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CP	  viola=on	  
Physics	  laws	  are	  not	  invariant	  under	  the	  combined	  
applica6on	  of	  charge	  conjuga6on	  (C)	  and	  parity	  (P)	  

transforma6ons	  
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C 

P 

C 

CP 

By applying the CP transformation 
the initial state is reproduced, 

apart from a little detail… 

CP violation 
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Some	  history	  
CP	  viola=on	  and	  flavour	  physics	  have	  always	  been	  land	  for	  discovery	  

1963	   N.	  Cabibbo,	  Phys.	  Rev.	  LeG.	  10	  (1963)	  531	   Dirac	  Medal	  2010	  

1964	   Christenson	  et	  al.,	  Phys.Rev.LeG.	  13	  (1964)	  138	  
First	  evidence	  of	  	  
CP	  viola=on	  

Nobel	  Prize	  1980	  

Cartoon	  presented	  by	  N.	  Cabibbo	  at	  the	  Berkeley	  conference	  in	  1966	  
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1963	   N.	  Cabibbo,	  Phys.	  Rev.	  LeG.	  10	  (1963)	  531	  

1964	   Christenson	  et	  al.,	  Phys.	  Rev.	  LeG.	  13	  (1964)	  138	  

Glashow	  et	  al.,	  Phys.	  Rev.	  D2	  (1970)	  1285-‐1292	  1970	   Predic=on	  of	  the	  existence	  
of	  the	  charm	  quark	  

1973	   Kobayashi	  and	  Maskawa,	  Prog.	  Theor.	  Phys.	  49	  (1973)	  652	   Nobel	  Prize	  2008	  

Observa=on	  of	  B0-‐B0	  mixing	  
Extrapola=ons	  of	  	  
top	  quark	  mass	  

1987	   ARGUS	  collabora6on,	  Phys.LeG.B	  192	  (1987)	  245	  

Dirac	  Medal	  2010	  

First	  evidence	  of	  	  
CP	  viola=on	  

Nobel	  Prize	  1980	  

Some	  history	  
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1973	   Kobayashi	  and	  Maskawa,	  Prog.	  Theor.	  Phys.	  49	  (1973)	  652	   Nobel	  Prize	  2008	  

2001	   BaBar	  collabora6on,	  Phys.	  Rev.	  LeG.	  87	  (2001)	  091801	  
Belle	  collabora6on,	  Phys.	  Rev.	  LeG.	  87	  (2001)	  091802	  

Observa=on	  of	  
CP	  viola=on	  in	  B0	  system	  

Some	  history	  
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1999	   NA48	  Collabora6on,	  Phys.	  LeG.	  B465,	  335	  (1999)	  

Phys.	  LeG.	  B465,	  335	  (1999)	  

KTeV	  Collabora6on,	  Phys.	  Rev.	  LeG.	  83,	  22	  (1999)	  
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direct	  CP	  viola=on	  

CDF	  Collabora6on,	  Phys.	  Rev.	  LeG.	  97	  (2006)	  242003	  2006	   Observa=on	  of	  	  
B0-‐B0	  mixing	  s	   s	  

2012	   LHCb	  collabora6on,	  Phys.	  Rev.	  LeG.	  110,	  101802	  (2013)	  
Observa=on	  of	  
D0–D0	  mixing	  
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CP	  viola=on	  in	  the	  Standard	  Model	  
•  Within	  the	  SM	  only	  weak	  interac6ons	  violate	  CP	  
–  Flavour	  eigenstates	  of	  quarks	  are	  a	  mixture	  of	  mass	  
eigenstates	  
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Cabibbo-‐Kobayashi-‐Maskawa	  Matrix	  (VCKM)	  
3x3	  unitary	  complex	  matrix	  

D-‐type	   U-‐type	   U-‐type	  D-‐type	  

W-‐	   W+	  

VUD	   V*
UD	  

CP	  

The	  presence	  of	  complex	  phases	  in	  the	  amplitudes	  
of	  weak	  processes	  is	  responsible	  for	  CP	  viola=on	  
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The	  CKM	  matrix	  

Wolfenstein	  parameteriza6on	  of	  the	  CKM	  matrix	  	  
Expansion	  in	  powers	  of	  λ	  =	  sin(θC)	  ≈	  0.225	  

Immediate	  view	  of	  the	  strength	  of	  transi=ons	  where	  
the	  imaginary	  CP	  viola=ng	  term	  appears	  
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Unitary	  triangles	  
•  Unitary	  condi6ons	  VCKMVCKM	  =	  I	  can	  be	  represented	  as	  

triangles	  in	  the	  complex	  plan	  

The	  Unitary	  Triangle	  

+	  

Relevant	  as	  its	  sides	  are	  all	  of	  the	  
same	  magnitude	  
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The	  Unitary	  Triangle	  
•  Remarkable	  agreement	  between	  all	  the	  
measurements	  of	  the	  UT	  sides	  and	  angles	  

