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Experimental status
of the CKM matrix

A personal (and biased!) selection of topics A personal (and biased!) selection of topics 
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This talkThis talk

•• Many subjects to choose from !Many subjects to choose from !

•• we had excellent discussions on we had excellent discussions on VVubub and Band B SS .. skip.. skip

•• concentrate on tests of CKM angles as of todayconcentrate on tests of CKM angles as of today

•• A few words on the physics potential of K physicsA few words on the physics potential of K physics

•• QuasiQuasi --backup : backup : places where the global CKM fitplaces where the global CKM fit
hints at ~2hints at ~2 σσσσσσσσ effectseffects
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Several CKMSeveral CKM --related observables can be accessed  by studying B decaysrelated observables can be accessed  by studying B decays

•• overconstrainoverconstrain UT sides and anglesUT sides and angles

The CKM mThe CKM m eechanism predicts specific correlation patterns :chanism predicts specific correlation patterns :

•• Any deviation from CKM would be a sign of nonAny deviation from CKM would be a sign of non --SM physics !SM physics !

•• The structure of these The structure of these deviations could teach us about New Physics deviations could teach us about New Physics 

The case for the B factories
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Combining them all together…

http://ckmfitter.in2p3.fr

Eur. Phys. J. C21, 225-259 (2001)
Eur. Phys. J. C41, 1-131 (2005)
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Combined B-factory data sample
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Experimental Technique : time-dependent CP asymmetr ies

• CP Violation due to the interference of decays 
with and without mixing

0 0Prob( ( ) ) Prob( ( ) )CP CPB t f B t f→ ≠ →

• Direct CP Violation due to interference of decay  
amplitudes with different weak and strong phases

Prob( ) Prob( )B f B f→ ≠ →

• Time-dependent CP asymmetries :
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for b→c�s modes (“golden”)
i.e. (B0→J/ψK0

s)

0=C
CPfsin2β=S

CPf
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The path to β : reference decay modes

b→c�s

(charmonium)
Tree dominance
“golden modes”

b→c�d

(charmonium, open charm)
Tree dominance
Loops may contribute

b→q�s

(charmless)
Penguin dominance :
sensitive to non-SM loops
Beware of “tree pollution”

S = sin2ββββ , C = 0 S ~ sin2ββββ , C ~ 0
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The path to β with b→c�s
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The path to β with b→c�s
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The path to β with b→c�s

Trigonometric degeneracy in sin(2β) lifted via

B→J/ψK* , B→D*D*KS , B→D(*)
(CP)h0

each having (different levels of) sensitivity to cos(2β)
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β : first successful test of CKM



March 19, 2009 – B physics workshop, Ferrara José Ocariz  - IN2P3 et Université Paris Diderot Page 12

β : first successful test of CKM

The measurement of ββββ sets the benchmark both for :

• experimental uncertainties on other observables

• potential of tests of CKM mechanism

• aim at 1 degree accuracy !
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Time-dependent CP asymmetries in b→c�d modes

V-V decay : 

admixture of CP-odd and CP-even

Summary of S,C in b→c�d modes :

good agreement with b→c�s for D*D* , J/ ψπψπψπψπ0

D+D- at physical boundary…

All limited by statistics
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b→s penguins : loop-dominance
• b→c�s : 

• tree-dominated decays
• penguins carry same weak phase

• b→q�s : 

• pure “internal” or “flavour-singlet” penguins
• dominant phase, same CKM factors as b→c�s
• high mass scales involved in loops
• non-SM contributions could contribute
• a window to New Physics !

