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CP	  viola)on	  
Viola)on	  of	  CP	  symmetry	  
•  Par)cles	  behave	  different	  than	  	  

an)-‐par)cles	  	  
•  Within	  the	  Standard	  Model	  (SM)	  

only	  weak	  interac)ons	  violate	  CP	  
•  Flavour	  changing	  weak	  interac)ons	  

characterised	  by	  CKM	  matrix	  

•  Test	  SM	  by	  over-‐constraining	  CKM	  parameters	  

2	  

Unitary	  
(3x3)	  

3	  real	  parameters	  
1	  complex	  phase	  

Orthogonality	  rela)ons	  
6	  unitarity	  triangles	  
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|Āf |
|Af | =�f comment

decay �(B ! f) 6= �(

¯

B ! ¯

f) 6= 1 only possible CPV for charged B

mixing Prob(P

0 ! ¯

P

0
) 6= Prob(

¯

P

0 ! P

0
) 6= 1 cos and sin terms cancel in case of no mixing

interference �(B

0
(! ¯

B

0
) ! f) 6= �(

¯

B

0
(! B

0
) ! ¯

f) 6= 0 final state common to B

0
and

¯

B

0

Can occur when | qp | = 1 and
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Overview	  CPV	  2013	  
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76	  LHCb	  papers	  in	  2013,	  ~25%	  of	  these	  on	  CP	  viola)on	  with	  B	  mesons	  



Outline	  

CPV	  IN	  DECAY	   CPV	  IN	  MIXING	   CPV	  IN	  DECAY+MIXING	  

² Charmless	  B	  
decays	  
ª B0(s)	  ⟶	  Kπ	

ª B±	  ⟶	  h+h-‐π±	


² Charmed	  B	  
decays	  
ª B±	  ⟶	  D0h±	  

ª Bs0	  ⟶	  Ds
-‐Xµ+υµ	  	   ² γ	  with	  loops	  

ª Bs0	  ⟶	  K+K-‐	  
² φs	  

ª Bs0	  ⟶	  J/ψ	  φ	


5	  

(My)	  highlights	  2013	   •  1	  g-‐1	  LHCb	  2011	  dataset	  
•  √s	  =	  7	  TeV	  



Selec)on	  of	  Beauty	  events	  
•  Separa)on	  between	  primary	  and	  secondary	  vertex	  
•  PID	  cuts	  on	  tracks	  

RICH	  –	  pion,	  kaon	  iden)fica)on	  
•  Mul)variate	  analysis,	  like	  boosted	  decision	  trees	  

Typical	  variables	  –	  or	  their	  χ2	  –	  are:	  
–  Track	  quality	  
–  Secondary	  vertex	  quality	  
–  Kinema)c	  variables	  	  
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CP	  viola)on	  in	  decay	  
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ACP =
�(B ! f)� �(B ! f)

�(B ! f) + �(B ! f)
Experimental	  observable:	  	  
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B0(s)	  	  ⟶	  Kπ	

	  
	  
•  First	  measurement	  of	  CP	  viola)on	  with	  Bs	  decays	  
•  Also	  measure	  ACP(B0	  ⟶	  K+π-‐)	  	  	  	  	  	  ⟶	  	  	  	  test	  SM	  	  
•  Interference	  of	  tree	  and	  penguin	  contribu)ons	  

–  Sensi)vity	  to	  γ	


ACP (B
0
s ! K�⇡+) =

�(B̄0
s ! K+⇡�)� �(B0

s ! K�⇡+)

�(B̄0
s ! K+⇡�) + �(B0

s ! K�⇡+)

Bs0	   K-‐π+	  

Araw = ACP �AD � AP

Detector	  efficiency	  
asymmetry	  
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Bs
0	  	  ⟶	  K-‐π+	  

B,B	  produc)on	  asymmetry,	  
)mes	  dilu)on	  factor	  

[PRL	  110	  (2013)	  221601]	  



B0(s)	  	  ⟶	  Kπ	  
Raw	  event	  asymmetry	  
	  

•  Untagged	  sample	  
•  Extract	  yields	  from	  	  

mass	  fit	  

ACP	  

Araw	   AD	   AP	  

K+π-‐	  

K-‐π+	  	  K+π-‐	  

K-‐π+	  

Araw =
N(K+⇡�)�N(K�⇡+)

