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 	
  	
  φs	
  	
  in	
  	
  Bs	
  →	
  J/ψ	
  φ	
  

  φs	
  	
  in	
  	
  Bs	
  →	
  J/ψ	
  π+π- 	
  	
  

 	
  	
  φs	
  	
  in	
  	
  Bs	
  →	
  φφ	
  	



 	
  	
  Sin2β in	
  	
  Bd	
  →	
  J/ψKS	
  

   Time-­‐dependent	
  CPV in	
  
	
  	
  	
  	
  Bd	
  →	
  π+π-	
  	
  and	
  Bs	
  →	
  K+K-	
  	
  

 	
  	
  Direct	
  CPV	
  in	
  Bd,s	
  →	
  K+π-	
  	
  

 	
  	
  Direct	
  CPV	
  in	
  Bu	
  →	
  π+π-π+	



  	
  	
  	
  	
  and	
  Bu	
  →	
  K+K-π+	



 	
  Direct	
  CPV	
  	
  in	
  Bd	
  →	
  φ K*0	
  

 	
  	
  CPV	
  via	
  mixing	
  in	
  Bs	
  →	
  Ds	
  	
  ν	
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  Other	
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 	
  	
  Measurements	
  of	
  mixing	
  and	
  CP	
  viola)on	
  in	
  charm	
  
	
  	
  	
  	
  	
  (separate	
  talk	
  by	
  Walter	
  Bonivento)	
  
 	
  	
  Angle	
  γ	
  	
  from	
  	
  B→	
  D	
  K  modes (poster	
  by	
  Suvayu	
  Ali)	
  
 	
  	
  Observa)on	
  of	
  	
  Bs	
  →	
  µ+µ-	
  	
  and	
  search	
  for	
  Bd	
  →	
  µ+µ-	



 	
  	
  Measurements	
  of	
  	
  Bu→ K+µ+µ- 	
  and	
  Bu→	
  π+µ+µ- 	
   	



   Measurements	
  of	
   Bd→	
  K*0µ+µ- and	
  Bs→	
  φµ+µ-	
  
 	
  	
  	
  Bs	
  and	
  Bd	
  mixing	
  
 	
  	
  b	
  hadron	
  life)mes	
  and	
  life)me	
  differences	
  
 	
  	
  Hadron	
  spectroscopy:	
  confirma)on	
  of	
  Z(4430)	
  	
  
 	
  	
  Λb	
  and	
  Bc	
  decays	
  
 	
  	
  Forward	
  electroweak	
  physics	
  (W,Z,H)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ~	
  200	
  papers	
  so	
  far	
  ………	
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sin(φs)	
  x	
  D(σt)	
  x	
  (1	
  -­‐2ωtag)	
  x	
  sin(Δmst)	
  	
  

Tag	
  ini)al	
  flavour	
  and	
  measure	
  decay	
  )me	
  distribu)ons.	
  	
  
Then	
  essen)ally	
  the	
  measurement	
  is	
  of:	
  

	
  	
  CPV	
  phase	
  	
  	
  	
  	
  	
  	
  	
  	
  Decay	
  )me	
  	
  	
  	
  Mistag	
  	
  	
  	
  	
  	
  	
  Bs	
  mixing	
  	
  
φs	
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  2	
  ΦD	
  	
  	
  	
  	
  	
  resolu)on	
  	
  	
  	
  	
  	
  	
  rate	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  frequency	
  

Simula)on	
  
with	
  10xSM	
  	
  
value	
  for	
  	
  φs	
  	
  

Decay time (ps) 

+	
  Decay	
   ΦΜ	
  

-ΦD	
  

ΦD	
  

Bs	
  

Bs	
  
_ 

In	
  Standard	
  Model	
  	
  CPV	
  phase	
  is	
  small	
  φs	
  ~	
  -0.04	
  	
  	
  	
  

J/ψ	
  φ	
  	
  

Mixing	
  

Bs	
   Bs	
  
_ 
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LHCb-­‐PAPER-­‐2013-­‐006	
  	