• often, more than one phase involved 
(“tree pollution”) 

Cc�s ≠ Cq�sCc�s ~ Cq�s ~ 0

Sc�s + ∆SSM  ≠ Sq�sSq�s =  Sc�s +  ∆SSM =  sin2β New PhysicsStandard Model

Input from theory : evaluate ∆SSM for each mode
identify clean modes (with small ∆SSM expected)
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S from from b→s penguins vs. penguins vs. sin2β
HFAG compilation

Measurements available for 10 modes

Many of the results in the compilation 
are new or recently updated
(ICHEP2008, CKM’08).
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S from from b→s penguins vs. penguins vs. sin2β
HFAG compilation

Measurements available for 10 modes

Many of the results in the compilation 
are new or recently updated
(ICHEP2008, CKM’08).

Big effort from B factories to clarify 
hints of trends/deviations in previous 
compilations
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S from from b→s penguins vs. penguins vs. sin2β
HFAG compilation

Measurements available for 10 modes

Many of the results in the compilation 
are new or recently updated
(ICHEP2008, CKM’08).

Big effort from B factories to clarify 
hints of trends/deviations in previous 
compilations

(e.g. in 2007)
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S from from b→s penguins vs. penguins vs. sin2β
HFAG compilation

Measurements available for 10 modes

Many of the results in the compilation 
are new or recently updated
(ICHEP2008, CKM’08).

Big effort from B factories to clarify 
hints of trends/deviations in previous 
compilations

Beware of naïve averaging !
(each mode has its own ∆∆∆∆S…)

Still…
… for most of the modes, 

the theoretical SM prediction is ∆S > 0

current central values  are ∆S < 0
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HFAG compilation

Measurements available for 10 modes

Many of the results in the compilation 
are new or recently updated
(ICHEP2008, CKM’08).

Big effort from B factories to clarify 
hints of trends/deviations in previous 
compilations

Beware of naïve averaging !
(each mode has its own ∆∆∆∆S…)

Inspect the cleanest modes:

B0→η’K0
S (first q�s mode with >5 σσσσ CPV)

B0→φK0
S

B0→K0
SK0

SK0
S

S from from b→s penguins vs. penguins vs. sin2β
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HFAG compilation

Measurements available for 10 modes

Many of the results in the compilation 
are new or recently updated
(ICHEP2008, CKM’08).

Big effort from B factories to clarify 
hints of trends/deviations in previous 
compilations

Beware of naïve averaging !
(each mode has its own ∆∆∆∆S…)

Exploit the potential of amplitude 
analyses on modes contributing to 
three-body decays :

Available : B0→π+π-K0
S  , B0→K+K-K0

S

S from from b→s penguins vs. penguins vs. sin2β
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bb→→sqsq�� penguins : the timepenguins : the time --dependent dependent DalitzDalitz Plot analysesPlot analyses

• Time-dependent amplitude analyses of B0→K0
Sπ+π- and B0→K0

SK+K-

• Technically challenging : 

• 3-D signal decay amplitude (DP + time)
• huge phase space (B much heavier than light resonan ces)
• several intermediate modes contribute

• Direct acces to Weak phase βeff !

• counting-rate analyses access only to S=sin2βeff
• trigonometry ambiguities resolved by interference

• Intermediate modes related to βeff include 

• φKS and f0KS in B0→K0
SK+K-

• f0KS and ρ0KS in B0→K0
Sπ+π-
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bb→→sqsq�� penguins : TDpenguins : TD --amplitude analysis of amplitude analysis of BB00→→KK++KK--KK00
ss

B0→K0
SK+K- : BABAR, Phys. Rev. Lett. 99, 161802 (2007)  N(BB) = 383 M update arXiv:0808.0700 N(BB) = 465 M

Zoom in the low-mass region
(φφφφ,f0 –dominated)

High-mass spectrum

Background-subtracted distributions 

“X0(1550)”
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bb→→sqsq�� penguins : TDpenguins : TD --amplitude analysis of amplitude analysis of BB00→→KK++KK--KK00
ss

B0→K0
SK+K- : BABAR, Phys. Rev. Lett. 99, 161802 (2007)  N(BB) = 383 M update arXiv:0808.0700 N(BB) = 465 M

Background-subtracted time distrs. 
(at high- and low- mass)

Entire DP High-mass region f0(980)Ks φ(1020)Ks

Likelihood vs. ββββeff :

CP violation at 6.7 σσσσ !