N(K+⇡�) +N(K�⇡+)

N(Bs0	  ⟶	  K-‐π+)	  =	  1065	  ±	  55	  
Araw(Bs0	  ⟶	  K+π-‐)	  =	  0.28	  ±	  0.04	  

N(B0	  ⟶	  K+π-‐)	  =	  41420	  ±	  300	  
Araw(B0	  ⟶	  K+π-‐)	  =	  -‐0.091	  ±	  0.006	  

9	  

[PRL	  110	  (2013)	  221601]	  

B0	  

B0s	  



B0(s)	  	  ⟶	  Kπ	  
Instrumental	  asymmetry	  
	  
	  
	  
•  Measured	  from	  data	  

•  Reweight	  for	  differences	  in	  kinema)c	  
proper)es	  B	  and	  D	  meson	  

ACP	  

Araw	   AD	   AP	  

AD =
✏D(K�⇡+)� ✏D(K+⇡�)

✏D(K�⇡+) + ✏D(K+⇡�)

D⇤+ ! D0(K�⇡+)⇡+ : A⇤
raw(K⇡) = A⇤

D(⇡s) +AP (D
⇤) +A⇤

D(K⇡)

D⇤+ ! D0(K�K+)⇡+ : A⇤
raw(KK) = A⇤

D(⇡s) +AP (D
⇤) +ACP (KK)

A⇤
raw(K⇡)�A⇤

raw(KK) = A⇤
D(K⇡)�ACP (KK)

10	  

[PRL	  110	  (2013)	  221601]	  

AD(K⇡) = (�1.15± 0.23)% (B0
s )

AD(K⇡) = (�1.22± 0.21)% (B0)
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B0(s)	  	  ⟶	  Kπ	  
Produc)on	  asymmetry	  
	  
•  Measured	  in	  data	  using	  )me	  dependence	  

–  Assume	  negligible	  mixing	  

ACP	  

Araw	   AD	   AP	  
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A(t) ⇡ ACP +AD +AP cos(�ms(d)t)

Bs0	  ⟶	  K-‐π+	  

11	  

[PRL	  110	  (2013)	  221601]	  

B0	  ⟶	  K+π-‐	  

AP = (4± 8)% (B0
s )

AP = (0.1± 1.0)% (B0)



B0(s)	  	  ⟶	  Kπ	  
CP	  asymmetry	  
	  
•  First	  observa)on	  (6.5σ)	  of	  CP	  viola)on	  in	  Bs	  system	  

•  Most	  precise	  measurement	  of	  	  

•  Consistent	  with	  standard	  model	  (Δ	  =	  0)	  

ACP	  

Araw	   AD	   AP	  

ACP (B
0
s ! K�⇡+) = 0.27± 0.04 (stat.)± 0.01 (syst.)

ACP (B
0 ! K+⇡�) = �0.080± 0.007 (stat.)± 0.003 (syst.)

� =
ACP (B0!K+⇡�)

ACP (B0
s !K�⇡+)

+
B(B0

s !K�⇡+)

B(B0!K+⇡�)

⌧d
⌧s

= �0.02± 0.05± 0.04

12	  

[PRL	  110	  (2013)	  221601]	  



B±	  	  ⟶	  h+h-‐	  π±	

	  
	  
	  
New	  mechanism	  to	  measure	  
CP	  asymmetries	  

Interference	  of	  tree	  	  
and	  penguin	  contribu)ons	  

	  

B+	   K-‐K+π+	  

Detector	  asymmetry	  
AD	  =	  -‐0.010	  ±	  0.007	  
	  

B+,B-‐	  produc)on	  asymmetry	  
Measured	  in	  B±	  ⟶J/ψ	  (µµ)K±	  data	  	  
AP	  =	  -‐0.004	  ±	  0.004	  	  

ACP (B
± ! f±) =

�(B� ! f�)� �(B+ ! f+)

�(B� ! f�) + �(B+ ! f+)
f± =

⇢
K+K�⇡±

⇡+⇡�⇡±

Araw = ACP �AD �AP

Raw	  asymmetry	  
Mass	  fit	  
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B±	  	  ⟶	  h+h-‐	  π±	  
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ACP(B±	  	  ⟶	  K+K-‐π±)	  =	  -‐0.141	  ±	  0.040	  ±	  0.018	  ±	  0.007	  