•  BeGer	  precision	  in	  the	  measurements	  is	  
needed	  to	  look	  for	  discrepancies	  
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Charmless	  two-‐body	  B	  decays	  
•  Rich	  set	  of	  decays	  of	  b	  hadrons	  
–  I	  will	  treat	  only	  a	  subset	  of	  neutral	  B0	  and	  Bs	  decays	  into	  
two	  charged	  light	  mesons	  (Bh+h’-‐)	  

•  Great	  interest	  in	  studying	  CP	  viola6on	  in	  these	  decays	  
–  Sensi6ve	  to	  CKM	  matrix	  elements	  

–  Can	  reveal	  physics	  beyond	  the	  SM	  

–  Benchmark	  for	  flavour	  	  
symmetries	  (SU(3)	  flavour)	  
used	  to	  deal	  with	  	  
QCD	  contribu6ons	  

[M.	  Gronau	  and	  J.	  Rosner,	  PLB	  482	  (2000)	  71]	  
[H.J.	  Lipkin,	  PLB	  621	  (2005)	  126]	  

[R.	  Fleischer,	  PLB	  459	  (1999)	  306]	  

[M.	  Ciuchini	  et	  al.,	  JHEP	  1210	  (2012)	  029]	  
[R.	  Fleischer,	  EPJ	  C52	  (2007)	  267]	  

0	  
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Decay	  diagrams	  

•  Bh+h’-‐	  decays	  receive	  contribu6ons	  from	  
different	  decay	  diagrams	  
– Tree	  (T),	  strong	  penguin	  (P),	  penguin	  	  
annihila6on	  (PA),	  	  electroweak	  penguin	  (PEW),	  
exchange	  (E)	  

– Relevant	  
observables	  
are	  direct	  and	  
mixing-‐induced	  	  
CP	  asymmetries	  as	  
well	  as	  branching	  ra=os	  
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New	  physics	  in	  Bh+h’-‐	  decays	  

•  Penguin	  and	  box	  diagrams	  are	  suitable	  places	  where	  
new	  par=cles	  may	  appear	  as	  virtual	  contribu6ons	  

•  Discrepancies	  with	  respect	  to	  SM	  predic6ons	  can	  
reveal	  the	  presence	  of	  new	  par6cles	  
–  The	  SM	  value	  of	  the	  angle	  γ	  can	  be	  determined	  with	  very	  
high	  precision	  using	  decays	  dominated	  by	  tree	  diagrams	  

Where	  New	  Physics	  may	  hide	  
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Direct	  CP	  viola=on	  

B	   f	  

€ 

A ∝ eiϕ T AT e
iδ T + eiϕP AP e

iδ P
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Direct	  CP	  viola=on	  

f	  

€ 

A ∝ eiϕ T AT e
iδ T + eiϕP AP e

iδ P

CKM	  phases	  

B	  

15	  



Direct	  CP	  viola=on	  

f	  

€ 

A ∝ eiϕ T AT e
iδ T + eiϕP AP e

iδ P

CKM	  phases	   Amplitudes	  and	  phases	  due	  to	  	  
QCD	  interac=on	  among	  quarks	  

B	  
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Direct	  CP	  viola=on	  

f	  

B	   f	  

€ 

A ∝ e−iϕ T AT eiδ T + e− iϕP AP eiδ P

CP	  € 

A ∝ eiϕ T AT e
iδ T + eiϕP AP e

iδ PB	  
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Direct	  CP	  viola=on	  

€ 

ACP =
A 2 − A 2

A 2 + A 2 ∝ AT AP sin ϕT −ϕP( )sin δT −δP( )

Direct	  CP	  viola=on	  manifests	  itself	  in	  the	  
interference	  between	  tree	  and	  penguin	  decay	  

amplitudes	  

Direct	  CP	  asymmetry	  
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Mixing	  diagrams	  
•  Neutral	  B0	  and	  Bs	  mesons	  can	  oscillate	  
between	  their	  par6cle	  and	  an6-‐par6cle	  state	  

Δmd	  =	  0.5156	  ±	  0.0051	  ±	  0.0033	  ps-‐1	   Δms	  =	  17.768	  ±	  0.023	  ±	  0.006	  ps-‐1	  

0	  
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Mixing	  induced	  CP	  viola=on	  
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Mixing	  induced	  CP	  viola=on	  manifests	  itself	  in	  the	  
interference	  between	  the	  mixing	  and	  decay	  amplitudes	  
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Cf	  represents	  the	  asymmetry	  in	  	  
the	  decay	  amplitudes	  

Sf	  represents	  the	  mixing-‐induced	  
CP	  asymmetry	   20	  
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CKM	  metrology	  from	  Bh+h’-‐	  decays	  

•  Direct	  and	  mixing	  induced	  CP	  asymmetries	  in	  B0π+π-‐	  
and	  BsK+K-‐	  decays	  are	  related	  to	  the	  angle	  γ	  and	  to	  
the	  B0	  and	  Bs	  mixing	  phases	  

•  d,	  d’,	  θ,	  θ’	  are	  hadronic	  quan66es	  affected	  by	  
theore6cal	  uncertain6es	  
–  Interpreta6on	  of	  Cππ,	  Sππ,	  CKK	  and	  SKK	  is	  not	  trivial	  
–  Use	  of	  U-‐spin	  symmetry	  to	  constrain	  uncertain6es	  