Trigonometric ambiguities resolved :
(i.e. ππππ/2-ββββeff excluded at 4.8 σσσσ )
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bb→→sqsq�� penguins : TDpenguins : TD --amplitude analysis of amplitude analysis of BB00→→ππ++ππ--KK00
ss

mππππππππ (GeV/c2)

ρρρρ0(770)

f0(980)

f2(1270)+”fX(1300)”

B0→K0
Sπ+π- : BABAR, arXiv:0708.2097                     N(BB) = 383 M

BaBar :
f0Ks : 2ββββeff = 0 excl. at excl. at 4.3σσσσ
f0Ks : 2ββββeff = 180 excl. at excl. at 3.9σσσσ

ρρρρ0Ks : mirror solution 
disfavoured at 3.8 σσσσ

sin2 ββββ from c �s

sin2 ββββ from c �s
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bb→→sqsq�� penguins : TDpenguins : TD --amplitude analysis of amplitude analysis of BB00→→ππ++ππ--KK00
ss

mππππππππ (GeV/c2)

ρρρρ0(770)

f0(980)

f2(1270)+”fX(1300)”

B0→K0
Sπ+π- : BABAR, update in final notice 

BaBar :
f0Ks : 2ββββeff = 0 excl. at excl. at 4.3σσσσ
f0Ks : 2ββββeff = 180 excl. at excl. at 3.9σσσσ

ρρρρ0Ks : mirror solution 
disfavoured at 3.8 σσσσ

sin2 ββββ from c �s

sin2 ββββ from c �s
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bb→→sqsq�� penguins : TDpenguins : TD --amplitude analysis of amplitude analysis of BB00→→ππ++ππ--KK00
ss

mππππππππ (GeV/c2)

ρρρρ0(770)

f0(980)

f2(1270)+”fX(1300)”

B0→K0
S π + π - : Belle, arXiv:0811.3665 N(BB) = 657 M

sin2 ββββ from c �s

sin2 ββββ from c �s

Belle :

Two solutions

No evidence for CP violation
for either f 0Ks nor ρρρρ0Ks 
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bb→→sqsq�� penguins : the timepenguins : the time --dependent dependent DalitzDalitz analysesanalyses

mππππππππ (GeV/c2)

ρρρρ0(770)

f0(980)

f2(1270)+”fX(1300)”

B0→K0
S π + π - : Belle, arXiv:0811.3665 N(BB) = 657 M

B0→K0
Sπ+π- : BABAR, arXiv:0708.2097                     N(BB) = 383 M

sin2 ββββ from c �s
sin2 ββββ from c �s

Quantification of BaBar/Belle agreement :

Not straightforward averaging: different Dalitz plot  models

Correct combination requires synchronization of bot h analyses

…interesting opportunity for close(r) collaboration
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bb→→sqsq�� penguins : summarypenguins : summary

• Ten modes in the b→q�s family studied

• CP violation established in several modes

• Direct CP asymetries Compatible with zero

• Global agreement with golden b→c�s

• Most values of S below b→c�s value …

• … while theoretical calculations suggest
opposite trend …

• Measurements limited by statistics

• Sound case for higher-statistics projects
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More physics from More physics from B→Kππ DalitzDalitz --plot analysesplot analyses

B0→K+ π - π 0 : BaBar, PRD 78 (2008) 052005 N(BB) = 232 Mupdate arXiv:0807.4567 N(bb) = 465 M
CPS, Phys. Lett. B 645, 201 (2007) 
GPSZ, Phys. Rev. D 75, 014002 (2007):

Phases in B0→K*(892)+ π - and B0→K*(892)0 π 0 

can provide a constraint to the CKM matrix

(stat. limited, requires BaBar/Belle synchronisation)