ACP(B±	  	  ⟶	  π+π-‐π±)	  =	  0.117	  ±	  0.021	  ±	  0.009	  ±	  0.007	  
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B±	  ⟶	  π+π-‐	  π±	  
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(b) LHCb

]2c [GeV/+π−K+Km
5.1 5.2 5.3 5.4 5.5

310×

model
±π−K+K → ±B

combinatorial
 4-body→ s

0B
 4-body→ B

−K+K±K → ±B
−π+π±K → ±B

B±	  ⟶	  K+K-‐	  π±	  

Dalitz	  plane	  analysis	  

Larger	  asymmetries	  in	  localized	  regions	  of	  phase	  space	  
•  πππ: ACP	  =	  	  0.584	  	  ±	  0.082	  ±	  0.027	  ±	  	  0.007	  
•  KKπ:	  ACP	  =	  	  -‐0.648	  	  ±	  0.070	  ±	  0.013	  ±	  	  0.007	  	  

•  Large	  strong	  phase	  differences	  
•  Final	  state	  KK	  ⟷	  ππ rescasering	  

new	  mechanisms	  to	  measure	  
CP	  asymmetries	  

B±	  ⟶	  K+K-‐	  π±	  
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B±	  ⟶	  D0h±	  
γ	  from	  B±	  ⟶	  D0h±	  

•  Over-‐constraining	  the	  UT:	  test	  SM	  
•  Tree	  diagrams:	  not	  sensi)ve	  to	  NP	  

Combina)on	  of	  3	  measurements	  by	  LHCb	  
•  Frequen)st	  approach	  
•  Maximise	  combined	  likelihood	  of	  experimental	  observables	  

Input	  measurements	  
1.  B±	  ⟶	  D0K+	  and	  B±	  ⟶	  D0π+,	  with	  D0	  ⟶	  K+K-‐,	  π+π-‐,	  K±π∓	  

2.  B±	  ⟶	  D0K+	  and	  B±	  ⟶	  D0π+,	  with	  D0	  ⟶	  K±π∓π±π∓   	  
3.  B±	  ⟶	  D0K+,	  with	  D0	  ⟶	  KS0K+K-‐,	  KS0π+π-‐	  

15	  

[PLB	  723	  (2013)	  44-‐53]	  

[PLB	  712	  (2012)	  203-‐212]	  

[PLB	  718	  (2012)	  43-‐55]	  

[PLB	  726	  (2013)	  151]	  



GLW	  
	  
•  f	  is	  CP	  eigenstate:	  K+K-‐,	  π+π-‐	  
•  Large	  event	  rate,	  small	  
interference	  

	  
•  Observables:	  	  

•  Unknown	  variables	  

B±	  ⟶	  D0h±	  
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ADS	  
	  
•  f	  common	  final	  state:	  K+π-‐,	  K-‐π+, 
K±π∓π+π- 	  

•  Lower	  event	  rate,	  large	  
interference	  

	  
•  Observables:	  	  

	  
•  Unknown	  variables	  

B±	  ⟶	  D0h±	  
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[PLB	  712	  (2012)	  203-‐212]	  

RADS =

�(B� ! fDK�
) + �(B+ ! fDK+

)

�(B� ! fDK�
) + �(B+ ! fDK+

)

= r2B + r2D + 2rBrD cos(�B + �D) cos �



GGSZ	  
	  
•  f	  common	  final	  state:	  Ks0π+π-‐,	  
Ks0K-‐K+	


•  Measure	  decay	  amplitude	  in	  
bins	  Dalitz	  plane	  

	  

•  D0	  ⟶Ks0h-‐h+	  decay	  described	  
by	  K,	  c,	  s	  (CLEO)	  

•  Observables:	


B±	  ⟶	  D0h±	  

B-‐	   [Ks0π-‐	  π+]	  K-‐	  

D0K-‐	  
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[PLB	  718	  (2012)	  43-‐55]	  

i:	  dalitz-‐bin	  
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B±	  ⟶	  D0h±	  
Combina)on	  
•  Combining	  B±	  ⟶	  D0K±	  	  and	  B±	  ⟶	  D0π±	  
•  GLW/ADS/GGSZ,	  1g-‐1	  
•  Includes	  informa)on	  from	  covariance	  matrices	  
•  Includes	  D0-‐mixing	  
•  Limited	  by	  sta)s)cs	  

