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Outline 
•  Introduc=on 

– CKM and the Unitarity Triangle 
– Neutral meson mixing 
– CP Viola=on 

•  Experimental Test of CKM Theory 
– |Vij| measurements 
– CP Viola=on: UT phases measurement 
– Direct CP Viola=on 
– New Physics 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•  Summary and Outlook 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CKM Matrix 

XXXVII IMFP ‐ Feb 9‐13, 2009 

Parametriza=on due to 
Wolfenstein (1983) : 

    

� 

 = Arg(Vub
*VudVcd

*Vcb )

• Unitary 3x3 matrix connec=ng flavour quark 
eigenstates to mass quark eigenstates 
• Can be completely determined by 4 
(observable) parameters including 1 irreducible 
complex phase giving rise to CPV 

η≠0 for CP Viola=on 

=sinθc 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Unitarity Triangle 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The SIDES are accessible to 
experiment via the measurements 
of decay amplitudes 

The ANGLES are accessible to experiment 
via the measurement of the interference of 
different amplitudes (decay or mixing) 

Triangle area: 

Unitarity rela=on for Bd decays 
B‐Factories 

    

� 

Vij
i
 Vik

* =  jk; Vij
j
 Vkj

* = 0Unitarity: 



Mixing 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•  There are three types of CPV: 

–  CPV in decay (or direct)  

–  CPV in mixing 

–  CPV in interference between decay and mixing: 
•  Can occur if both M0 and M0 decay to a common state f  

CP Viola=on 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CPV 
A(M  f )
A(M  f )
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� 

CPV 
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p
1

  

� 

M 0  f ;
M 0  M 0  f ;   

� 

q
p

=
q
p
eim(M )

Mixing phase 

� 
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� 

Af  A(M  f ); A f  A(M  f );

Af  A(M  f ); A f  A(M  f );   

� 

M H ,L = q M 0 ± p M 0 ;

    

� 

CPV  f =
q
p

A f
Af

1
(Bd system) 

  

� 

eim =
(Vtb

*Vtd )
(VtbVtd

* )



•  Put KM theory of CP viola=on to the test 
– Measure individual CKM matrix elements 

•   |Vij|   decay rates 

–  Observe and measure CPV 
•  Completely determine the posi=on of the UT  vertex 

–  This can be done at B factories by measuring the angles α,β,γ or the sides of the UT 

–  Over‐constrain the UT 
•  measuring 3 or more of the observables (i.e. α+β+γ=π) 

•  make independent measurements of the same observable with different 
processes (i.e. sin2β in b‐>ccs with sin2β from b‐>ccd, etc.) 

–  Any sta=s=cally significant devia=on from unitarity, or 
difference between measurements, may be due to new 
physics 

CKM Physics 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|Vij|: Amplitudes 
•  First Row 

–  |Vud|  
•  Nuclear beta decays 

–  |Vus|  
•  K and τ decays (KLOE, BaBar, Belle) 

–  |Vub|  
•  Charmless B decays (BaBar, Belle) 

•  Second Row 
–  |Vcd|,|Vcs|  

•  D decays (CLEO‐c) 
–  |Vcb|  

•  B decays (BaBar, Belle) 
•  Third Row 

–  |Vtd|,|Vts|   
•  Bd , Bs Mixing (CDF, D0, BaBar, Belle) 

–  |Vtb|  
•  T decays (CDF, D0) 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First Row:    |Vud| 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CVC  

Towner, Hardy CKM 2008 

Best |Vud| measurement from super‐allowed 0+0+ nuclear β decay 

Ft 

Z 

Vud = 0.97425 ± 0.00023 

Dominated by  theory  error  ΔR 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<Ft> = 3072.2 ± 0.8 



First Row:    |Vus| 
•  A precise measurement of Vus could allow a stringent test of unitarity of 

the CKM matrix opening a window on new physics 

•  New physics can introduce gauge breaking processes in the SM Lagrangian 
of charged current weak interac=ons of quarks 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SM  NP 

11 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Physics 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[Marciano] 

neglect ≈10‐5 

precisely known 



First Row:    |Vus| 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First Row:    |Vus| 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Sibidanov, CKM 2008 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KLOE Vus Measurement with Kl3 

t 

  

� 

˜ f +(t)
Form Factor Dependence Fit 

    

� 

KL l     

� 

KS e



First Row:    |Vus| 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Sciascia, CKM 2008 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� 

