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The	  CKM	  angle	  γ	  
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CKM	  matrix	  parametrises	  quark	  couplings	  
	  
The	  matrix	  has	  one	  complex	  phase	  that	  
results	  in	  CPV	  
	  
Unitarity	  triangle	  is	  a	  representa:on	  of	  this	  
CPV	  
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γ	  is	  the	  least	  well	  known	  angle	  



Precision	  measurement	  èNew	  Physics	  test	  bed	  
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γ	  is	  the	  only	  angle	  directly	  accessible	  
in	  tree	  decays	  
	  
Measurement	  of	  the	  “Standard	  
Model”.	  Theore:cal	  uncertainty:	  10-‐7	  
	  
Direct	  measurement:	  
	  
	  
Indirect	  precision	  from	  global	  CKM	  fit	  
–	  includes	  loop	  based	  measurements	  
	  	  
	  
	  

γ = 73.2−7.0
+6.3!

γ = 66.9−3.7
+1.0!

Despite	  recent	  progress	  in	  the	  direct	  
measurements	  be]er	  precision	  s:ll	  required	  to	  
test	  for	  New	  Physics.	  
	  
Goal	  :	  Improve	  the	  direct	  precision	  



The	  LHCb	  detector	  
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All	  measurements	  profit	  from	  the	  
VELO	  for	  displaced	  ver:ces	  and	  the	  
RICH	  for	  par:cle	  iden:fica:on	  

BsèDsK	  benefits	  in	  par:cular	  from	  
the	  excellent	  :me	  resolu:on.	  

VELO	  

RICH	  
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BàDK	  
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Sensi:vity	  to	  γ	  from	  b→c	  and	  b→u	  interference	  

Require	  D0	  and	  D0	  to	  decay	  to	  same	  final	  state	  
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rB	  ~	  0.1	  
	  
BàDπ	  also	  possible	  rB	  ~0.01	  but	  
higher	  sta:s:cs.	  
	  
Measured	  observables	  are	  
asymmetries	  and	  ra:o	  of	  yields.	  	  
	  

rDe	  
iδD	  



Pick	  your	  D	  channel	  
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→ K +K −

→ π +π −

→ KS
0π +π −
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0K +K −

→ K +K −π +π −

→ π 0π +π −

→ π 0K +K −

→ π +π −π +π −

→ π −K +

→ π −K +π +π −

→ π −K +π 0

→ KS
0K +−π −

Direct	  CPV	  in	  
these	  decays	  

Average	  strong	  phase	  
difference	  in	  regions	  of	  the	  
Dalitz	  plot.	  [CLEO]	  

Strong	  phase	  
difference,	  ra:o	  

of	  decay	  
amplitudes	  

CP	  Frac:on	  of	  the	  
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Selec:on	  
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Separate	  the	  topology	  of	  interest	  from	  random	  combina:ons	  

Useful	  variables	  include:	  
	  Impact	  parameters	  
	  Flight	  distances.	  (B	  travels	  a	  ~cm,	  Ks	  many	  cm)	  
	  Vertex	  quality	  
	  Par:cle	  ID	  

Specific	  vetos	  against	  par:cular	  backgrounds	  
π0	  reconstructed	  in	  decay	  to	  2	  photons	  

pp	  
collision	  

B	  
D	  

IP	  
KS	  

	  K	  
π	  

	  π	  

π	  

π	  

All	  analyses	  shown	  here	  employ	  similar	  strategies	  



Using	  mul:body	  final	  states	  –	  hh(’)π0	  
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Intermediate	  resonances	  dilute	  the	  impact	  of	  the	  observables.	  

Dilu:on	  factors	  all	  measured	  
They	  are	  large	  –	  all	  three	  decay	  modes	  pursued	  

κ Kππ 0 = 0.82± 0.07

Fπππ 0 = 0.973± 0.017

FKKπ 0 = 0.732± 0.055
PLB	  731	  (2014)	  197,	  arXiv	  :1504.05878	  



Favoured	  modes	  
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Mass	  fit	  shapes	  driven	  by	  the	  favoured	  
control	  channel	  
	  
PID	  efficiencies	  constrain	  the	  frac:on	  of	  
BàDπ	  in	  the	  BàDK	  channel	  
	  
Presence	  of	  the	  π0	  reduces	  purity	  in	  
comparison	  to	  all	  charged	  final	  states.	  

	  -‐Wrongly	  reconstructed	  D	  
	  background	  

	  
Detec:on	  and	  detector	  asymmetries	  
input	  –	  fit	  observables	  corrected	  for	  
these.	  
	  