B+→K+ π - π + : BaBar, PRD 78 (2008) 012004 N(BB) = 465 MBelle, ICHEP-CONF N(BB) = 657 M (tbc)
First evidence for Direct CPV in a charged decay
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α from timefrom time --dependent CP asymmetries in dependent CP asymmetries in b→ușd decaysdecays         

Time-dependent CP Asymmetries

in B0/�0→π+π- decays

(similar for ρρρρ+ρρρρ-)

P VV  T VVA *
tdtb

*
udub +=−+

direct access to α

Tree :

3

ub udV V

λ

∗∝

∝

With a single weak phase 
(i.e. negligible penguins) :

αααα====γγγγ++++ββββ−−−−====
====

2sin))(2sin(S

0C

3

tb tdV V

λ

∗∝

∝

Penguin :

Penguin pollution :

(((( )))) αααα≠≠≠≠αααα−−−−====

≠≠≠≠

2sin2sinC1S

0C

eff
2

Additional information required :
use isospin SU(2) symmetry
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α from from isospinisospin analysis of analysis of B→ππ 

0)A(B2)A(B2-)A(B0 ====ππππππππ→→→→++++ππππππππ→→→→ππππππππ→→→→ ++++++++−−−−++++ 0000

(plus a similar relation for the CP-conjugated ampl itudes)

Triangular relation on amplitudes :

• neglect EW penguins

• shifts α by ~ 2o

• A+0 pure tree : no DCPV

• testable against data

• neglect isospin-breaking effects

13 unknowns

– 7 observables

– 5 constraints

– 1 global phase  
= 0  ☺2 isospin

triangles and one 
common side 

B+–, Sππ , Cππ

B+0, ACP

B00, (S00), C00

α, 

T+–, P+–, 

T+0, P+0, 

T00, P00

AccountConstraintsObservablesUnknowns

α can be resolved up to an 8-fold ambiguity within [0,π]
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α from from isospinisospin analysis of analysis of B→ππ 

S,C(S,C(ππππππππππππππππ) :) :

BaBarBaBar /Belle now within 1.9/Belle now within 1.9 σσσσσσσσ
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IsospinIsospin analysis of analysis of B→ππ 

One of the 2 triangles does not close : 

four-fold solution on αααα(ππππππππ)
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α from from isospinisospin analysis of analysis of B→ρρ 
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B0→ρ0ρ0 is small !  

BELLE

BaBar
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B+→ρ+ρ0 : new result  
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BaBarBaBar : : IsospinIsospin analysis of analysis of B→ρρ 
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IsospinIsospin analysis of analysis of B→ρρ 

Both B and B isospin triangles do not close (consistent within errors)
mirror solutions are degenerated in a single peak
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α as of as of MoriondMoriond 2009 : a precision measurement!2009 : a precision measurement!
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α as of as of MoriondMoriond 2009 : a precision measurement!2009 : a precision measurement!

The measurement of αααα approaching the ββββ benchmark :

• direct measurement reaches similar accuracy as glob al CKM fit

• heads up : underlying hypotheses on isospin methods 
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The most difficult angle The most difficult angle …… 
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The most difficult angle The most difficult angle …… 
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B factories succeeded in providing first direct con straints on γγγγ :

• still a long way to reach global CKM fit accuracies

• a flagship for future flavour facilities
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The most difficult angle The most difficult angle …… some thoughtssome thoughts  

Paths towards a non B →charm measurement of γγγγ ?

Recurring issue, often discussed in litterature

Several charmless systems (i.e. K ππππ, Kππππππππ) are in principle sensitive to γγγγ

direct CP violation shows γγγγ should be at play !

Most proposed extraction techniques require either :

(difficult to control) external hypotheses, i.e. on  hadronic parameters

(difficult to access) observables, i.e. TD-CP of K 0ππππ0 or Dalitz phases

Ideas welcome!
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2) CKM Matrix: The Standard Model Fit.  