Update	  
•  Include	  3g-‐1	  data	  for	  GGSZ	  analysis	  
•  Only	  use	  B±	  ⟶	  D0K±	  	  
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[PLB	  726	  (2013)	  151]	  
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CP	  viola)on	  in	  mixing	  

B0	  

M12	  

Γ12	  

Off	  shell	  states:	  weak	  box	  diagram	  

Rela)ve	  phase	  between	  on	  and	  off	  shell	  states	  

On	  shell	  states:	  B0⟶	  f	  ⟶	  B0	  

BH = pB0 � qB
0

BL = pB0 + qB
0

����
p

q

���� 6= 1

Experimental:	  flavour	  specific	  final	  states	  

B0	  
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¯B ! ¯f) (1)
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(s)

) (2)

type what
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p

|Āf |
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¯

B ! ¯

f) 6= 1 only possible CPV for charged B

mixing Prob(P

0 ! ¯

P

0
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¯
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0
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¯
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0
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0
) ! ¯
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0
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¯

B

0
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|Āf |
|Af | = 1 !!!
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¯
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�f
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q
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¯
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Af̄
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¯
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Decay equations...
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cosh(��t) +Df sinh(��t)� Cf cos(�mt) + Sf sin(�mt)

⇤
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0
(s) ! ¯
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2
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2
)

h
cosh(��t) +Df̄ sinh(��t) + Cf̄ cos(�mt)� Sf̄ sin(�mt)
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¯
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(s) ! ¯

f)(t) ⇠
����
q

p

���� | ¯Af̄ |
2
(1 + |¯�f̄ |

2
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h
cosh(��t) +Df̄ sinh(��t)� Cf̄ cos(�mt) + Sf̄ sin(�mt)

i

Cf =

1� |�f |2

1 + |�f |2
, Sf =

2=�f

1 + |�f |2
Df =

2<�f

1 + |�f |2
(4)

Flavour specific eigenstate:

(All charged B decays are flavour specific)

Af̄ =

¯

Af = 0 ) �f =

¯

�f̄ = 0 ) Sf = Df = 0 (5)

No mixing:

����
q

p

���� = 1 )
�(B

0
(s) ! f)(t)� �(

¯

B

0
(s) ! f)(t)

�(B

0
(s) ! f)(t) + �(

¯

B

0
(s) ! f)(t)

⇡
Cf cos(�mt)� Sf sin(�mt)

cosh(��t) +Df sinh(��t)

(6)
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Bs0	  ⟶	  Ds
-‐µ+ν	  	  

•  Sensi)ve	  probe	  to	  new	  physics:	  SM	  φ12	  ≈	  0.2°	  
•  Flavour	  specific	  CP	  viola)ng	  asymmetry	  

	  

	  
	  
•  Untagged	  final	  state	  asymmetry	  

asl = 1�
����
q

p

����
2

=
��

�M
tan�12

Ameas ⌘
�[D�

s µ
+
]� �[D+

s µ
�
]

�[D�
s µ+

] + �[D+
s µ�

]

=

assl
2

+


aP � assl

2

� R1
t=0 e

��st
cos(�Ms t)✏(t)dtR1

t=0 e
��st

cosh(

��s t
2 )✏(t)dt

Ameas ⌘
�[D�

s µ
+
]� �[D+

s µ
�
]

�[D�
s µ+

] + �[D+
s µ�

]

=

assl
2

+


aP � assl

2

� R1
t=0 e

��st
cos(�Ms t)✏(t)dtR1

t=0 e
��st

cosh(

��s t
2 )✏(t)dt

AP	  ≈	  1%	  
	  

Integral	  ra)o	  ≈	  0.2%,	  due	  to	  fast	  
oscilla)ons.	  Evaluated	  on	  MC.	  