Produc:on	  asymmetries	  is	  determined	  
from	  the	  favoured	  decay.	  
	  
	  
	  

m(Dh±)	  [MeV/c2]	  

arXiv:1504.05442	  



ADS-‐like	  modes	  
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Uncertain:es	  smaller	  than	  an	  analysis	  from	  Belle	  
	  
Significance	  of	  BàDK	  signal	  is	  2.8σ	  
Significance	  of	  BàDπ	  signal	  is	  5.3σ	  
	  

ADS(K )
Kππ 0R = 0.0140± 0.0047± 0.0021

ADS(π )
Kππ 0R = 0.00235± 0.00049± 0.00006

ADS(K )
Kππ 0A = −0.20± 0.27± 0.03

ADS(π )
Kππ 0A = 0.438± 0.190± 0.009

First	  
observa:on	  

arXiv:1504.05442	  



GLW-‐like	  modes	  
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Sta:s:cs	  not	  sufficient	  for	  
significant	  asymmetries	  
	  
First	  observa:on	  of	  Bà[KKπ0]	  π.	  
(>10	  σ)	  
First	  evidence	  of	  Bà[KKπ0]K	  
(4.5σ)	  
	  
	  

qGLW (K )
πππ 0A = 0.054± 0.091± 0.011

qGLW (π )
πππ 0A = −0.016± 0.020± 0.004

qGLW (K )
KKπ 0A = 0.030± 0.020± 0.02

qGLW (π )
KKπ 0A = −0.030± 0.040± 0.005

arXiv:1504.05442	  



Interpreta:on	  of	  these	  results	  
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2D	  likelihood	  scans	  of	  γ-‐rB	  	  
	  
1,	  2	  σ	  contours	  shown	  
Cross	  marks	  the	  best	  of	  of	  combina:on	  of	  
other	  LHCb	  results	  
	  
	  
Although	  with	  this	  set	  of	  measurements	  γ	  
is	  unconstrained	  rB	  =	  0.11	  +/-‐	  0.03	  
	  
Will	  help	  further	  constrain	  γ,	  rB,	  δB	  when	  
entered	  into	  the	  combina:on	  
	  

arXiv:1504.05442	  



Other	  B	  decays:	  BàDKππ	  (1)	  
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•  Analyse	  KK,	  ππ,	  πK	  decay	  modes	  of	  
the	  D	  	  

•  rB,	  δB	  are	  different	  to	  BàDK,	  γ	  is	  
common	  

•  Addi:onal	  coherence	  factor	  due	  to	  
different	  resonances	  in	  B	  àDKππ	  and	  
BàDKππ	  

•  Determined	  alongside	  the	  other	  
physics	  parameters	  of	  interest	  

•  Kππ	  system	  phasespace	  is	  restricted	  
to	  enhance	  coherence	  	  	  
•  M(Kππ)<2	  GeV/c2	  
•  M(Kπ)	  within	  100	  MeV/c2	  of	  K*	  

•  BàDπππ	  also	  studied	  for	  CPV	  

LHCB-‐Paper-‐2015-‐020	  

CF	  
	  

DCS	  
	  

Preliminary	   Preliminary	  

Preliminary	   Preliminary	  

NEW	  



Other	  B	  decays:	  BàDhππ	  (2)	  
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Different	  selec:on	  used	  for	  the	  
GLW	  and	  ADS	  modes	  
	  
Looser	  selec:on	  possible	  in	  the	  
GLW	  modes	  due	  to	  higher	  
signal	  yields.	  
	  
First	  observa:on	  of	  all	  these	  
decays	  
	  

LHCB-‐Paper-‐2015-‐020	  

Preliminary	   Preliminary	  

Preliminary	   Preliminary	  

KK	  
	  

ππ	  

NEW	  



Constraints	  on	  γ	  
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Strong	  constraints	  set	  on	  γ	  at	  
the	  68.3%	  CL.	  
	  
This	  decay	  channel	  has	  
poten:al	  
	  
Addi:onal	  informa:on	  from	  
BàDπππ	  adds	  a	  li]le	  
sensi:vity	  
	  
Coherence	  factor	  close	  to	  1	  
though	  no	  constraints	  set	  in	  
the	  physical	  limit	  [0,1]	  
	  
	  

LHCB-‐Paper-‐2015-‐020	  

Preliminary	  

NEW	  



The	  golden	  modes	  –	  Ksππ,	  KsKK	  
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DèKsππ	  

DèKsKK	  

These	  decays	  analysed	  in	  regions	  of	  the	  Dalitz	  plot	  –	  not	  
much	  sensi:vity	  if	  analysed	  inclusively.	  