CP-Violating observables stresses 
the same feature

CP-Conserving observables
imply CP violation.

Angles (small theoretical uncertainties) No angles (theoretical uncertainties 
dominate)

Summary on CKM via anglesSummary on CKM via angles



March 19, 2009 – B physics workshop, Ferrara José Ocariz  - IN2P3 et Université Paris Diderot Page 48

2) CKM Matrix: The Standard Model Fit.  A word on the ultraA word on the ultra --rare rare kaonkaon decay decay KK++→→ππ++νννν-

• Recent E949 update (arXiv:0903.0030 with 5 events (& incl. E787)):

• BR parameterization as Brod & Gorbahn ’08  (PRD 78, 034006) 
NLO QED-QCD & EW corr. to the charm quark contribution 

αs(mZ)=0.1176(20) & mc(mc)=1.286(13)(40)

BR [10 -10]= 151 051731 ... +
−

BR[10-10]      
CKM fit: BR[10-10]= 080

100800 .
.. +

−
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2) CKM Matrix: The Standard Model Fit.  A word on the ultraA word on the ultra --rare rare kaonkaon decay decay KK++→→ππ++νννν-

• Recent E949 update (arXiv:0903.0030 with 5 events (& incl. E787)):

• BR parameterization as Brod & Gorbahn ’08  (PRD 78, 034006) 
NLO QED-QCD & EW corr. to the charm quark contribution 

αs(mZ)=0.1176(20) & mc(mc)=1.286(13)(40)

BR [10 -10]= 151 051731 ... +
−

BR[10-10]      
CKM fit: BR[10-10]= 080

100800 .
.. +

−

Charm term Pc(X) controlled at ~few % 
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2) CKM Matrix: The Standard Model Fit.  A word on CKM from A word on CKM from kaonskaons

• Recent E949 update (arXiv:0903.0030 with 5 events (& incl. E787)):

• BR parameterization as Brod & Gorbahn ’08  (PRD 78, 034006) 
NLO QED-QCD & EW corr. to the charm quark contribution 

αs(mZ)=0.1176(20) & mc(mc)=1.286(13)(40)

BR [10 -10]= 151 051731 ... +
−CKM fit: BR[10-10]= 080

100800 .
.. +

−

Prospective study : assume

• K+→ππππ+νννννννν measured by NA62 (~10%)

• KL→ππππ0νννννννν measured by J-PARC (~15%)

• mild improvement on theory error for εεεεK

A strongly constrained CKM matrix 

Only using Kaon inputs

Caveat: plot uses a pre-NNLO treatment of Pc(X)…
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B factories have accumulated a large, clean data sa mpleB factories have accumulated a large, clean data sa mple

•• mostly dedicated to B physicsmostly dedicated to B physics

•• established CKM established CKM mecanismmecanism as dominant source of CPV as dominant source of CPV 
•• leaves many questions openleaves many questions open

•• only discussed a small (but key) fraction of B fact ories resultonly discussed a small (but key) fraction of B fact ories result ss

•• could/should have added at least :could/should have added at least :

•• radiativeradiative decaysdecays
•• null tests of the CKM matrixnull tests of the CKM matrix
•• prospects for pure prospects for pure leptonicleptonic decaysdecays

Summary
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Current priority of B factoriesCurrent priority of B factories

•• Fully exploit the physics in the recorded data samp leFully exploit the physics in the recorded data samp le

Moving to a precisionMoving to a precision --measurement regime in measurement regime in flavourflavour physicsphysics

•• Explore loopExplore loop --dominated processesdominated processes
•• Search for SMSearch for SM --suppressed (or forbidden) modessuppressed (or forbidden) modes

•• Case for HighCase for High --performance Facilities performance Facilities 

•• present : present : LHCbLHCb in a in a hadronichadronic environmentenvironment
•• future Bfuture B --factories : Superfactories : Super --B and/or Belle upgradeB and/or Belle upgrade