  	
  	
  	
  New	
  J.Phys.	
  15	
  (2013)	
  053201	
  	
  

Uses	
  34,000	
  	
  
Bs	
  →	
  Dsπ	
  	
  
decays	
  	
  
from	
  1/m	
  of	
  	
  
2011	
  data	
  

Δms	
  	
  =	
  	
  17.768	
  ±	
  0.023(stat.)	
  ±	
  0.006(syst.)/ps	
  

Timing	
  resolu)on	
  	
  
makes	
  fast	
  	
  
oscilla)ons	
  visible	
  	
  

LHCb-­‐PAPER-­‐2013-­‐036	
  	
  	
  	
  	
  Eur	
  Phys.J.	
  C23	
  	
  (2013)	
  2655	
  	
  

Also	
  measured	
  in	
  Bs	
  →	
  Ds	
  ν	
  	
   Δms	
  	
  =	
  	
  17.93	
  ±	
  0.22(stat.)	
  ±	
  0.15(syst.)/ps	
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Bs	
  →	
  J/ψ	
  φ	
  	
  

 	
  	
  ~27000	
  tagged	
  signal	
  events	
  in	
  1/m	
  (2011)	
  
 	
  	
  Combinatorial	
  background	
  is	
  flat	
  
	
  	
  	
  	
  	
  	
  (subtracted	
  in	
  other	
  plots)	
  

LHCB-­‐PAPER-­‐2013-­‐002	
  	
  	
  	
  	
  Phys.	
  Rev.	
  D87	
  (2013)	
  112010	
  

]2) [MeV/c-K+ K!m(J/
5320 5340 5360 5380 5400 5420

)2
C

an
di

da
te

s /
 (2

.5
 M

eV
/c

0
500

1000
1500
2000
2500
3000
3500
4000
4500

LHCb

Figure 4: Invariant mass distribution of the selected B0
s → J/ψK+K− candidates. The mass of

the µ+µ− pair is constrained to the J/ψ mass [7]. Curves for the fitted contributions from signal
(dotted red), background (dotted green) and their combination (solid blue) are overlaid.
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Figure 5: Background subtracted invariant mass distributions of the (a) µ+µ− and (b) K+K−

systems in the selected sample of B0
s → J/ψK+K− candidates. The solid blue line represents

the fit to the data points described in the text.

to describe the small K+K− S-wave component.

5 Decay time resolution

If the decay time resolution is not negligibly small compared to the B0
s meson oscillation

period 2π/∆ms ≈ 350 fs, it affects the measurement of the oscillation amplitude, and
thereby φs. For a given decay time resolution, σt, the dilution of the amplitude can
be expressed as D = exp(−σ2

t∆m2
s/2) [34]. The relative systematic uncertainty on the

dilution directly translates into a relative systematic uncertainty on φs.
For each reconstructed candidate, σt is estimated by the vertex fit with which the
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Figure 12: Decay-time and helicity-angle distributions for B0
s → J/ψK+K− decays (data

points) with the one-dimensional projections of the PDF at the maximal likelihood point. The
solid blue line shows the total signal contribution, which is composed of CP -even (long-dashed
red), CP -odd (short-dashed green) and S-wave (dotted-dashed purple) contributions.
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Γs	
  =	
  (ΓH	
  	
  +	
  ΓL	
  )/2	
  	
  
    =	
  0.663	
  ±	
  0.005(stat.)	
  ±	
  0.006(syst.)	
  /ps	
  
consistent	
  with	
  previous	
  measurements	
  	
  



Angular	
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Figure 12: Decay-time and helicity-angle distributions for B0
s → J/ψK+K− decays (data

points) with the one-dimensional projections of the PDF at the maximal likelihood point. The
solid blue line shows the total signal contribution, which is composed of CP -even (long-dashed
red), CP -odd (short-dashed green) and S-wave (dotted-dashed purple) contributions.
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Bs	
  →	
  J/ψ	
  φ	
   results 	
  

Systema)c	
  errors	
  are	
  mainly	
  due	
  to	
  	
  
angular	
  and	
  decay	
  )me	
  acceptances.	
  	