Vus f+(0) = 0.2167(5) 2 /ndf = 2.83/4 (59%)Average: 

    

� 

Vus f+(0) = 0.2157(6) 2 /ndf = 7.0 /4 (14%)KLOE Result: 



First Row:    |Vus| 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Sciascia, CKM 2008 
Theore=cal Es=mates of f+(0) 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� 

Vus = 0.2247 ± 0.0012



First Row:    |Vus| 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Sciascia, CKM 2008 

Unitarity Test 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Vus = 0.2247 ± 0.0012 

Vus/Vud = 0.2322 ± 0.0015 

Vud = 0.97425 ± 0.00023 

  

� 

1 Vud
2  Vus

2 = 0.00003 ± 0.00060



Constraints on NP from 1st Row Unitarity 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KLOE: Sibidanov, CKM 2008 
The “power of flavour ”! 



Second Row:    |Vcd| , |Vcs| 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Di Lodovico, ICHEP 2008 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Second Row:    |Vcd| , |Vcs| 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Di Lodovico, ICHEP 2008 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Second Row:    |Vcb| 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Di Lodovico, ICHEP 2008 

BABAR, preliminary  ICHEP 2008 

BELLE, preliminary  ICHEP 2008 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Third Row:    |Vtd| , |Vts| 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Di Lodovico, ICHEP 2008 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Third Row:    |Vtb|  
•  Single top produc=on cross 

sec=on propor=onal to |Vtb|2 

•  Recent new results from CDF and 
D0 of single top produc=on at 
Tevatron 

– first evidence at ~3.7σ ! 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t‐channel produc=on 

g

u d

t

b

W
*+

a)

Vtb 

u

d

W
*+

b

t

b)

Vtb 

s‐channel produc=on 

Junk, ICHEP 2008 



Third Row:    |Vtb|  
•  Direct measurement of |Vtb| from cross sec=on measurement: 

–     |Vtb|2 

•  Assuming standard model produc=on: 
–  Pure V‐A and CP conserving Wtb interac=on 
–  |Vtd|2 + |Vts|2 << |Vtb|2 
–  Addi=onal theore=cal errors enter (top mass, scale, PDF etc…) 

•  No need to assume three quark genera=ons or CKM unitarity 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Li, ICHEP 2008 

  

� 

Vtb =1.000.12
+0.00 (exp+ th.)   

� 

Vtb = 0.88 ± 0.14 (exp) ± 0.07(th.)



|Vij|  Summary 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Improvement in 
precision rela=ve to PDG 
1999.  
Numbers are 2008 errors 

* not measured in 99 

PDG08/PDG99 

PDG 1999 

Rela=ve Error on |Vij| 

� 

Vud

� 

Vus

� 

Vub

� 

Vcd

� 

Vcs

� 

Vtd

Vts

� 

Vtb

� 

0.03%

� 

0.5%

� 

9%

� 

Vcb

� 

5%

� 

11%

� 

3%

� 

3%

  

� 

15%

*  * 

La
rg
e 
Th
eo

ry
 E
rr
or
 

B‐factories 

Φ‐factories 

Tevatron 

Nucl. Physics 



Angles of Unitarity Triangle 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interference between bu & mixing                      

interference between bu & bc 

interference between  bc & mixing 

Alterna=ve 
nota=on: 
β=ϕ1 

α=ϕ2 
γ=ϕ3 

25 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B‐factories 

ACP(Δt) 

Asymmetric  
Beams 

B0 

B0,± 



Time Dependent CP Asymmetry 
•  The =me evolu=on of a flavour tagged (B0 or B0) 
physical state BTAG decaying to a final state f with CP 
eigenvalue ηf=±1 is 

where: 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� 

S =
2   f

1+  f
2

C =
1  f

2

1+  f
2

    

� 

 =
q
p

A f
Af

=
q
p


A f
Af

ei( m + )

 = sin(m + )

CPV parameter: 

mixing phase  strong phase difference 
between Af and Af 

    

� 

CPV  1 possibleeven if q
p

=1 and
A f
Af

=1

    

� 

f±(t) =
e t  B0

4
B 0

1±  f S sin(mdt) Ccos(mdt)[ ]{ }



Time Dependent CP Asymmetry 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� 

A(t) =
f+(t)  f(t)
f+(t) + f(t)

= S sin(mdt) C cos(mdt)

One can construct an asymmetry as a func=on of Δt: 