Ameas ⇡
asl
2
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Bs0	  ⟶	  Ds
-‐µ+ν	  	  

•  Measured	  yield	  asymmetry,	  corrected	  for	  muon	  PID	  and	  trigger	  efficiency	  
•  Charge	  asymmetry	  due	  to	  tracking	  
•  Charge	  asymmetry	  due	  to	  backgrounds	  

	  
•  N	  measured	  by	  fiwng	  KKπ	  invariant	  

mass	  distribu)on	  
•  ε	  measured	  using	  sample	  of	  J/ψ	  ⟶	  µµ	  decays	  

•  Pion	  and	  muon	  reconstruc)on	  very	  similar	  
•  Small	  contribu)on	  from	  kaons	  

•  3	  sources	  of	  background:	  prompt	  charm,	  misIDed	  background,	  B⟶DDs	  

•  Background	  for	  Ds
-‐µ+	  slightly	  different	  than	  for	  Ds

+µ-‐	  	  

Ameas = Ac
µ �Atrack �Abkg
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Atrack = A⇡µ
track +AKK

track

Ameas = Ac
µ �Atrack �Abkg



Result	  

Bs0	  ⟶	  Ds
-‐µ+ν	  	  

Ameas = (�0.03± 0.25± 0.18)%

assl = (�0.06± 0.50± 0.36)%
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CPV	  in	  interference	  
Interference	  between	  mixing	  and	  decay	  	  
	  
�f =

q

p

Āf

Af

=�f 6= 0CP	  viola)on	  if	  	  

There	  can	  be	  CPV	  in	  interference	  between	  
mixing	  and	  decay,	  without	  there	  being	  CPV	  
in	  mixing	  and/or	  decay!	  

Decay	  equa)ons	  -‐	  	  Bs0	  decay	  to	  CP	  eigenstate	  
	  

Cf =
1� |�f |2

1 + |�f |2
, Sf =

2=�f

1 + |�f |2
Df =

2<�f

1 + |�f |2

•  Physics	  informa)on	  is	  contained	  in	  CP	  observables	  C,	  S,	  D	  
•  Time	  dependent	  CP	  viola)on	  
	  

Af 6= 0 B
0 ! f
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<

=

�

�
S

D

radius =
p
1� C2 /

���f

��

i.e.	  no	  flavour	  	  
specific	  final	  state	  

�(B0
s ! f)(t) / |Af |2(1 + |�f |2) [cosh(��st) +Df sinh(��st) + Cf cos(�mst)� Sf sin(�mst)]

�(B
0
s ! f)(t) /

��� qp
��� |Af |2(1 + |�f |2) [cosh(��st) +Df sinh(��st)� Cf cos(�mst) + Sf sin(�mst)]



Bs0	  ⟶	  K+K-‐	  	  

•  Sensi)ve	  to	  γ	

–  Diagrams	  with	  loops	  sensi)ve	  to	  new	  physics	  

•  Time	  dependent	  CP	  asymmetry	  
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Bs0	  ⟶	  K+K-‐	  	  
Decay	  )me	  distribu)on	  
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f (t, ⇠) = K
�⇥

(1�AP)⌦
B
⇠ +(1+AP)⌦̄

B
⇠

⇤
I+ (t)+

⇥
(1�AP)⌦

B
⇠ �(1+AP)⌦̄

B
⇠

⇤
I� (t)

 

•  AP:	  Produc)on	  asymmetry	  
•  Ωξ

B:	  Probability	  to	  tag	  a	  B	  as	  a	  B	  
•  R(t):	  Resolu)on	  model	  
•  εacc(t):	  Acceptance	  func)on	  

[JHEP	  10	  (2013)	  183]	  

�(B0
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I+ (t) =

�
e��st

[cosh(��st/2)+Df sinh(��st/2)]
 
⌦R (t)"acc (t)

I� (t) =

�
e��st

[Cf cos(�mst)�Sf sin(�mst)]
 
⌦R (t)"acc (t)



Produc)on	  asymmetry	  and	  flavour	  tagging:	  AP,	  Ωξ
B	  	  

•  Analyse	  ‘other’	  B	  in	  event	  to	  	  
determine	  ini)al	  flavour	  signal	  B	  

•  Mis-‐tag	  probability	  (η)	  is	  determined	  	  
by	  a	  neural	  network	  

•  Calibrated	  using	  flavour	  specific	  	  
B⟶	  Kπ	  	  decays	  

Decay	  )me	  resolu)on:	  R(t)	  
•  Resolu)on	  es)mated	  from	  MC	  Bs	  ⟶KK	  events	  
•  Quan)fy	  data/MC	  differences	  using	  prompt	  	  

charmonium	  and	  bosomonium	  data	  
	  
Acceptance:	  εacc(t)	  
•  Dependence	  reconstruc)on	  efficiency	  on	  decay	  )me	  
•  Studied	  on	  simulated	  events	  
	  