  

Best	
  single	
  measurement	
  of	
  φs	
  	
  and	
  ΔΓs.	
  	
  See	
  later	
  for	
  world	
  average.	
  	
  	
  

CP	
  viola)ng	
  phase	
  

Polarisa)on	
  amplitudes	
  

φs	
  =	
   0.07	
  ±	
  0.09(stat.)	
  ±	
  0.01(syst.)	
  

 ΔΓs	
  =	
   (ΓL	
   - ΓH	
  )	
  	


        =	
  0.100	
  ±	
  0.016(stat.)	
  ±	
  0.003(syst.)/ps	
  

|A0|2	
  =	
   0.521	
  ±	
  0.006	
  ±	
  0.010	
  

|A⊥|2	
  =	
   0.249	
  ±	
  0.009	
  ±	
  0.006	
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Figure 13: Two-dimensional profile likelihood in the (∆Γs, φs) plane for the B0
s → J/ψK+K−

dataset. Only the statistical uncertainty is included. The SM expectation of

∆Γs = 0.087± 0.021 ps−1 and φs = −0.036 ± 0.002 rad is shown as the black point with er-

ror bar [2, 41].

Table 8: Results of the maximum likelihood fit for the S-wave parameters, with asymmetric sta-

tistical and symmetric systematic uncertainties. The evaluation of the systematic uncertainties

is described in Sect. 10.

m(K+K−) bin [MeV/c2 ] Parameter Value σstat (asymmetric) σsyst

990− 1008 FS 0.227 +0.081,−0.073 0.020
δS − δ⊥ [rad] 1.31 +0.78,−0.49 0.09

1008− 1016 FS 0.067 +0.030,−0.027 0.009
δS − δ⊥ [rad] 0.77 +0.38,−0.23 0.08

1016− 1020 FS 0.008 +0.014,−0.007 0.005
δS − δ⊥ [rad] 0.51 +1.40,−0.30 0.20

1020− 1024 FS 0.016 +0.012,−0.009 0.006
δS − δ⊥ [rad] −0.51 +0.21,−0.35 0.15

1024− 1032 FS 0.055 +0.027,−0.025 0.008
δS − δ⊥ [rad] −0.46 +0.18,−0.26 0.05

1032− 1050 FS 0.167 +0.043,−0.042 0.021
δS − δ⊥ [rad] −0.65 +0.18,−0.22 0.06

21

Coming	
  soon:	
  with	
  addi/on	
  of	
  2/3	
  of	
  2012	
  data	
  the	
  stat.	
  error	
  on	
  φs	
  reduces	
  to	
  ~0.05	
  	
  

Decay	
  width	
  difference	
  

CP	
  viola)on	
  in	
  mixing	
  or	
  direct	
  decay	
  (no	
  CPV	
  |λ|	
  =	
  1)	
  

|λ|	
  =	
   0.94	
  ±	
  0.03(stat.)	
  ±	
  0.02(syst.)	
  

Sign	
  determined	
  from	
  S-­‐wave	
  interference	
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Bs	
  →	
  J/ψ	
  π+π-	
  	
  

 	
  	
  ~27000	
  tagged	
  Bs	
  signal	
  events	
  in	
  3/m	
  (2011+2012)	
  
 	
  	
  Similar	
  number	
  of	
  Bd	
  signal	
  events	
  (mostly	
  J/ψ	
  ρ0)	
  
 	
  Background	
  from	
  par)ally	
  reconstructed	
  B	
  decays	
  at	
  lower	
  mass	
  
 	
  Significant	
  frac)on	
  of	
  Bs	
  signal	
  	
  is	
  J/ψ	
  f0(980)	
  