Binning	  shapes	  op:mised	  for	  sta:s:cal	  sensi:vity.	  

Symmetry	  of	  Dalitz	  plot	  defines	  posi:ve	  and	  nega:ve	  bins.	  

Reduces	  the	  analysis	  to	  a	  coun:ng	  experiment	  in	  bins	  of	  the	  
Dalitz	  plot	  -‐	  model	  independent	  

Data	  from	  DèKSKK	  easily	  added	  as	  two	  addi:onal	  bins.	  

-‐i	  

i	  
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JHEP	  10	  (2014)	  97	  	  



Analysis	  strategy	  
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Ki	  are	  inputs	  from	  other	  LHCb	  decays	  -‐	  use	  B0èD*+µ-‐ν,	  	  D*+	  èD0π+	  

	  Charge	  of	  the	  π	  tags	  the	  D0	  flavour.	  	  

ci	  and	  si	  are	  inputs	  from	  CLEO	  -‐	  the	  are	  measurements	  of	  the	  cosine	  and	  sine	  of	  the	  average	  
strong	  phase	  difference	  

Simultaneous	  mass	  fit	  to	  candidates	  in	  all	  bins	  to	  extract	  best	  x,y	  

Combined	  measurement	  of	  3	  ~-‐1	  data	  

  

€ 

Ni
± = h K±i + rB

2K∓ i + 2 KiK− i x±ci ± y±si[ ]( )
D	  from	  B±	  events	  in	  
bin	  i	  of	  Dalitz	  plot	  

Frac:on	  of	  events	  in	  bin	  for	  
pure	  D0	  sample	  with	  the	  
efficiency	  profile	  of	  signal	  

x±=rBcos(δB	  ±	  γ)	  

y±=rBsin(δB	  ±	  γ)	  

To	  determine	  γ	  :	  Count	  the	  number	  of	  observed	  events	  in	  a	  region	  of	  the	  Dalitz	  plot.	  



Results	  
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2-‐D	  confidence	  
intervals	  68.3%,	  95.5%,	  
99.7%	  

2γ	  

Correc:ons	  for	  D	  mixing,	  Ks	  CPV	  
ignored	  -‐	  negligible	  effect	  

JHEP	  10	  (2014)	  97	  	  



Constraints	  on	  γ	  
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€ 

γ = (62−14
+15)!

rB = (8.0−2.1
+1.9) ×10−2

δB = (134−15
+14 )!

Precision	  matches	  that	  of	  either	  B	  factory	  γ	  combinaCons	  

LHCb	  	   LHCb	  	   Projec:on	  of	  contours	  
onto	  1-‐D	  gives	  68.3,	  
95.5,99.7	  %	  CL	  

Two-‐fold	  ambiguity	  from	  
trigonometric	  rela:ons	  

	  

JHEP	  10	  (2014)	  97	  	  



B0	  à	  DK*	  
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Both	  diagrams	  colour	  suppressed	  è	  large	  rB	  (large	  interference)	  

Ini:al	  B0	  flavour	  tagged	  by	  the	  charge	  of	  the	  kaon	  in	  the	  K0*èKπ	  

	  (no	  need	  for	  :me-‐dependent	  analysis)	  

Interference	  requires	  same	  D	  final	  state	  

So	  far	  two-‐body	  D	  decay	  modes	  considered	  with	  3	  ~-‐1	  

γ	  common	  to	  all	  analyses;	  here	  different	  B	  decay	  means	  different	  rB	  and	  δB	  
	  



KK,	  ππ	  in	  B0àDK*0 	  	  
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d
KKA = −0.198−0.145−0.020

+0.144+0.019

d
ππA = −0.092−0.217−0.019

+0.217+0.019

KK	  -‐	  significance	  of	  signal:	  8.6σ	  

ππ	  -‐	  	  significance	  of	  signal:	  5.8σ	  	  

	  

LHCb	  	  

B0èDK*	  

B0
s
	  èDK*	  

B0	  èD*K*	  

B0
s
	  èD*K*	  

LHCb	  	  

B0èDK*	  

B0
s
	  èDK*	  

B0	  èD*K*	  

B0
s
	  èD*K*	  

LHCb	  	  

B0èDK*	  

B0
s
	  èDK*	  

B0	  èD*K*	  

B0
s
	  èD*K*	  

LHCb	  	  

B0èDK*	  

B0
s
	  èDK*	  

B0	  èD*K*	  

B0
s
	  èD*K*	  

PRD	  90	  (2014)	  112002	  	  



πK	  in	  B0àDK*0 	  
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Combined	  signal	  significance	  is	  2.9σ.	  