[R.	  Fleischer,	  PLB	  459	  (1999)	  306]	  

[M.	  Ciuchini	  et	  al.,	  JHEP	  1210	  (2012)	  029]	  
[R.	  Fleischer,	  EPJ	  C52	  (2007)	  267]	  

0	  
0	  
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U-‐spin	  symmetry	  

•  U-‐spin	  symmetry	  deals	  with	  the	  invariance	  of	  QCD	  with	  
respect	  to	  the	  exchange	  of	  d	  and	  s	  quarks	  
–  Broken	  symmetry	  due	  to	  mass	  

difference	  between	  d	  and	  s	  

•  Bh+h’-‐	  amplitudes	  are	  
connected	  by	  U-‐spin	  rela6ons	  
–  The	  interplay	  between	  	  

observables	  of	  different	  decays	  	  
can	  constrain	  size	  of	  U-‐spin	  	  
symmetry	  breaking	  

–  Important	  tool	  to	  reduce	  	  
theore=cal	  uncertain=es	  	  
due	  to	  QCD	  contribu6ons	  	  
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Experimental	  setup	  
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The	  most	  powerful	  factory	  of	  b	  quarks	  to	  date…	  
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The	  LHCb	  detector	  
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The	  LHCb	  detector	  
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The	  LHCb	  detector	  
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The	  LHCb	  detector	  

σt	  ~	  44	  fs	  

New	  J.	  Phys.	  15	  053021	  (2013)	  
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The	  LHCb	  detector	  
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The	  LHCb	  detector	  
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The	  LHCb	  detector	  
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The	  LHCb	  detector	  

Evidence	  of	  Bsµ+µ-‐	  decay	  
BR	  =	  (2.9	  	  	  	  	  	  )x10-‐9	  +1.1	  

-‐1.0	  

Bs	  
0	  
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The	  data	  taking	  
•  Total	  sample	  
–  ~	  1.1/n	  @	  7	  TeV	  
–  ~	  2.1/n	  @	  8	  TeV	  

•  Excellent	  efficiency	  of	  the	  detector:	  
-  Especially	  considering	  the	  

sustained	  overhead	  in	  
instantaneous	  luminosity	  

2011	  

2012	  

(2011)	  

LHCb	  luminosity	  during	  2012	  
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The	  LHCb	  trigger	  

•  Mul6ple	  trigger	  levels:	  
–  Level	  0	  uses	  informa6on	  from	  fast	  

detectors	  (calorimeters	  and	  muon	  sta6ons)	  

–  Sokware	  trigger	  perform	  a	  full	  
reconstruc=on	  of	  the	  tracks	  in	  the	  event	  
•  Dedicated	  sokware	  trigger	  algorithm	  for	  

Bh+h’-‐	  decays	  

–  Deferred	  trigger:	  a	  frac6on	  of	  events	  is	  
stored	  on	  the	  local	  disk	  of	  the	  online	  farm	  
and	  processed	  in	  the	  6me	  between	  LHC	  
fills	  

15	  MHz	  bunch	  crossing	  rate	  

With	  an	  average	  of	  	  
60	  kB/evt	  one	  has	  
300	  MB/s	  of	  
throughput	  to	  storage	  
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The	  LHCb	  distributed	  compu=ng	  

•  Lots	  of	  effort	  to	  make	  the	  data	  available	  
for	  users	  
–  Prompt	  reconstruc=on	  
–  Stripping	  (event	  preselec=on)	  
–  Re-‐processing	  (with	  updated	  

calibra=ons)	  
–  Monte	  Carlo	  simula=on	  (mainly	  at	  	  T2s)	  
–  User	  jobs	  

CNAF	  

PIC	  

GRIDKA	  

NL-‐T1	  
RAL	  

IN2P3	  

CERN	  

LHCb	  T0	  +	  T1s	  
RAW	  data	  stored	  at	  T0	  +	  T1s	  	  

2.5	  PB	  
5	  PB	  considering	  	  
backup	  copies	  

2011	  raw	  data	  

2012	  raw	  data	  

40k	  concurrent	  jobs	  
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Direct	  CP	  asymmetries	  in	  B0K+π-‐	  
and	  Bsπ+K-‐	  decays	  

Phys.	  Rev.	  Len.	  110	  (2013)	  221601	  

0	  
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Main	  steps	  of	  the	  analysis	  

•  Event	  selec6on	  
– 1	  o-‐1	  collected	  during	  2011	  at	  √s	  =	  7	  TeV	  

•  Calibra6on	  of	  par6cle	  iden6fica6on	  (PID)	  
•  Determina6on	  of	  raw	  asymmetries	  from	  
invariant	  mass	  fits	  

•  Correc6on	  to	  the	  raw	  asymmetries	  
– Detec=on	  asymmetries	  

– Produc=on	  asymmetries	  
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Event	  selec=on	  

•  Event	  selec6on	  is	  performed	  in	  two	  steps:	  
–  Separa6on	  of	  signal	  events	  from	  combinatorial	  
background	  events	  using	  requirements	  on	  kinema6c	  
and	  topological	  variables	  