 	
  Time-­‐dependent	
  CP	
  analysis	
  uses	
  everything	
  between	
  
 	
  Analysis	
  of	
  	
  π+π-	
  	
  system	
  shows	
  	
  Bs	
  	
  decay	
  is	
  97.5%	
  	
  CP	
  odd	
  in	
  this	
  range	
  (S+D	
  wave)	
  
	
  	
  	
  	
  Phys.	
  Rev.	
  D86	
  (2012)	
  052006	
  

LHCB-­‐PAPER-­‐2014-­‐019	
  	
  	
  arXiv:1405.4140	
  	
  (submiued	
  to	
  Phys.	
  Leu.	
  B)	
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Figure 1: Invariant mass of J/ψπ+π− combinations. The data are fitted with double Crystal

Ball signal functions and several background functions. The (red) solid line shows the
( )

B 0
s

signal, the (brown) dotted line shows the exponential combinatorial background, the (green)

short-dashed line shows the B∓ background, the (magenta) dot-dashed line shows the
( )

B 0

signal, the (light blue) dashed line is the sum of
( )

B 0
s → J/ψη�,

( )

B 0
s → J/ψφ, φ → π+π−π0

backgrounds, and the Λ0
b → J/ψK−p plus Λ0

b → J/ψK+p reflections, the (black) dot-dashed

line is the
( )

B 0 → J/ψK∓π± reflection and the (blue) solid line is the total.

elled by an exponential function, a 2.3% contribution from the sum of
( )

B 0
s → J/ψη� and

( )

B 0
s → J/ψφ, with φ → π+π−π0, and 2.0% from B∓ → J/ψK∓ + J/ψπ∓ decays, both

of which produce tails in the
( )

B 0
s signal region. The latter two background mass shapes

are obtained from simulation. The parameters of the signal and the combinatorial back-

ground are obtained from a fit to the
( )

B 0
s mass distribution in an extended region (see

Fig. 1) and are subsequently fixed for use in the φs fit.

As can be seen from Eqs. (1) and (2), knowledge of the
( )

B 0
s flavour at production

greatly enhances the sensitivity. The process of determining the initial flavour is called

“tagging”. We use both opposite-side [26] and same-side tagging information [4]. The

opposite-side (OS) tag identifies the flavour of another b hadron in the event using infor-

mation from the charges of leptons and kaons from its decay, or the charge of another

detached vertex. The same-side kaon (SSK) tagger utilizes the hadronization process,

where the fragmentation of a b(b̄) quark into B0
s(B

0
s ) meson can lead to an extra s(s̄)

quark being available to form a hadron, often leading to a K−(K+) meson. This kaon is

correlated to the signal
( )

B 0
s in phase space, and the sign of its charge identifies the initial

flavour. A wrong-tag probability η is estimated event-by-event, based on the output of

a neural network trained on simulations. It is calibrated with data using flavour-specific

decay modes in order to predict the true wrong-tag probability of the event
(–)

ω(η) for an ini-

4
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Figure 3: The invariant mass of π+π− combinations (black) solid line for events in the

B0
s signal region, and the background (red) dashed line, determined by fitting the B0

s

signal peak in bins of π+π− mass. The region between the arrows is used for subsequent

analysis.

Table 1: Fit fractions of contributing resonances from different resonance models. For

D-wave λ represent the final state helicities. Only statistical errors are listed.

Resonances Normalized rate (%)

f0(980) 69.7± 2.3
f0(1370) 21.2± 2.7

NR 8.4± 1.5
f2(1270), λ = 0 0.49± 0.16
f2(1270), λ = |1| 0.21± 0.65

4 Theoretical decay time distributions103

In the Standard Model, in terms of CKM matrix elements, φs = −2 arg

�
VtsV ∗

tb
VcsV ∗

cb

�
. The104

equations below are written assuming that there is only one decay amplitude. The decay105

time evolutions for initial B0
s and B

0
s are [14]106

Γ

�
( )

B0
s→ J/ψfodd

�
= N e−Γst

�
e∆Γst/2(1 + cosφs) + e−∆Γst/2(1− cosφs)

± sinφs sin (∆ms t)

�
, (1)

4

Bs	
  signal	
  region	
  



Fit	
  to	
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  J/ψ	
  π+π-	
   	
  	
  

NO	
  angular	
  analysis	
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Figure 5: Decay time distribution of
( )

B 0 → J/ψπ+π− candidates. The signal PDF is shown
with a (red) dashed line, the background with a (black) dotted line, and the (blue) solid line
represents the total.

