neutrals 

▪ combining many measurements/methods + inputs from charm 
factories (D parameters + mixing & CPV)

➔ Many methods/modes to combine for optimal & redundant
determination of γ (+rigorous statistical treatment possibly matters !)

➔ various charmed modes in B0, B+, B0
s, 

0
b, B

+
c decays are 

useful to understand/confirm possible sensitivity to BSM physics 
and its nature

CLEO 
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Measuring /φ3 state of the art: world field yet dominated by LHCb 

V. T., LHCb/CKMfitter, LPC Clermont FD

Approaching the 1° accuracy !
LHCb-CONF-2022-002 [link] the LHCb 
fit combines dozens of LHCb papers 

https://cds.cern.ch/record/2838029/files/LHCb-CONF-2022-002.pdf?version=1
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Recent measurements /φ3 by LHCb 

V. T., LHCb/CKMfitter, LPC Clermont FD

The former largest direct CPV 
observed is also by LHCb in March 
2022 in B to hhh charmless decays 
[LINK]

B- B+ 

85% !

https://lhcb-outreach.web.cern.ch/2022/03/17/magic-beauty-charmless-decays/
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Flavour Physics an open gate to Beyond the Standard Model ?

V. T., LHCb/CKMfitter, LPC Clermont FD

WHAT’S NEXT ?



Flavor Physics and 50 years of SM fondation :

•G(KL→mm)/G(K+→mn)  : prediction of 4th quark (GIM)
•mK: prediction of charm quark mass (mc ~ 1.5 GeV/c2)
•md : prediction of top quark mass (mt > 50 GeV/c2)
+ Kaon CPV (64) + KM (73)  3rd familly observed in ‘75 (t), ‘77 (b), ‘95 (t)

+ neutral currents Gargamelle (‘73) & UA1 au SppS (’83) …

Far before direct observations!

➔New Physics(NP) can be discovered in complementary approaches 
(“bottom-up” : from data how to unfold the NP Lagragian ?)

 DDirect Search  [ATLAS/CMS] : production/observation of new particles @ O(few TeV) 

Special relativity E=mc²   s + L.dt 

 IIndirect Search [LHCb/Belle II]: 

➔ K, D, Bd,u, B et Bs

• Quantum corrections due to  virtual effects  deviations wrt SM predictions 
• Open gates to yet inaccessible energy scales at accelerators : NP> 0.5-2104 TeV
• NP@TeV: what Flavour physics  « structure » explains the observed FCNC  processes  ? 

SM 

 

t 

 

s

 

s 

 

 
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 

W

 
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 
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sB 


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


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t
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
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
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 

b 








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0

 

s

NP

? ?
?
?

ms 

s 

?

? 

 Quantum mechanics ΔE.Δt∼ℏ  L.dt ➔ accessing  new couplings/phases in 

loops/boxes : CPV &/or rare decays

VS.

Flavour Physics an open gate to Beyond the Standard Model ?

33V. T., LHCb/CKMfitter, LPC Clermont FD



Dedicated experiment for precision measurements for NP quest in CPV and rare decays de
with all  b (d) hadrons  : Bd(40%), Bu(40%), Bs (10%), Bc (0.1%), b-baryons (10%)

1) Precision CKM deviations/SM:

• UT coherence tests : angle γ many methods/modes+ trees/penguins

• Redundancy measurement of  same parameters : NP sensitive or not 

[eg.: sin(2β) tree/penguins  Bd→( J/ΨKS  φKS)].

2) NP through new CP phases:

• Bs mixing phase  Bs → J/Ψφ, J/Ψππ, J/ΨKK +(J/Ψη(’), ηcφ, DsDs…)

• penguin with small CPV: Bs → φφ

3) NP in rares decays (|F|=1 FCNC): asymmetries ( AFB, direct, time dep:  C, S, …), 

angular/ampli. Analyse transversity/helicity structure of currents (V-A), polarization (RH γ

?), BFs >SM pred ?                           B→K*γ, Bs→φγ , B→K*l+l-, B(s)/D→µ+µ-…

b

s
b s

b
s

s

b
b s

34V. T., LHCb/CKMfitter, LPC Clermont FD

LHCb Physics Program

See also Physics case for an LHCb Upgrade II

https://cds.cern.ch/record/2636441/files/1808.08865.pdf
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Global coherence tests of CKM within/outside the SM

Now after 
~10 years 
of LHCb 

New physics or no New 
Physics yet seen ?
When will we know ?