–  Separa6on	  of	  final	  states	  using	  PID	  criteria:	  
•  8	  mutually	  exclusive	  samples	  (π+π-‐,	  K+π-‐,	  π+K-‐,	  K+K-‐,	  pK-‐,	  pK+,	  
pπ-‐,	  pπ+)	  

•  Different	  values	  of	  the	  requirements	  have	  been	  
op6mized	  for	  the	  two	  measurements:	  
–  Looser	  cuts	  for	  ACP(B0K+π-‐)	  
–  Tighter	  cuts	  for	  ACP(Bsπ+K-‐)	  

0	  
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Kinema=c	  selec=on	  
•  Using	  fast	  MC	  toys	  the	  sensi=vity	  on	  ACP	  has	  been	  parameterized	  as	  a	  

func6on	  of	  the	  frac6on	  of	  signal	  events	  in	  the	  sample	  and	  the	  total	  
number	  of	  events	  

•  Signal	  events	  are	  modelled	  using	  MC	  
–  Agreement	  with	  data	  is	  checked	  

“a	  posteriori”	  

•  Background	  events	  are	  modelled	  	  
using	  signal-‐free	  invariant	  mass	  	  
sideband	  

•  Choose	  the	  combina6on	  of	  cut	  values	  giving	  the	  best	  sensi=vity	  on	  ACP	  

39	  

Looser	  cuts	  of	  ACP(B0K+π-‐)	   Tighter	  cuts	  of	  ACP(Bsπ+K-‐)	  0	  



PID	  selec=on	  
•  Events	  passing	  the	  kinema6c	  selec6on	  are	  separated	  into	  

different	  final	  states	  by	  means	  of	  PID	  requirements	  
–  Separa6on	  between	  hadrons	  is	  performed	  by	  means	  of	  

informa6on	  provided	  by	  RICH	  detectors	  

•  Values	  of	  PID	  cuts	  are	  chosen	  in	  order	  to	  reduce	  the	  total	  
amount	  of	  mis-‐iden6fied	  decays	  under	  B0K+π-‐	  and	  Bsπ+K-‐	  
peaks	  to	  the	  same	  level	  of	  the	  combinatorial	  background	  

The	  use	  of	  harder	  cuts	  for	  the	  
Bsπ+K-‐	  will	  be	  clear	  when	  
showing	  the	  invariant	  mass	  

spectra	  

ΔlogLab(h)	  =	  logLa(h)	  –	  logLb(h)	  

logLa(h)	  =	  logarithm	  of	  the	  
likelihood	  of	  the	  hypothesis	  a	  
for	  the	  par=cle	  h	  

0	  
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PID	  calibra=on	  
•  Crucial	  aspect	  of	  the	  analysis:	  

–  Determine	  the	  contamina6on	  of	  mis-‐iden6fied	  Bhh’	  decays	  
under	  signal	  peaks	  

•  D*D0(Kπ)πs	  and	  Λpπ	  decays	  are	  suitable	  calibra6on	  
samples:	  
–  high	  sta6s6cs	  and	  pure	  samples	  of	  π,	  K	  and	  p	  selected	  without	  

using	  PID	  informa6ons	  
–  ΔlogL	  distribu6ons	  are	  extracted	  from	  data	  using	  sPlot	  

technique	  to	  subtract	  background	  

δm	  =	  m(D*)-‐m(D0)	  

J.	  High	  Energy	  Phys.	  10	  (2012)	  037	  

L=370/pb	  
√s	  =	  7	  TeV	  

L=370/pb	  
√s	  =	  7	  TeV	  
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PID	  calibra=on	  

•  PID	  variables	  depends	  on	  the	  	  
kinema6c	  of	  par6cles	  
–  Momentum	  distribu6on	  of	  	  

calibra6on	  par6cles	  is	  equalized	  	  
to	  the	  momentum	  distribu6on	  	  
of	  par6cles	  from	  B	  

–  Momentum	  of	  par6cles	  from	  	  
Bhh’	  is	  determined	  from	  data	  	  
using	  sPlot	  technique	  to	  subtract	  background	  

–  PID	  efficiencies	  are	  computed	  on	  reweighted	  samples	  

•  Complica6ons:	  
–  Kinema6c	  correla6on	  between	  the	  two	  	  

daughters	  of	  signal	  B	  is	  taken	  into	  account	  

–  Correla6on	  between	  ΔlogLKπ	  and	  	  
ΔlogLpπ	  is	  taken	  into	  account	  

K	  from	  calibra=on	  sample	  
(before	  calibra=on)	  
Par=cles	  from	  Bhh	  

L=370/pb	  
√s	  =	  7	  TeV	  

J.	  High	  Energy	  Phys.	  10	  (2012)	  037	  
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Invariant	  mass	  fits	  
•  Raw	  asymmetries	  are	  extracted	  using	  unbinned	  maximum	  

lieklihood	  fits	  to	  the	  invariant	  mass	  spectra	  

•  All	  8	  final	  state	  samples	  are	  fiGed	  	  
simultaneously	  
–  Bhh’	  yields	  related	  by	  PID	  mis-‐ID	  	  

probabili6es	  obtained	  from	  calibra=on	  procedure	  € 

ARAW =
N(B → f ) − N(B → f )
N(B → f ) + N(B → f )