6 Results

The CP phase φs is determined from the fit that uses the amplitude model with five
final state π+π− resonances. Several of the model parameters have Gaussian constraints
applied in the fit. They are the measured values of ∆ms = 17.768 ± 0.024 ps−1 [28],
Γs = 0.663 ± 0.005 ± 0.006 ps−1 and ∆Γs = 0.100 ± 0.016 ± 0.003 ps−1 [4], the tagging
parameters, the mass and width of the f0(1790) [29], the f �

2(1525) fit fractions, and the
scale factors in the decay time resolution function, multiplied by (1.00±0.05) to take into
account the systematic uncertainty on the decay time resolution estimate [5]. Apart from
φs and |λ|, the other free parameters are the amplitudes and phases of the π+π− states.
The fit procedure is checked using pseudoexperiments with the same size as data. The fit
reproduces the input φs values with negligible bias.

For our first fit we do not allow direct CP violation and therefore fix |λ| to 1. The fit
determines φs = 75±67±8mrad. When two uncertainties are quoted, the first is statistical
and the second the systematic. The systematic uncertainty is discussed in Sec. 7. Figure 5
shows the decay time distribution superimposed with the fit projection. Projections for
mhh and Ω are shown in Fig. 2. Fit fractions of the contributing resonances are consistent
with the results from the amplitude analysis [10]. We also perform the fit with |λ| treated
as a free parameter. The fit determines φs = 70±68±8mrad and |λ| = 0.89±0.05±0.01,
consistent with no direct CP violation (|λ| = 1), under the assumption that direct CP
violation is equal for all of the intermediate π+π− states. (The correlation between φs

and |λ| is about 1%.)
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 (ps)sm/Decay time modulo 2
0 0.1 0.2 0.3

)0 s
)+

N
(B

0 sB
N

(

)0 s
)-

N
(B

0 sB
N

(

-0.1
-0.08
-0.06
-0.04
-0.02

0
0.02
0.04
0.06
0.08

0.1
LHCb

No	
  angular	
  analysis	
  required.	
  Just	
  a	
  )me-­‐dependent	
  fit.	
  
Γs,	
  ΔΓs	
  and	
  Δms	
  	
  have	
  been	
  taken	
  from	
  other	
  LHCb	
  measurements.	
  	
  

CP	
  viola)ng	
  phase	
  

φs	
  =	
   0.070	
  ±	
  0.068(stat.)	
  ±	
  0.008(syst.)	
  

CP	
  viola)on	
  in	
  mixing	
  or	
  direct	
  decay	
  

|λ|	
  =	
   0.89	
  ±	
  0.05(stat.)	
  ±	
  0.01(syst.)	
  
Will	
  soon	
  be	
  combined	
  with	
  a	
  	
  
new	
  3/m	
  result	
  from	
  J/ψ	
  φ	
  	
  

Decay	
  )me	
  [ps]	
  

Systema)cs	
  dominated	
  by:	
  
-  π+π- 	
  resonance	
  model	
  
-	
  Knowledge	
  of	
  Bs	
  	
  produc)on	
  asymmetry	
  



World	
  average	
  for	
  φs	
   	
  	
  

NO	
  angular	
  analysis	
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To	
  be	
  updated	
  this	
  summer	
  to	
  include	
  3/m	
  LHCb	
  result	
  on	
  Bs	
  →	
  J/ψ	
  π+π-	



and	
  any	
  new	
  results	
  from	
  ATLAS	
  and	
  CMS	
  (see	
  next	
  talk)	





Bs	
  →	
  φφ	
  	
  

