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The CKM MATRIX

Cabibbo-Kobayashi-

Maskawa
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RECAP: the Standard Model (SM) &the UnitaryCKM Matrix

Č mixingof the 3 quarks families&  CP violation

мπlнκн l !lоόrπƛhύ

πl !lнмπlнκн

π!lн м!lоόмπrπƛhύ

Å 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)].

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

diagonal couplings ́lN º (0.225)N : 

Č Cabibbo angle).

Å KM (Kobayashi-Maskawa) mechanism : 

3 generations Č 4 params: A, 

l, r & 1 complex part h 

which phase is the unique 

source of CPV in SM. 
+O(l4)     (VV¥=1)
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Unitarity triangle in the (ƪ←,Ƣ←)

complex plane:Parametrisation ç ̈la Wolfensteinè phase invariant 

& valid at any orders in l @ CKMfitter 
ό9tW /пмΣ  мπмомΣ нллрύ : 

п

RECAP: the CKM Matrix, the unitary triangle  & 

the very rich phenomenolgy of quark flavors  

Č4 parameters (A, l, r & h)  to be 
obtained/tested wrt. data: nucleons, 

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

Č unitarity relation in  Bd system 

(1rst line/3rd column):
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Last 25 years have seen tremendous 

progresses onCKM metrology 

1995 after LEP
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2001: B-factories at work

1995

Last 25 years have seen tremendous 

progresses onCKM metrology 
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2010: B-factories legacy+CDF@TeVatron

1995

Last 25 years have seen tremendous 

progresses onCKM metrology 

±Φ ¢ΦΣ [I/ōκ/YaŦƛǘǘŜǊΣ [t/ /ƭŜǊƳƻƴǘ C5



у

Now after 10 years of LHCb 

1995 2010

Last 25 years have seen tremendous 

progresses onCKM metrology 
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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 (ó57) solar 
neutrino problem : neutrinos 
oscillation!  => explained by 
Sakata, Maki & Nakagawa 
(ô62, the Nagoya school 
(+K.M.)) with a 3x3 unitary 
complex matrix! 
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Intermezzo: CKM metrology the UT

& the PMNS UT (CPV with neutrinos)

after 10 years of LHCb 2021 

Prk ~®rkª QP
Pontecorvo (ó57) solar neutrino problem : 
neutrinos oscillation!  => explained by 
Sakata, Maki & Nakagawa (ô62, the 
Nagoya school (+K.M.)) with a 3x3 
unitary complex matrix! 
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CKM metrology: where do we stand ? 

±Φ ¢ΦΣ [I/ōκ/YaŦƛǘǘŜǊΣ [t/ /ƭŜǊƳƻƴǘ C5

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 sidesand the angles 
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Selectonlyñcleanòexperimentalobservables,witheither
smalltheoreticaluncertaintiesorwellundercontrol.For
instance:

ÅSidesmeasurementrelyonLattice-QCDdataforsomenon-

perturbativequantities.Observablesrelyingonpenguincontamination

knowledgeareexcluded(e.g.,eôK)

ÅAnglesaremeasuredthroughinterferenceandaregenerally

theoreticallycleanobservables.Extractionbasedon(broken)SU(3)F
symmetryornon-perturbative QCD are excluded.
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CKM global fit: the experimental and theoretical inputs 
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New in 
2023
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CKM global fit: theoretical inputs, 

dealing with hadronic effects  
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etc. means: DŸ KlȊ, BŸ D(*)lȊ / ɸlȊ

*

*
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CKM global fit: Testing the consistency  
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the sides:
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CKM global fit, e.g.: the B0and Bs mixing parameters 
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LHCbô2022 most precise meas.

ἵἻ =17.7683Ñ0.0057 psī1

ƳŀǘǘŜǊπŀƴǘƛƳŀǘǘŜǊ ƻǎŎƛƭƭŀǘƛƻƴ ŀǘ нΦу мло DIȊ ΗΗ

BГŸ DϘ*ϙϖȉϕȊȉX

LHCbô2016 most precise meas.

ἵd =505.0Ñ2.3 ns
ī1

 

bɯ s←
DF=DB=2
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Č uncertainty  s(Dms)=0.3% smaller than s(Dmd)º0.37% !