Bs0	  ⟶	  K+K-‐	  	  

27	  

Signal	  Bs0	  

Tagging	  B	  

K+	  

K-‐	  

proton	  

Nega)ve	  
lepton	  tagger	  

b	  ⟶	  	  l	  	  

Posi)ve	  
lepton	  tagger	  
b	  ⟶	  	  c	  ⟶	  	  l	  

Kaon	  tagger	  
b	  ⟶	  	  c	  ⟶	  	  s	  

Vertex	  charge	  
tagger	  

0

1000

2000

3000

4000

5000

6000

B AK
</


0

B AK

/<

0

B A/
/<
0

B A3-body

Comb. bkg

s

B AK

/<�double misid.

0

B AK


K

<0

s

LHCb

(b)

Decay time [ps]

2

C
a

n
d

id
a

te
s

 /
 (

 0
.1

2
 p

s
 )

-4

-2

0

2

4

P
u

ll

4 6 8 10 12

Kπ	


[JHEP	  10	  (2013)	  183]	  



Bs0	  ⟶	  K+K-‐	  	  
Results	  
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exis)ng	  measurements	  
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Bs0	  ⟶	  J/ψ	  K+K-‐	  

29	  

s

B0
s

s

B
0
s

t, c, u

W

b

W

b t, c, u

s

B0
s

s

B
0
s

W�

t, c, u

b

b W+

t, c, u

1

s
B0

s

h+h�

s

J/ 
c

b
W+

c

s

s
B0

s

h+h�
s

J/ c

b u, c, t
c

W+

s

1

Vts	  

Mo)va)on	  
	  
•  Current	  knowledge	  on	  βs	  
	  

•  New	  Physics	  can	  contribute	  to	  the	  
box	  diagram	  	  
⟶	  enhancement	  of	  phase	  

•  SM	  predic)on	  
φs	  =	  -‐2βs	  

	  
•  Dominated	  by	  resonant	  decay	  mode	  

J/ψφ,  where	  φ	  ⟶	  KK	  
•  J/ψ	  and	  φ	  are	  vector	  par)cles	  ⟶	  

mul)ple	  polarisa)on	  states	  
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Bs0	  ⟶	  J/ψ	  K+K-‐	  
Results	  
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�s = 0.07 ± 0.09 ± 0.01 rad
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Bs0	  ⟶	  J/ψ	  K+K-‐	  	  	  	  only	  

World’s	  most	  precise	  single	  measurement	  

Combina)on	  with	  Bs0	  ⟶	  J/ψ	  π+π-‐	  	  	  	  	  
�s = 0.01 ± 0.07 ± 0.01 rad
�s = 0.661 ± 0.004 ± 0.006 ps�1

��s = 0.106 ± 0.011 ± 0.007 ps�1

Measurement	  agrees	  with	  SM	  predic)on	  	  
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Conclusion	  
•  LHCb	  has	  produced	  many	  first	  and	  world’s	  best	  CP	  asymmetry	  

measurements,	  in	  many	  different	  B	  decay	  modes	  

•  Most	  of	  the	  LHCb	  results	  are	  limited	  by	  their	  sta)s)cal	  
uncertainty	  

•  All	  results	  presented	  here	  are	  based	  on	  1g-‐1	  dataset	  collected	  
in	  2011.	  The	  2g-‐1	  dataset	  collected	  in	  2012	  is	  currently	  being	  
studied.	  

•  More	  data	  to	  be	  collected	  in	  Run2	  (start	  mid	  2015)	  and	  a}er	  
the	  upgrade.	  

•  More/Updated	  results	  expected	  soon.	  Stay	  tuned!	  
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Thank	  you!	  
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LHCb	  
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γ	




CP	  viola)on	  
Viola)on	  of	  CP	  symmetry	  
•  Par)cles	  behave	  different	  than	  	  

an)-‐par)cles	  	  
•  Within	  the	  Standard	  Model	  (SM)	  

only	  weak	  interac)ons	  violate	  CP	  
•  Flavour	  changing	  weak	  interac)ons	  

characterised	  by	  CKM	  matrix	  

•  Test	  SM	  by	  over-‐constraining	  CKM	  parameters	  
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Unitary	  
(3x3)	  

3	  real	  parameters	  
1	  complex	  phase	  

Orthogonality	  rela)ons	  
6	  unitarity	  triangles	  

VCKM =
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