2011	
  

 	
  	
  ~4000	
  signal	
  events	
  	
  (summed	
  over	
  both	
  years)	
  
 	
  	
  Combinatorial	
  background	
  is	
  flat	
  and	
  small	
  
 	
  	
  Very	
  small	
  contribu)ons	
  from	
  mis-­‐ID	
  of	
  	
  Bd	
  →	
  φ K*0	
  	
  and	
  Λb	
  → φpK	
  	
  

2012	
  

LHCB-­‐PAPER-­‐2014-­‐026	
  	
  arXiv:1407.2222	
  (submiued	
  to	
  Phys.Rev.D)	
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Bs	
  →	
  φφ	
  	
  fit projections 	
  

CP	
  Even	
  
CP	
  Odd	
  	
  
S-­‐wave	
  (KK)	
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Bs	
  →	
  φφ	
   results 	
  

 	
  	
  Γs,	
  ΔΓs	
  and	
  Δms	
  	
  have	
  been	
  taken	
  from	
  other	
  LHCb	
  measurements.	
  	
  	
  
	
  	
  	
  	
  	
  Their	
  uncertain)es	
  are	
  included	
  in	
  the	
  sta)s)cal	
  errors.	
  	
  
 	
  Systema)c	
  errors	
  are	
  mainly	
  due	
  to	
  angular	
  and	
  decay	
  )me	
  acceptances.	
  	
  

Results	
  are	
  consistent	
  with	
  no	
  CP	
  viola)on	
  (the	
  Standard	
  Model	
  expecta)on)	
  
and	
  comparable	
  in	
  accuracy	
  to	
  the	
  B-­‐factory	
  measurements	
  of	
  Bd	
  →	
  φ KS	



CP	
  viola)ng	
  phase	
  

CP	
  viola)on	
  in	
  mixing	
  or	
  direct	
  decay	
  

Polarisa)on	
  amplitudes	
  

φs	
  =	
   - 0.17	
  ±	
  0.15(stat.)	
  ±	
  0.03(syst.)	
  

|λ|	
  =	
   1.04	
  ±	
  0.07(stat.)	
  ±	
  0.03(syst.)	
  

|A0|2	
  =	
   0.364	
  ±	
  0.012	
  ±	
  0.009	
  

|A⊥|2	
  =	
   0.305	
  ±	
  0.013	
  ±	
  0.005	
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Measurement	
  of	
  sin2β	
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LHCb-­‐PAPER-­‐2012-­‐035	
  	
  	
  	
  	
  Phys.Rev.Leu.	
  108	
  (2012)	
  201601	
  

•  Reconstructed	
  ~8000	
  	
  tagged	
  	
  
	
  	
  	
  	
  	
  	
  Bd	
  →	
  J/ψKS	
  	
  events	
  	
  with	
  J/ψ→µ+µ-	



   and	
  KS→π+π- 	
  in	
  1.0/m	
  (2011	
  data)	
  

•  Opposite	
  side	
  flavour-­‐tagging	
  only	
  

•  Magnet	
  polarity	
  reversed	
  periodically	
  
	
  	
  	
  	
  	
  	
  to	
  help	
  control	
  detector	
  asymmetries	
  

•  Need	
  to	
  correct	
  for	
  produc)on	
  asymmetry	
  
at	
  p-­‐p	
  collider	
  (measured	
  with	
  Bd	
  →	
  J/ψK*)	
  

t	
  > 0.3ps	
  
Steve	
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Time-­‐dependent	
  Asymmetry	
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A(t)	
  =	
  Γ(B	
  )	
  –	
  Γ(B) 	


           Γ(B	
  )	
  +	
  Γ(B)	
  

A(t)	
  =	
  S	
  sin(Δmdt) 	


         - C	
  cos(Δmdt) 	
  

S	
  =	
  	
  0.73	
  ±	
  0.07(stat.)	
  ±	
  0.04(syst.)	
  
C	
  =	
  0.030	
  ±	
  0.090(stat.)	
  ±	
  0.012(syst.)	
  