Conclusions

““ shake the boxshake the box ”” ::

FlavourFlavour physics complements the physics complements the programmeprogramme ofof
direct searches for New Physics at the LHCdirect searches for New Physics at the LHC
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Backup material Backup material 

Mostly borrowed from my Mostly borrowed from my CKMfitterCKMfitter colleaguescolleagues

More details on V. More details on V. TisserandTisserand ’’ss presentation at Moriond09presentation at Moriond09
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2) CKM Matrix: The SM Fit inside 95%CL. frémissements?  

2.4.1 |Vub| vs sin2β ? 

It is actually more a |Vub| vs |Vub| tension. We are living with a significant difference
between exclusive and inclusive measurements: a longstanding issue. The sin2β 
measurement prefers the exclusive value.
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2) CKM Matrix: The Standard Model Fit. Tensions, frémissements, hints ? 

2.4.2 |εK| vs sin2β? 

Buras & Guadagnoli recently advocated necessity of an additional parameter 
in the SM lowering the prediction. The resulting tension |εK| vs sin2β might 
have very appealing explanations (Soni & Lunghi). �We included the additional
parameter and got the result
in green. �Slight change as expected
w.r.t to the standard fit. �The tension arises if all the 
uncertainties on QCD 
parameters are gaussien. Are 
they ?   
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2) CKM Matrix: The Standard Model Fit. Tensions, frémissements, hints ? 

2.4.3 BR(B+→τ+ν) vs sin 2β? 

Actually a large effect:

Tension between sin(2β) (ΙΙΙΙ) & BR(B+→τ+ν) (ΙΙΙΙΙΙΙΙ) (through |Vub|):Removing ΙΙΙΙ/ΙΙΙΙΙΙΙΙ in the CKM global fit, the χ2min drops by 2.3/2.4 σ. 
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2) CKM Matrix: The Standard Model Fit.  

2.4.3 BR(B+→τ+ν) vs sin 2β? 

Looking in the detail, it is a non trivial correlation; we could think of |Vub|, |εK| 
, fBd…Actually, analysing simultaneouly ∆md and BR(B+→τ+ν) gives a  theory
free determination of the BBd factor and the tension is brought there.
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B+→τ+ν
experim.
B+→τ+ν
experim.

helicity-suppressed annihilation decay sensitive to fB×|Vub|Sensitive to tree-level charged Higgs replacing the W propagator.
b

u

+B
τ +

τν

+W

BR[10-4]=1.70 ± 0.42Measurement are consistent & WA:
BR[10-4]=1.80 ± 0.63

BF[10-4]= 1.73 ± 0.35
fBd from our own LQCD average:fBs/fBd= 1.196(8)(23) & fBs= 228(3)(17)

Measurement from global CKMfit:BF[10-4]=
Inputs:

∆ dm

∆ sm

ε K

βsin2

α
γ

|Vub|
new CLEO-C ’09 D+s →τ+ν (~fine)…

1.80±1.00 (had)1.80±0.81 (semi-lept)1.79±0.71 (had)1.65±0.52 (semi-lept)1540 09307960 ... +
−

deviation :2.4σ
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B+→τ+ν
theory.
B+→τ+ν
theory.

Powerful together with ∆md : removes fB (Lattice QCD) dependence (left with Bd errors anyway). If error of fBd small : 2 circles that intersect at ~90°dBudBtW Bd BVmmxSmmmBBR 2222222 2 1143 )(sin )(sin)()()(
γ
βτπυτ ττ −=

∆
→ +

++

BBd
Inputs:

τν→B

γ(=π−β−α)

∆md
βsin2|Vud|

Theory free prediction for BBddeviation :2.7σ1.18±0.14The tension is not driven by Vub (SL) nor fBd (nor εK)150 110520 ... +
−