B‐Factories 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Asymmetric e+e‐ Storage Rings 

√s = 10.58 GeV/c2 



B‐Factories Detectors 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Signal Selec=on 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Time Measurement 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Angle 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•  Theore=cally clean as only the tree level process dominates the decay 
–  Gluonic penguin is small and has the same phase as the tree (δ=0), which gives 

S=sin(2β), C=0 

•  Measure sin2 and || in several different modes      

       (cc) K0S (CP odd modes)          (cc) K0L (CP even mode)                  CP admixture 

Angle  from “golden channel” b → ccs 
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J/$

 K0 
B0  B0 

BaBar 



XXXVII IMFP ‐ Feb 9‐13, 2009 

Angle  from “golden channel” b → ccs 

New @ ICHEP: BABAR‐CONF‐08/17 Belle: PRL98, 031802 (2007) 

CP‐even 

CP‐odd 
bkg 

bkg 

C. Chen 
K. Vervink 

Kolomensky, ICHEP 2008 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Angle  from “golden channel” b → ccs 

XXXVII IMFP ‐ Feb 9‐13, 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• Most precise measurements of CPV in B decays 
• BaBar results is obtained with the final dataset 
• Measurements are sta=s=cally limited 
• Theore=cal uncertainty <0.01 for sin2 from charmonium modes  
• Expect further improvements from LHCb and Super B factories 

35 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Angle  from  b → ccd 

New BaBar results this year: 
B0D(*)+D(*)‐: BABAR‐PUB‐08/39 
B0J/ 0: PRL101, 021801(2008) 

New Belle results this year: 
B0D*+D*‐ (ICHEP preliminary) 
B0J/ 0: PRD 77, 071101 (2008) 

CP viola=on clearly established 

Tree amplitudes Cabibbo‐suppressed: 
poten=al sensi=vity to penguin (loop) 
effects 

Kolomensky, ICHEP 2008 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Good agreement with golden modes 



Angle 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•  Time‐dependent CPV in bu transi=ons 
•  Most useful modes:  

•  B, ,  )

•  The interference of the box and tree diagrams would give exactly S=sin(2α), 
C=0 like the bccs giives S=sin(2β),C=0 

•  Problem:  Penguin non negligible here, contribute cosine term C≠0 
•  Isospin analysis to measure  

•  4‐fold ambiguity in )
•  Small branching frac=ons 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Angle     

Gronau, London, PRL65, 3381 (1990)    

“Penguin” loop 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Angle  from B   
New from BaBar:  
B0+, 00 (arXiv:0807:4226) 

B0+)

CP viola=on 
Clearly established 

A(t) ~ 

Gritsan, ICHEP 2008 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Angle  from B  

1‐
CL
 

(eff)~4o, but ()<43o   

BABAR 
preliminary 

B(00) ~ B(+):  could be large 

Gritsan, ICHEP 2008 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Angle  from B)
New from BaBar: B000 (arXiv:0807.4977)   

3.1 evidence for 00    

New from Belle: B000:   

World averages: 

B(00) << B(+) 

Iwasaki, Gritsan, ICHEP 2008 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Summary of     

SM solu=on: =(91±8)o    [83.5 ; 94.0]o @ 68% CL 

Pierini, Deschamps, ICHEP 2008 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Angle 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Angle $
•  Hardest UT angle to Measure 

–  the phase of Vub, and Vub is small 
•  From direct CPV in the decay of charged B’s 

–  Interfering tree amplitudes with CP‐viola=ng rela=ve weak phase  and CP‐
conserving rela=ve strong phase $

–  theore=cally clean (i.e., no penguins involved) 

•  Interference if D0/D0 decay into iden=cal final state 
–  Dalitz plot (DP) analysis of 3‐body decays, e.g., D0→Ks  (GGSZ)  $
–  CP‐eigenstate decay: Gronau‐London‐Wyler (GLW) 
–  Doubly‐Cabibbo‐suppressed (DCS) decay: Atwood‐Dunietz‐Soni (ADS)  

b→ucs b→cus 
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A(B)=|A(B→D0K)|× 

D0 

+rBei(-+B) 

D 0  
•  The idea in pictures: 

•  CP‐conjugate B and B+ decay amplitudes 

•  B± Dalitz Plot distribu=on depends on , rb and . It is convenient to write the 
Likelihood as a func=on of the cartesian coordinates x± and y± 

–  Likelihood is Gaussian and unbiased 

Angle  : Dalitz Plot analysis of B →DK 

Assume D decays 
conserve CP… 

m±
2=m(KS ±)2 

D0→Ks $

    

� 

x± = rb cos( ±  ); y± = rb sin( ±  )   

� 

A(B ) f| |2 +rb2 f+| |2 +2x-Re f f+( )+2y-Im f f+( )
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D
Dalitz

K
!
 x
!
 vs y

!