S	
  =	
  sin2β	
  =	
  	
  0.72	
  ±	
  0.06	
  
C	
  ≡	
  0	
  

   τd	
  	
  =	
  	
  1.496	
  ±	
  0.018	
  ps	
  
  Δmd	
  =	
  	
  0.53	
  ±	
  0.05/ps	
  
	
  	
  	
  Agree	
  with	
  world	
  averages	
  

t	
  > 0.3ps	
  

Coming	
  soon:	
  with	
  addi/on	
  of	
  2/3	
  of	
  2012	
  data	
  the	
  stat.	
  error	
  reduces	
  to	
  ~0.04	
  	
  
(same	
  as	
  BaBar	
  &	
  Belle)	
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B	
  →	
  h+h-	
   decays 	
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Clean	
  separa)on	
  of	
  different	
  final	
  states	
  using	
  Par)cle	
  ID	
  (RICH	
  detectors)	
  

Comparison	
  with	
  B-­‐factories	
  on	
  next	
  slide	
  

Bd	
  →	
  π+π-	
  	
   Bs	
  →	
  K+K-	
  	
  

First	
  ever	
  measurement	
  is	
  2.7σ	
  away	
  from	
  (0,0)	
  	
  

LHCb-­‐PAPER-­‐2013-­‐040	
  	
  	
  	
  	
  JHEP	
  10	
  (2013)	
  183	
  

In	
  1/m	
  of	
  2011	
  data	
  there	
  are	
  	
  ~9000	
  Bd	
  →	
  π+π- and	
  	
  ~15000	
  	
  Bs	
  →	
  K+K-	
  	
  tagged	
  events	
  
Time-­‐dependent	
  CPV	
  fits	
  to	
  these	
  samples	
  give:	
  



World	
  average	
  for	
  Bd	
  →	
  π+π-	
  	
  	
   	
  	
  

NO	
  angular	
  analysis	
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Longstanding	
  discrepancy	
  	
  
on	
  Cππ between	
  BaBar	
  and	
  Belle	
  	
  
was	
  finally	
  resolved	
  in	
  2013	
  

Sππ	
  =	
   -0.66	
  ±	
  0.06	
  

Cππ	
  =	
  	
  -0.31	
  ±	
  0.05	
  

are	
  both	
  clearly	
  non-­‐zero	
  



Direct	
  CPV	
  in	
  B	
  →	
  Kπ	
   decays 	
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With	
  1/m	
  (2011)	
  	
  already	
  most	
  precise	
  for	
  AKπ (Bd)	
  	
  	
  

First	
  observa)on	
  of	
  CPV	
  	
  
in	
  Bs	
  decays	
  	
  

LHCb-­‐PAPER-­‐2013-­‐018	
  	
  	
  	
  	
  Phys.Rev.Leu.	
  110	
  (2013)	
  221601	
  

Bd	
  →	
  K+π-	
  	
   Bd	
  →	
  K-π+	
  	
  

Bs	
  →	
  K-π+	
  	
  Bs	
  →	
  K+π-	
  	
  

_	
  

_	
  

AKπ (Bd)	
  =	
   	


-0.080	
  ±	
  0.007±	
  0.003	
  

AKπ (Bs)	
  =	
   	


+0.27	
  ±	
  0.04	
  ±	
  0.01	
  

ΔKπ	
  =	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  +	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  	
  -0.02	
  ±	
  0.05	
  ±	
  0.04	
  	
  ≡	
  0	
  	
  	
  
AKπ (Bd)	
  	
  	
  	
  	
  	
  	
  	
  BFKπ (Bs)	
  τd	
  	
  
AKπ (Bs)	
  	
  	
  	
  	
  	
  	
  	
  BFKπ (Bd)	
  τs	
  	
  	
  

U-­‐spin	
  symmetry	
  of	
  SM	
  
Lipkin	
  PLB	
  621	
  (2005)	
  126	
  	
  