ε(Kπππ)	  

ε(KπKK)	  

ε(ππKπ)	  

ε(KKKπ)	  

J.	  High	  Energy	  Phys.10	  (2012)	  037	  

J.	  High	  Energy	  Phys.10	  (2012)	  037	  
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L=370/pb	  
√s	  =	  7	  TeV	  

L=370/pb	  
√s	  =	  7	  TeV	  

L=370/pb	  
√s	  =	  7	  TeV	  
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Raw	  asymmetries	  

€ 

ARAW = −0.091± 0.006

€ 

ARAW = 0.28 ± 0.04
Note	  the	  much	  lower	  
combinatorial	  background	  
level	  and	  contamina=on	  	  
from	  B0π+π-‐	  and	  BsK+K-‐	  	  
decays	  

Phys.	  Rev.	  LeG.	  110	  (2013)	  221601	  

L=1/o	  

√s	  =	  7	  TeV	  

0	  
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Correc=on	  to	  raw	  asymmetries	  
•  ACP(B0K+π-‐)	  and	  ACP(Bsπ+K-‐)	  are	  related	  to	  the	  raw	  
asymmetries	  by	  the	  rela6on	  

•  κ	  is	  a	  dilu6on	  factor	  that	  depends	  on	  the	  event	  
selec6on	  and	  on	  the	  6me	  evolu6on	  of	  the	  B	  meson	  € 

ACP = ARAW − AD −κAP
Raw	  asymmetry	  

From	  invariant	  mass	  fit	   Detec=on	  asymmetry	  between	  	  
K+π-‐	  and	  K-‐π+	  pairs	  

Asymmetry	  in	  produc=on	  rates	  
of	  B	  and	  B	  mesons	  

€ 

κd = 0.303 ± 0.005
κ s = −0.033 ± 0.003

For	  B0	  

For	  Bs	  

Note:	  fast	  oscilla=on	  of	  
Bs	  mesons	  dilutes	  to	  a	  	  
negligible	  level	  the	  	  
correc=on	  due	  to	  AP	  

0	  

0	  
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Produc=on	  asymmetry	  
•  The	  6me	  dependent	  raw	  asymmetry	  of	  B0K+π-‐	  and	  Bsπ+K-‐	  

decay	  can	  be	  wriGen	  as	  

•  AP	  values	  for	  B0	  and	  Bs	  are	  obtained	  
from	  fits	  to	  the	  decay	  6me	  spectra	  
of	  B	  candidates	  

€ 

ARAW t( ) =
NB → f (t) − NB→ f (t)
NB → f (t) + NB→ f (t)

≈ ACP + AD + AP cos Δmt( )
ACP+AD	  

ARAW	  

AP	  

Loose	  selec6on	   Tight	  selec6on	  

Note:	  points	  are	  the	  
raw	  asymmetry	  of	  	  
signals	  obtained	  from	  
invariant	  mass	  fits	  in	  	  
bins	  of	  decay	  =me.	  	  
The	  curve	  is	  the	  
asymmetry	  projec=on	  
of	  the	  fits	  to	  the	  	  
decay	  =me	  spectra	  

AP(B0)	  =	  (0.1	  ±	  1.0)%	  
AP(Bs)	  =	  (4	  ±	  8)%	  

L=1/o	  

√s	  =	  7	  TeV	  

Phys.	  Rev.	  LeG.110	  (2013)	  221601	  

0	  

0	  
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•  K+π-‐/K-‐π+	  can	  have	  different	  reconstruc6on	  efficiencies	  

•  K+π-‐/K-‐π+	  have	  different	  interac6on	  cross	  sec6on	  with	  detector	  material	  

•  Using	  D*D0(Kπ)πs	  and	  D*D0(KK)πs	  in	  order	  to	  isolate	  AD:	  

•  Need	  to	  consider	  different	  phase	  space	  between	  B	  and	  D	  decays	  due	  to	  
produc6on,	  decay,	  trigger,	  selec6on	  

 Equalize	  kinema6cs:	  from	  D	  to	  B	  

•  ACP(KK)	  from	  World	  Average	  (CDF	  +	  B-‐factories)	  is	  transported	  to	  the	  
LHCb	  decay	  6me	  acceptance,	  yielding:	  	  

Detec=on	  asymmetry	  
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Detec=on	  asymmetry	  
•  Build	  the	  ra6o	  of	  normalized	  signal	  	  

B(s)Kπ/D0KK	  and	  B(s)Kπ/D0Kπ	  as	  a	  func6on	  of	  (p,pT)	  and	  
azimuthal	  angle	  φ	


–  Distribu6ons	  are	  determined	  using	  sPlot	  technique	  to	  subtract	  the	  
background	  

•  Use	  this	  ra6o	  as	  per-‐event	  weight	  for	  D0KK	  and	  D0Kπ	  

•  Make	  	  a	  	  posteriori	  check	  (i.e.	  ater	  reweigh6ng)	  of	  
background	  subtracted	  kinema6c	  distribu6ons	  