Contours give -2!(ln L) = !"
2
 = 1, corresponding to 60.7" CL for 2 dof
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ICHEP 2008

PRELIMINARY
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B+[KS+]DK+ 

B 

x 

y 

B+ 

Angle  : Dalitz Method Results 

BaBar: =(76±22±5±5)o 

Belle:  =(76±12±4±9)o 

Evidence for CP viola=on in both 
Dalitz and GLW analyses ! 

Quote “Cartesian” coefficients:   

r(DK)=0.098±0.017 

Kolomensky, ICHEP 2008 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Summary of    

=(81±13)o 

Difficult, sta=s=cs‐limited measurements ! Combina=on of constraints:  
uncertainty of ~20o . Larger sta=s=cs needed (LHCb, SuperB)  

=(71±20)o 

Pierini, Deschamps, ICHEP 2008 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Other constraints (UTFit):  
ρ = 0.175 ± 0.027 
η = 0.360 ± 0.023 

Angle‐only measurements (UTFit):  
ρ = 0.120 ± 0.034 
η = 0.335 ± 0.020 

UT Constraints: Angles vs Sides 

48 CKM Physics ‐ R. de Sangro (INFN‐LNF) 

Pierini, ICHEP 2008 



Direct CPV 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Direct CPV Searches 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New Physics Searches:     B→η’K0 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New Physics Searches:  B0→J/ψπ0 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Summary of ΔS 

• Comparing sin2β in different physical 
processes, we see good agreement 
with the bccs reference point.  

•  We need at least ≈50 ab‐1 to start 
performing measurements with 
comparable theore=cal and 
experimental errors in the bs 
penguin processes 

•  We need ≈220 ab‐1 to achieve the 
same in bd. 

• This kind of comparison could be 
done also for α and γ once a precision 
measurement of one mode is made 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CPV in Bs Decays 
•  CPV in BsJ/ measures the phase of Bs mixing amplitude )

•  Predicted to be nearly zero in the Standard Model 

•  New Physics may enter through mixing box 

•  Angular analysis determines frac=ons of CP‐odd and CP‐even eigenstates 

•  Simultaneous fit for βs and s )

54 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Is this a hint of new physics in Bs mixing ?  
More data from the Tevatron coming 

s Results 
 New CDF results 

D0: arXiv:0802.2255 
CDF: PRL100, 161802 (2008) 

p-value = 0.07 (1.8 from SM) 

Official CDF+D0 Average 
Tonelli, Ellison, ICHEP 2008 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New Physics Constraints in Loops 
1 contours  1 contours 

Agreement with SM at 1‐2 level 
Largest devia=ons in s and B 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Summary 
•  High‐precision measurements at the “Flavour‐factories” and 

Tevatron over the last few years have tested the CKM 
mechanism to an unprecedented level 

•  There is an overall excellent agreement between sides and 
angles of the Unitarity Triangle leaving li�le room for new 
physics at the present level of precision 

•  Many measurement are s=ll sta=s=cs limited (i.e. UT angles) 
•  First measurements of CPV in Bs decays hint at SM devia=on 

•  Need for more precise measurements to search for NP effect 
leading to devia=ons from the CKM model 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Outlook 
•  Final dataset from BaBar (~500M B decays) 
•  Belle con=nues opera=ons to O(1000M decays) 
•  Expect soon to ≈double the dataset at the Tevatron 
•  Higher precision is around the corner 

–  Final, combined B Factory and Tevatron datasets (2010)  
–  LHCb (2009‐2010) 
–  KLOE approved for one extra year run at DAFNE, total ≈ ×4 

present data (2010) 
–  Very rare, theore=cally clean, K decays are “golden” probes for 

NP searches: 

•  NA62 to measure K+π+νν; approved at CERN (~2012) 

•  Measure KLπ0νν; proposal in Japan (E14 @ J‐PARC) (~2015) 

•  In the planning stages: Super B factories in Italy and Japan 
(2015)  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