Very weak dependence ȍ←and Ȅ←

Č Measurement of Dmsreduces the uncertaintieson f2BdBdsince xis 
better known  from LQCD
ČLeads to improvement of the constraint from Dmd measurement 

on |VtdV
*
tb|
2

Bdf

Bsf

Bd

Bs=x the SU(3)Fbreaking corrections (largest uncertainty)

HFLAV (WA) :

ǧm =GFĮ/(6ɸĮ)mBsmĮWȄBsS0(xt)fĮBsBs|VtsV*tb|Į 

ǧmd=GFĮ/(6ɸĮ)mBdmĮWȄBdS0(xt)fĮBdBd |VtdV*tb|Į
    

      ́ȈДAĮ[(1īȍ←)Į+Ȅ←Į]

CKM global fit, e.g.: the B0and Bs mixing parameters 
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HFLAV (WA) :

|VtdV*tb|=ȈДAĮ[(1īȍ←)Į+Ȅ←Į]+ַײ(ȈĭГ)

Global CKMfit:

Disclaimer:
Just talked about |Vt(d,s,b)|
wonôt talk here about the 6 

other |Vij| elements :   |Vub| 

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

See: L. Vale Silva @ CKM2023 

CKM global fit, e.g.: the B0and Bs mixing parameters 

https://indico.cern.ch/event/1184945/contributions/5378246/
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The angles 
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CKM global fit: we have already seen the meas. Of

sin(2b/f1)and sin2bs(-sinfs)
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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(2b/f1) 
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b/f1 =(22.54Ñ0.31)Á
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CKM global fit: sin2bs(-sinfs)

Unitarity condition from 2ndand 3rdcolumns:

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

bs
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CKM global fit: the angle a/f2
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Global CKMfit+ meas.:



Already ~12 years ago after the B factories  BaBar@SLAC and 
Belle@KEK, we knew that! 

нс

M. Kobayashi & 
T. Masakwa, 
Nobel prizeof 
physics2008

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 g/f3is 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,g/f3is the phase of the complex number (ƪ←, Ƣ←)
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The usefulnessof measuring accurately g/˒ о
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CKManglegistheleastwellknownCKMconstraint
(althoughnowonlyjust(i.e.,similartoa))and
remainsauniqueCPVparameter:

ÁSMbenchmarkorstandardcandleof

theCKMMatrixinSMïTheonlyCKM

angleaccessibleattreelevel

ÁProbes NP scales extremely far beyond direct 
searches in ((N)M)FV NP scenarios: 
[arXiv:1101.0134]

and at least 15-20 TeVin Model independent    
approach ! 

Č Determination form tree B­DK decay theoretically extremely clean :[arXiv:1308.5663]

Č Use for ñdirectò vs ñindirectò (i.e., ñtreeò vs ñloopò processes) disagreement in global CKM fit 

consistency test : -Tree level decays test the SM and are robust to New Physics(ñstandard candle for the 
SM KM coherence testsò): ̂constraint to sin(2b), need ideally precision of about ~1Áand below 

-Loops(Btocharmlessdecays)testforphysicsbeyondtheSMbutrequireacleanmeasurementasinput
&preciseunderstandingoftheoryassumptions(SU(3)breaking,U-spiné).

https://arxiv.org/pdf/1309.2293.pdf
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Measuring g/˒оƛƴ ƻǇŜƴπŎƘŀǊƳ.πŘŜŎŀȅǎΥ B-ŸD(*)0K(*)-
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~

VcbB-

K(*)-

b c

D(*)0

Vub

B-

D(*)0b

u

K(*)-

Samefinal state D0¹[D0/D0]

~

n

n

See Youngõs 

double slit 

experiment
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Measuring g/˒оƛƴ ƻǇŜƴπŎƘŀǊƳ.πŘŜŎŀȅǎΥ B-ŸD(*)0K(*)-

Experimental aspects
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~

Č measuringȂattreelevelisdifficult(typicalBFs<10-6and

less,reconst.& selectionefficienciesbelow% ):

ÁSTATISTICSis THE NAME OF THE GAMEÝ efficient detection/ 
selection/ PID/ tracking/ vertexing and even neutrals 

Ácombining many measurements/methods + inputsfrom charm 
factories (D parameters + mixing & CPV)

Č Manymethods/modestocombineforoptimal& redundant
determinationofȂ(+rigorousstatisticaltreatmentpossiblymatters!)

Č various charmed modes in B0, B+, B0s, L
0
b, B

+
cdecays are 

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

CLEO 
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Measuring g/˒оǎǘŀǘŜ ƻŦ ǘƘŜ ŀǊǘΥ ǿƻǊƭŘ ŦƛŜƭŘ ȅŜǘ ŘƻƳƛƴŀǘŜŘ ōȅ [I/ō 
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Approaching the 1Á 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 g/˒оōȅ [I/ō 
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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/