•  Reweigh6ng	  is	  performed	  also	  separately	  for	  the	  two	  
different	  polari6es	  of	  the	  dipole	  magnet	  

•  Perform	  	  χ2	  	  fits	  to	  	  the	  	  D*D0(KK)π	  and	  
D*D0(Kπ)π	  reweighted	  	  samples	  

0	   0	  
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Systema=c	  uncertain=es	  

Note:	  since	  produc=on	  asymmetries	  are	  obtained	  from	  fits	  to	  the	  B0K+π-‐	  
and	  Bsπ+K-‐	  decay	  =me	  spectra	  their	  uncertain=es	  are	  sta=s=cal	  in	  nature	  
and	  are	  then	  propagated	  to	  the	  sta=s=cal	  uncertain=es.	  
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Final	  results	  

Most	  precise	  measurement	  of	  this	  quan=ty	  
to	  date,	  10.5σ	  from	  zero	  

First	  observa=on	  of	  CP	  viola=on	  in	  Bs	  decays,	  
with	  significance	  of	  6.5σ	


•  Test	  of	  SM	  using	  U-‐Spin	  	  

•  Using	  LHCb	  results	  for	  branching	  ra6os	  
[JHEP	  10	  (2012)	  037]	  

50	  

[Phys.	  LeG.	  B	  621,	  126	  (2005)]	  



Time-‐dependent	  CP	  asymmetries	  
in	  B0π+π-‐	  and	  BsK+K-‐	  decays	  

J.	  High	  Energy	  Phys.	  10	  (2013)	  183	  

0	  
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Main	  steps	  of	  the	  analysis	  
•  Event	  selec6on	  

–  1	  n-‐1	  collected	  during	  2011	  at	  √s	  7	  TeV	  

•  B0π+π-‐	  and	  BsK+K-‐	  are	  decays	  to	  CP-‐eigenstates	  	  
	  need	  6me-‐dependent	  measurements	  to	  observe	  CP	  
viola6on	  

•  Determina6on	  of	  decay	  =me	  resolu=on	  

•  Determina6on	  of	  ini6al	  flavour	  of	  B	  mesons	  

–  Calibra6on	  of	  flavour	  tagging	  

•  2D	  fits:	  invariant	  mass	  and	  tagged	  decay	  6me	  
52	  
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Event	  selec=on	  
•  Event	  selec6on	  is	  based	  on	  boosted	  decision	  tree	  (BDT)	  algorithm	  

•  Selec6on	  developed	  into	  two	  steps:	  
–  In	  the	  first	  steps	  the	  PID	  cuts	  are	  applied	  in	  order	  to	  disentangle	  π+π-‐,	  K+K-‐,	  	  

K+π-‐	  and	  K-‐π+	  final	  states	  

–  Values	  of	  PID	  cuts	  are	  op6mized	  in	  order	  to	  reduce	  the	  amount	  of	  cross-‐feed	  
background	  at	  ~10%	  level	  of	  corresponding	  signal	  

–  Two	  BDT	  are	  op6mized	  in	  order	  to	  reject	  combinatorial	  background	  in	  the	  	  
π+π-‐	  and	  K+K-‐	  spectra,	  respec6vely	  

•  The	  op6miza6on	  is	  performed	  in	  order	  to	  maximize	  S/sqrt(S+B)	  
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Event	  selec=on	  
•  Event	  selec6on	  is	  based	  on	  boosted	  decision	  tree	  (BDT)	  algorithm	  

•  Selec6on	  developed	  into	  two	  steps:	  
–  In	  the	  first	  steps	  the	  PID	  cuts	  are	  applied	  in	  order	  to	  disentangle	  π+π-‐,	  K+K-‐,	  	  

K+π-‐	  and	  K-‐π+	  final	  states	  

–  Values	  of	  PID	  cuts	  are	  op6mized	  in	  order	  to	  reduce	  the	  amount	  of	  cross-‐feed	  
background	  at	  ~10%	  level	  of	  corresponding	  signal	  

–  Two	  BDT	  are	  op6mized	  in	  order	  to	  reject	  combinatorial	  background	  in	  the	  	  
π+π-‐	  and	  K+K-‐	  spectra,	  respec6vely	  

•  The	  op6miza6on	  is	  performed	  in	  order	  to	  maximize	  S/sqrt(S+B)	  

L=1/o	  

√s	  =	  7	  TeV	  

L=1/o	  

√s	  =	  7	  TeV	  
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Decay	  =me	  resolu=on	  
•  Large	  samples	  of	  prompt	  charmonium	  and	  	  

bonomonium	  states	  decaying	  into	  	  
µ+µ-‐	  have	  been	  selected	  without	  any	  	  
requirement	  that	  biases	  the	  	  
decay	  =me	  distribu=on	  

•  Using	  2D	  (invariant	  mass	  and	  decay	  6me)	  	  
it	  is	  possible	  to	  determine	  an	  average	  	  
decay	  6me	  resolu6on	  

•  The	  comparison	  with	  fully	  simulated	  events	  yields	  to	  

•  This	  ra6o	  is	  used	  to	  rescale	  the	  decay	  =me	  resolu=on	  of	  Bhh’	  
decays	  es6mated	  from	  MC	  