V. T., LHCb/CKMfitter, LPC Clermont FD



36

Global coherence tests of CKM within/outside the SM

Quasi-model-independent constraints on 
BSM in in the Bq=d,s mixings

V. T., LHCb/CKMfitter, LPC Clermont FD

Assume that:

• tree-level processes are not affected by
NP (SM4FC: b→qiqjqk (ijk)) nor non-loop
decays, eg: B+→ t+ (implies 2HDM model).

• NP only affects the short distance physics
in B=2 transitions.

Model independent parameterization:

(use Cartesian coords.)

• SM  q =1 
• other param.: 

q = r²q e
2iqq = 1 + hqe

2iq

• MFV (Yukawa) 
 FNP

q=0 and d = s
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Global coherence tests of CKM within/outside the SM
Quasi-model-independent constraints on BSM in in 

the Bq=d,s mixings

V. T., LHCb/CKMfitter, LPC Clermont FD

➔ The SM parameters (i.e., the
unitarity triangle apex) are fixed by 4
CKM couplings, considered SM like,

and the CKM angle  (directly

measured and predicted):

|Vub|SL+tn ,|Vcb|,|Vud|,|Vus|,

 (standard candle), & ()=p--
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Global coherence tests of CKM within/outside the SM
Quasi-model-independent constraints on BSM in in 

the Bq=d,s mixings

V. T., LHCb/CKMfitter, LPC Clermont FD

Bd Bs 

Sizeable NP is still allowed by the LHCb 
constraint in both Bd and Bs mixing

https://arxiv.org/pdf/1309.2293.pdf
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Global coherence tests of CKM within/outside the SM
Quasi-model-independent constraints on BSM in in 

the Bq=d,s mixings

V. T., LHCb/CKMfitter, LPC Clermont FD

Another view can be obtained from a parameterisation of New Physics
with modulus and phase, instead of cartesian model.

Re(Δq)+i Im(Δq)=rq² ei2θq=1+hqe
iσq

best-fit
point

dotted curve shows 
the 99.7% CL(3) 
contour

SM is 
HERE !

https://arxiv.org/abs/2006.04824
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Do we have smoking guns, roads towards

 evidences of BSM Physics in quarks flavours ?

V. T., LHCb/CKMfitter, LPC Clermont FD
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Evidences of BSM Physics in quarks flavours ?

RARE Flavour Changing Current

V. T., LHCb/CKMfitter, LPC Clermont FD
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Evidences of BSM Physics in quarks flavours ?

RARE Flavour Changing Current

V. T., LHCb/CKMfitter, LPC Clermont FD

• Measuring the FCNC transitions, where NP is most likely to
occur (especially in the b→sll (Bs) transitions that are least
constrained by the data):

• OPE Development:

➔NP can 

modify the Wilson coefficents Ci
(’)

&/or 

create new operators Oi
(’)
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Evidences of BSM Physics in quarks flavours ?

Let’s repeat ourselves !!

V. T., LHCb/CKMfitter, LPC Clermont FD
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Evidences of BSM Physics in quarks flavours ?

RARE Flavour Changing Current: example NP vs SM  

V. T., LHCb/CKMfitter, LPC Clermont FD
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Evidences of BSM Physics in quarks flavours ?

RARE Flavour Changing Current

V. T., LHCb/CKMfitter, LPC Clermont FD
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Evidences of BSM Physics in quarks flavours ?

RARE Flavour Changing Current

V. T., LHCb/CKMfitter, LPC Clermont FD
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Evidences of BSM Physics in quarks flavours ?

RARE Flavour Changing Current

V. T., LHCb/CKMfitter, LPC Clermont FD

Second lepton family  (m)

Versus 

first lepton family (e) 



48V. T., LHCb/CKMfitter, LPC Clermont FD

LHCb finally measure 1
with good precision !
Compatible with SM 

within 5%

Evidences of BSM Physics in quarks flavours ?

RARE Flavour Changing Current, anomaly ?



49V. T., LHCb/CKMfitter, LPC Clermont FD

Evidences of BSM Physics in quarks flavours ?

RARE Flavour Changing Current, NP in b→sll ?

Implications of LHCb measurements and future prospects
- October 25-27, 2023

https://indico.cern.ch/event/1258750/


50V. T., LHCb/CKMfitter, LPC Clermont FD

Evidences of BSM Physics in quarks flavours ?