€ 

d
+R = 0.057−0.027−0.012

+0.029+0.009

d
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+0.032+0.009
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Interpreta:on	  	  
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Coherence	  factor	  κ	  determined	  from	  
simula:on	  of	  a	  realis:c	  model	  of	  the	  
resonance	  content	  of	  B0èDKπ	  

κ =	  0.95±0.03	  

Measurements	  of	  all	  observables	  
combined	  to	  determine	  rB,	  δB	  γ	  

Ambigui:es	  from	  the	  trigonometric	  
rela:ons	  

Some	  constraints	  can	  be	  set	  at	  the	  
68.3%	  CL	  

rB	  value	  larger	  than	  that	  for	  BèDK	  

Promising	  decay	  to	  study	  further	  

band	  =	  world	  average	  

LHCb	  	  

LHCb	  	  

68.3%	  

95.5%	  

99.7%	  

Projec:on	  
of	  contours	  
onto	  1-‐D	  
gives	  	  

€ 

Br = 0.230−0.045
+0.063
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Time	  dependent	  methods	  
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Measure	  CP	  viola:on	  in	  the	  interference	  of	  mixing	  and	  decay	  

Both	  decay	  amplitudes	  ~λ3	  è	  Large	  interference	  

Tree	  level	  process	  like	  other	  analyses	  shown	  

Time-‐dependence	  increases	  the	  complexity	  of	  the	  analysis	  

	  



Decay	  rate	  rela:ons	  
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Af	  is	  the	  decay	  
amplitude	  for	  BS	  
to	  decay	  to	  final	  
state	  f	  

βs	  -‐	  mixing	  
phase	  



Parametrising	  signal	  
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Three	  Ds
-‐	  decays	  considered:	  K-‐K+π-‐,	  	  π-‐	  π+	  π-‐,	  K-‐π+	  π-‐:	  Plots	  show	  all	  Ds	  states	  combined	  

Simultaneous	  fit	  in	  3	  variables:	  M(Bs),	  M(Ds)	  and	  PID	  variable	  on	  the	  Kaon	  from	  the	  B	  

Allows	  for	  signal/background	  discrimina:on,	  and	  for	  determina:on	  of	  signal	  weights	  

JHEP	  11	  (2014)	  060	  



Tagging	  and	  decay	  :me	  performance	  

Sneha	  Malde	  29th	  April	  2015	  	  	  	  	  	  Supported	  by	  the	  L'Oreal-‐Unesco	  UK	  and	  Ireland	  Fellowship	  For	  Women	  In	  Science	   27	  

Flavour	  tagging:	  

Combina:on	  of	  SS	  and	  OS	  taggers	  

Efficiency	  of	  tagging	  an	  event	  =	  67.5%	  

Effec:ve	  tagging	  power	  =	  5.07%	  

Decay	  :me	  acceptance:	  

BsèDsπ	  with	  addi:onal	  correc:ons	  from	  
simula:on	  

Decay	  :me	  resolu:on:	  

Use	  the	  per-‐event	  error.	  Average	  resolu:on	  
is	  47	  fs	  

External	  Inputs:	  

Γs,	  ΔΓs,	  Γd,	  ΓΛb	  Δms	  all	  fixed	  from	  other	  
measurements.	  

JHEP	  11	  (2014)	  060	  
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€ 

γ = (115−43
+28)!

rDSK
= (0.53−0.16

+0.17)

δDSK
= (3−20

+19)!
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Observables	  converted	  to	  
parameters	  of	  interest.	  

βS	  external	  input.	  

First	  measurement	  from	  
BsèDsK	  

Only	  1~-‐1	  -‐	  more	  available	  



The	  sum	  is	  greater	  than	  the	  parts	  
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Most	  observables	  treated	  Gaussian	  
Assume	  Gaussian	  systema:c	  fluctua:ons	  
	  
Non-‐physical	  regions	  excluded.	  
	  
External	  parameters	  and	  D	  mixing	  taken	  
into	  account	  
	  
Does	  not	  yet	  include	  the	  Dàhh(‘)π0	  ,	  
BàDhππ	  results	  shown	  earlier.	  
	  
Plugin	  method	  for	  nominal	  results	  –	  
exclude	  BàDπ	  measurements	  
	  
Bayesian	  interpreta:on	  in	  good	  
agreement.	  
	  
	  

γ = 72.9−9.9
+9.2!

LHCB-‐CONF-‐2014-‐004	  



Including	  BàDπ	  
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Central	  value	  shi�s	  up	  and	  peak	  sharpens	  
when	  BàDπ	  is	  added	  –	  ADS+GLW	  from	  1~-‐1	  
	  
Second	  solu:on	  result	  understandable	  by	  
looking	  at	  the	  rBπ	  values.	  
	  