•  The	  error	  on	  the	  decay	  6me	  resolu6on	  has	  been	  inflated	  in	  order	  to	  
take	  into	  acount	  the	  dependence	  of	  σ(t)	  vs	  t	  

•  Finally	  

€ 

σdata t( )
σMC t( )

=1.05 ± 0.05

Eur.	  Phys.	  J.	  C	  72	  (2012)	  2100	  

€ 

σ t( ) = 50 ±10 fs 55	  



•  Crucial	  aspect	  of	  the	  analysis:	  

•  In	  this	  analysis	  only	  	  
Opposite	  Side	  (OS)	  taggers	  	  
are	  used:	  
–  Analysing	  the	  “other”	  B	  in	  	  

the	  event	  it	  is	  possible	  to	  	  
determine	  the	  ini6al	  flavour	  	  
of	  the	  signal	  B	  

–  For	  each	  tagger	  a	  mis-‐tag	  	  
probability	  (η)	  is	  determined	  by	  	  
means	  of	  an	  ar6ficial	  Nnet	  

–  In	  case	  of	  mul6ple	  decisions	  a	  	  
combina6on	  is	  performed	  in	  order	  	  
to	  get	  a	  unique	  decision	  and	  η	  	  

Flavour	  tagging	  

€ 

Cf
obs = 1− 2ω( )Cf

S f
obs = 1− 2ω( )S f

€ 

1/σ Cf( )∝ε 1− 2ω( )2

1/σ S f( )∝ε 1− 2ω( )2

ω	  =	  mis-‐tag	  frac6on	   ε =	  tagging	  efficiency	  

	  Eur.	  Phys.	  J.	  C	  72	  (2012)	  2022	  

B+J/ψK+	  

L=370/pb	  
√s	  =	  7	  TeV	  
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Op=miza=on	  of	  flavour	  tagging	  

•  Using	  the	  sPlot	  technique	  to	  subtract	  background	  
the	  η	  distribu6on	  of	  Bh+h’-‐	  decays	  has	  been	  	  
determined	  

•  Data	  have	  been	  	  
divided	  into	  subsamples	  	  
according	  to	  the	  distribu6on	  
of	  η	  in	  order	  to	  achieve	  the	  	  
best	  sensi6vity	  on	  Cf	  and	  Sf	  

–  Several	  combina6on	  of	  categories	  
have	  been	  studied	  

€ 

˜ ε eff = ε i 1− 2ηi( )2

i
∑

Predicted	  effec6ve	  tagging	  power	  

i	  	  	  =	  interval	  index	  
εi	  	  =	  tagging	  efficiency	  in	  interval	  ith	  

ηi	  =	  average	  mistag	  probability	  in	  
	  interval	  ith	  
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Calibra=on	  of	  flavour	  tagging	  
•  Tagged	  6me-‐dependent	  	  

asymmetry	  of	  B0K+π-‐	  	  
and	  Bsπ+K-‐	  decays	  
depends	  on	  the	  mistag	  	  
frac6on	  

•  The	  6me-‐dependent	  	  
asymmetry	  of	  the	  untagged	  	  
subsample	  is	  propor6onal	  to	  AP	  

•  It	  is	  possible	  to	  calibrate	  the	  flavour	  tagging	  separately	  for	  B	  
and	  B	  

(1-‐2ω)	

€ 

Nunmix (t) − Nmix (t)
Nunmix (t) + Nmix (t)

B	   B	  

0	  
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Calibra=on	  of	  flavour	  tagging	  

No	  evidence	  of	  different	  flavour	  tagging	  performances	  between	  B	  and	  B	  

AP(B0)	  =	  (0.6	  ±	  0.9)%	  
AP(Bs)	  =	  (7	  ±	  5)%	  

L=1	  o-‐1	  

√s	  =	  7	  TeV	  
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Calibra=on	  of	  flavour	  tagging	  

€ 

εeff = ε i 1− 2ω i( )2
i
∑

(2.45	  ±	  0.25)%	  

L=1/o	  

√s	  =	  7	  TeV	  
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Determina=on	  of	  Cf	  and	  Sf	  
•  Cf	  and	  Sf	  are	  determined	  from	  2D	  (invariant	  
mass	  and	  tagged	  decay	  6me)	  fits	  to	  the	  π+π-‐	  
and	  K+K-‐	  spectra	  

•  The	  flavour	  tagging	  parameters	  and	  
produc6on	  asymmetries	  determined	  from	  
the	  fits	  to	  the	  Kπ	  spectra	  are	  propagated	  by	  
mul6plying	  the	  likelihood	  with	  gaussian	  
terms	  
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Fits	  to	  the	  π+π-‐	  spectra	  

L=1	  o-‐1	  

√s	  =	  7	  TeV	  

L=1	  o-‐1	  

√s	  =	  7	  TeV	  
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Fits	  to	  the	  π+π-‐	  spectra	  

€ 

Cππ = −0.38 ± 0.15
Sππ = −0.71± 0.13

ρ Cππ ,Sππ( ) = 0.38
L=1/o	  

√s	  =	  7	  TeV	  
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Fits	  to	  the	  K+K-‐	  spectra	  