Including as well high PT physics 

Implications of LHCb measurements and future prospects - October 25-27, 2023

EFTEffective Field Theory

https://indico.cern.ch/event/1258750/


51V. T., LHCb/CKMfitter, LPC Clermont FD

Evidences of BSM Physics in quarks flavours ?

Including as well high PT physics 

Implications of LHCb measurements and future prospects - October 25-27, 2023

SM is here

https://indico.cern.ch/event/1258750/
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Evidences of BSM Physics in quarks flavours ?

Belle II sees pure EW penguin B+→ K+ν ν̅ !!

V. T., LHCb/CKMfitter, LPC Clermont FD

HEP-EPS Hamburg Aug 2023 

m  signal strength wrt SM
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Evidences of BSM Physics in quarks flavours ?

Take HOME MESSAGE

V. T., LHCb/CKMfitter, LPC Clermont FD

➔Recent LHCb spectacular anomalies
(i.e., RK(*) LFU) have shrunk, but
there is still non negligible room for
Beyond the Standard Model Physics in
Heavy Flavour (not talking about g-2 in
muon decays and leptons/neutrinos)

➔ LHCb and Belle II are expecting much
much data: Intensity Frontier

https://cds.cern.ch/record/2834271/files/FCCP2022_%20Bowcock.pdf
http://gdrintensityfrontier.in2p3.fr/
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LOOKING FORWARD to the bright FUTURE

V. T., LHCb/CKMfitter, LPC Clermont FD

https://link.springer.com/content/pdf/10.1007/JHEP03(2022)153.pdf
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LOOKING FORWARD to the bright FUTURE

V. T., LHCb/CKMfitter, LPC Clermont FD

we are here !

T. Gershon at the LHCb week Marseille Sept 23

https://link.springer.com/content/pdf/10.1007/JHEP03(2022)153.pdf
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K. Trabelsi @ CS IN2P3 27/10/2022

LOOKING FORWARD to the bright FUTURE

V. T., LHCb/CKMfitter, LPC Clermont FD

https://link.springer.com/content/pdf/10.1007/JHEP03(2022)153.pdf
https://link.springer.com/content/pdf/10.1007/JHEP03(2022)153.pdf
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LOOKING FORWARD to the bright FUTURE

V. T., LHCb/CKMfitter, LPC Clermont FD

See Physics case for an LHCb Upgrade II + the Belle II Physics book

https://link.springer.com/content/pdf/10.1007/JHEP03(2022)153.pdf
https://link.springer.com/content/pdf/10.1007/JHEP03(2022)153.pdf
https://cds.cern.ch/record/2636441/files/1808.08865.pdf
https://arxiv.org/abs/1808.10567
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LOOKING FORWARD!

Phase I: LHCb at 23 fb-1, CMS/ATLAS at 300 fb-1, Belle II at 50 ab-1.

Phase II: LHCb at 300 fb-1, CMS/ATLAS at 3000 fb-1, and Belle II at 50 ab-1.

~in about 10 years

~20 years

V. T., LHCb/CKMfitter, LPC Clermont FD

https://link.springer.com/content/pdf/10.1007/JHEP03(2022)153.pdf
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LOOKING FORWARD after 2040 !

V. T., LHCb/CKMfitter, LPC Clermont FD
https://fcc-cdr.web.cern.ch/Annecy 

https://link.springer.com/content/pdf/10.1007/JHEP03(2022)153.pdf
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After 2045: FCC a GigaZ factory !

V. T., LHCb/CKMfitter, LPC Clermont FD

between 1989 and 1995, 18x106

Z bosons were collected at
LEP@CERN, FCC aims for 5x1012 !
So LEP every few minutes of FCC
operation!

At Z pole qqbar pairs:

- 15% are bb ̅ ➔ 750 x 109

- 12% are cc̅    ➔ 600 x 109

Almost all triggerable and can be
reconstructed (high eff’cy) in
e+e- @Z (91.2GeV/c²) clean
collisions !

A place for ultra-high heavy
flavour precision and rares
decays

It’s every goodness & advantages
from LHCb and from Belle II
(very few drawbacks)!

https://link.springer.com/article/10.1140/epjp/s13360-021-01814-0
https://link.springer.com/content/pdf/10.1007/JHEP03(2022)153.pdf
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