Fit	  favours	  an	  unexpectedly	  high	  rBπ	  value	  
	  
More	  BàDπ	  results	  soon	  –	  will	  help	  resolve	  
this	  feature.	  

LHCB-‐CONF-‐2014-‐004	  



Run	  1	  final	  say	  
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Update	  
1à3~-‐1	  

New	  D	  decays	  
KKππ,	  4π,	  Ksω	  

New	  B	  decays	  
BàD*K,	  BàDK*+	  

BsàDs*K	  

Analysing	  all	  
combina:ons	  
of	  exis:ng	  B	  
and	  D	  decays	  

B	  Dalitz	  plots	  
e.g	  U:lise	  full	  
informa:on	  
in	  BàDKπ	  

Short,	  medium	  and	  
long-‐term	  plans	  
included	  here	  

	  

Run	  I	  σ(γ)	  ~	  8°	  
Progress	  shown	  by	  
measurements	  along	  the	  way-‐	  
e.g	  	  
Observa:on	  and	  BF	  of	  
BsàDs*K	  LHCb-‐Paper-‐2015-‐008	  
B	  Dalitz	  plot	  analyses	  	  

	  LHCb-‐Paper-‐2015-‐007	  
	  
	  

PRD	  79	  051301	  (2009)	  
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PRD	  81	  014025	  (2010)	  



Prospects	  beyond	  Run	  I	  
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Expect	  to	  quadruple	  our	  dataset	  in	  Run	  II	  (2015	  -‐2017)	  
	  
Current	  γ	  sensi:vity	  at	  end	  of	  Run	  I	  ~	  8°	  
Expected	  Run	  II	  sensi:vity	  4°	  
LHCb	  upgrade	  will	  take	  considerably	  more	  data	  from	  
2018	  
	  
Final	  combined	  sensi:vity	  ~1°	  
	  
Currently	  sta:s:cally	  limited	  
	  
Controlling	  systema:c	  uncertain:es	  is	  the	  key	  
	  
	  

2	  W-‐1	  

8	  W-‐1	  
50	  W-‐1	  

Projec:ons	  for	  the	  GGSZ	  
contours	  as	  more	  data	  is	  
gathered	  



Systema:c	  uncertain:es	  
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External	  inputs	  
	  
Updated	  charm	  inputs	  from	  BES-‐III	  required	  

	  -‐	  Large	  suite	  of	  results	  from	  CLEO-‐c	  all	  
	  could	  use	  improvement	  in	  precision	  

	  
ci,	  si	  	  -‐	  Limi:ng	  uncertainty	  of	  2°	  

	  -‐	  Current	  update	  when	  finished	  would	  bring	  
	  uncertainty	  down	  to	  ~	  1°	  
	  -‐	  There	  are	  smarter	  things	  to	  be	  done	  
	   	  -‐	  Op:mal	  binning	  based	  on	  experiment	  
	   	  background	  model	  
	   	  -‐	  Take	  experimental	  efficiency	  model	  
	   	  into	  account	  
	   	  -‐	  Finer	  binning	  
	  -‐	  These	  would	  improve	  the	  sta:s:cal	  
	  reach	  of	  a	  given	  dataset,	  and	  remove	  
	  other	  smaller	  systema:c	  uncertain:es	  
	   	   	  	  

Higher	  order	  physics	  effects	  that	  can	  be	  
controlled	  
	  
D	  mixing,	  Ks0	  mixing,	  CPV	  and	  regenera:on	  
	  
Understanding	  the	  CPV	  in	  backgrounds	  that	  
start	  to	  become	  significant.	  

Experimental	  uncertainCes	  
	  

	  -‐How	  much	  to	  trust	  MC	  simula:on	  for	  
	  e.g	  Dalitz	  plot	  efficiencies.	  	  
	  -‐Controlling	  the	  level	  of	  detec:on	  and	  
	  produc:on	  asymmetries	  .	  	  
	  	  



Summary	  
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LHCb	  benefits	  from	  high	  sta:s:cs	  with	  high	  purity.	  Exploring	  new	  B	  decays	  
Success	  of	  analysis	  with	  π0	  
LHCb	  can	  also	  target	  unique	  Bs	  decay	  modes	  
Expected	  sensi:vity	  by	  year	  end	  γ	  ~	  8°	  
On	  target	  to	  meet	  Run	  II	  projected	  sensi:vity	  
	  
	  

September	  2014	  

LHCB-‐CONF-‐2014-‐004	  