L=1/o	  

√s	  =	  7	  TeV	  

L=1/o	  

√s	  =	  7	  TeV	  
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Fits	  to	  the	  K+K-‐	  spectra	  

€ 

CKK = 0.14 ± 0.11
SKK = 0.30 ± 0.12

ρ CKK ,SKK( ) = 0.02

Note:	  in	  order	  to	  
enhance	  the	  
visibility	  of	  the	  
oscilla=on,	  only	  
candidates	  
belonging	  to	  the	  
first	  two	  tagging	  
categories	  are	  used	  
to	  make	  this	  plot	  

L=1/o	  

√s	  =	  7	  TeV	  

ar
Xi
v:
13
08
.1
42
8	  
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Systema=c	  uncertain=es	  

66	  



 

-0.9 -0.7 -0.5 -0.3 -0.1

-0.8

-0.6

-0.4

-0.2

0

S

C

BaBar
Belle
LHCb

Final	  results	  

€ 

ρ(Cππ ,Sππ ) = 0.38
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LHCb	  is	  in	  agreement	  with	  	  
results	  from	  B-‐Factories	  

•  Using	  1	  n-‐1	  of	  data	  collected	  during	  2011	  with	  the	  LHCb	  
detector,	  6me-‐dependent	  CP	  asymmetries	  in	  B0π+π-‐	  	  
and	  BsK+K-‐	  decays	  have	  been	  measured	  0	  



Final	  results	  
•  Using	  1	  n-‐1	  of	  data	  collected	  during	  2011	  with	  the	  LHCb	  

detector,	  6me-‐dependent	  CP	  asymmetries	  in	  B0π+π-‐	  	  
and	  BsK+K-‐	  decays	  have	  been	  measured	  

•  The	  significances	  of	  (Cππ,	  Sππ)	  and	  (CKK,	  SKK)	  to	  differ	  from	  
(0,0)	  are	  determined	  to	  be	  

€ 

ρ(CKK ,SKK ) = 0.02

€ 

ρ(Cππ ,Sππ ) = 0.38

0	  
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Conclusions…	  
•  CP	  viola6on	  and	  flavour	  physics	  play	  a	  central	  rôle	  in	  the	  

search	  for	  new	  discoveries,	  today	  more	  than	  ever	  before	  

•  In	  the	  sector	  of	  two-‐body	  hadronic	  decays,	  using	  an	  
integrated	  luminosity	  of	  1	  n-‐1	  of	  pp	  collisions	  collected	  during	  
2011	  at	  √s	  =	  7	  TeV,	  LHCb	  performed	  measurements	  of	  	  
–  ACP(B0K+π-‐)	  

•  Most	  precise	  measurement	  of	  this	  quan6ty	  to	  date	  

•  Observed	  CP	  viola6on	  with	  a	  sta=s=cal	  significance	  of	  10.5σ	

•  Very	  precise	  measurement:	  stat.	  error	  0.7%,	  syst.	  error	  0.3%	  

–  ACP(Bsπ+K-‐)	  
•  First	  observa=on	  of	  CP	  viola=on	  in	  the	  decays	  of	  Bs	  mesons	  

•  CP	  viola6on	  observed	  with	  a	  sta=s=cal	  significance	  of	  6.5σ	

–  No	  evidence	  of	  devia6on	  from	  the	  SM	  predic6ons	  so	  far	  	  

0	  
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•  Again	  using	  1	  n-‐1,	  LHCb	  performed	  measurements	  of	  
6me-‐dependent	  CP	  asymmetries	  of	  B0π+π-‐	  and	  BsK+K-‐	  
decays	  
–  Cππ	  and	  Sππ	  are	  compa=ble	  with	  previous	  results	  from	  B-‐
factories	  

–  CKK	  and	  SKK	  are	  measured	  for	  the	  first	  =me	  
–  No	  evidence	  of	  mixing-‐induced	  CP	  viola6on	  in	  Bs	  system	  

•  From	  these	  measurements,	  the	  CKM	  phase	  γ	  and	  the	  Bs	  
mixing	  phase	  φM(Bs)	  can	  be	  determined	  
–  As	  penguin	  (new	  physics?)	  contribu6ons	  may	  be	  sizeable,	  it	  
will	  be	  interes6ng	  to	  compare	  γ and	  φM(Bs)	  with	  the	  
measurements	  from	  tree-‐level	  decays	  and	  bccs	  transi6ons,	  
respec6vely	  

–  These	  quan66es	  can	  also	  be	  used	  to	  test	  U-‐spin	  symmetry	  

Conclusions…	  
0	  

0	  

0	  

0	  
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•  Future	  plans	  
– Determina6on	  of	  γ	  and	  Bs	  
mixing	  phase	  

– Update	  the	  measurements	  
using	  the	  full	  3	  o-‐1	  sample	  

– Measurements	  are	  far	  from	  
being	  dominated	  by	  systema6c	  
uncertain6es:	  

• Wai6ng	  for	  LHC	  Run	  II	  and	  LHCb	  
Upgrade…	  

Conclusions	  
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