+	
  
T	
   P	
  



B±	
  →	
  h+h-h±  decays 	
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Evidence	
  for	
  direct	
  CPV	
  in	
  
inclusive	
  B	
  →3h	
  decays	
  	
  

LHCb-­‐PAPER-­‐2013-­‐051	
  	
  	
  	
  	
  Phys.Rev.Leu.	
  112	
  (2014)	
  011801	
  
LHCb-­‐PAPER-­‐2013-­‐027	
  	
  	
  	
  	
  Phys.Rev.Leu.	
  111	
  (2013)	
  101801	
  

Aπππ (Bu)	
  =	
   	


+0.117	
  ±	
  0.021±	
  0.009±	
  0.007	
  

Bu	
  →	
  π+π-π+	
  	
  
_	
  

Bu	
  →	
  K+K-π-	
  	
   Bu	
  →	
  K+K-π+	
  	
  
_	
  

AKππ (Bu)	
  =	
   	


+0.032	
  ±	
  0.008±	
  0.004±	
  0.007	
  

AKKπ (Bu)	
  =	
   	


-0.141	
  ±	
  0.040±	
  0.018±	
  0.007	
  

AKKK (Bu)	
  =	
   	


-0.043	
  ±	
  0.009±	
  0.003±	
  0.007	
  

From	
  AJ/ψ	
  K	
  1/m	
  (2011)	
  	
  

July	
  11th,	
  2014	
  

Bu	
  →	
  π+π-π-	
  	
  



Direct	
  CPV	
  in	
  B	
  →	
  KKπ/πππ 	
  

Aπππ (Bu)	
  =	
   	


+0.584	
  ±	
  0.082±	
  0.027±	
  0.007	
  

B	
  →	
  πππ	
  	
  

B	
  →	
  KKπ	
  	
  

AKKπ (Bu)	
  =	
   	


-0.648	
  ±	
  0.070±	
  0.013±	
  0.007	
  

Strong	
  phase	
  space	
  	
  
dependence	
  	
  
of	
  asymmetries	
  

Not	
  associated	
  with	
  	
  
known	
  resonances	
  	
  (ρ,φ)	
  

July	
  11th,	
  2014	
   20	
  



Direct	
  CPV	
  in	
  Bd	
  → φ K*0 	
  

Bd	
  → φ K*0 	
  
Bs	
  → φ K*0 	
  

1655	
  Bd	
  events	
  	
  
in	
  1/m	
  (2011)	
  
(no	
  flavour-­‐tagging)	
  

Also	
  see	
  30	
  Bs	
  events	
  	
  
First	
  observa)on	
  
JHEP	
  11	
  (2013)	
  092	
  

Significant	
  
S-­‐wave	
  	
  
components	
  
in	
  both	
  Kπ	
  
and	
  KK	
  	
  

LHCb-­‐PAPER-­‐2014-­‐005	
  	
  	
  	
  JHEP	
  05	
  (2014)	
  069	
  

July	
  11th,	
  2014	
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Angular	
  fit	
  to	
  Bd	
  →	
  φ K*0 	
  	
  

P-­‐wave	
  

S-­‐wave	
  (KK)	
  
0.122±0.018	
  

S-­‐wave	
  (Kπ)	
  
0.143±0.018	
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M(KK)+	
  M(Kπ)	
  +	
  angular	
  fit	
  with	
  S-­‐waves,	
  but	
  no	
  )me-­‐dependence	
  



Results	
  in	
  Bd	
  → φ K*0 	
  

Δ	
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Integral	
  rate	
  asymmetry	
  

No	
  evidence	
  for	
  direct	
  CPV	
  	
  either	
  in	
  angular	
  analysis	
  or	
  in	
  integral	
  rate	
  	
  

Parameter	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  LHCb	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  BaBar	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Belle	
  

fL	
   	
  0.497±0.019±0.013	
   	
  0.494±0.034±0.013	
   	
  0.499±0.030±0.018	
  

f⊥	
   	
  0.221±0.016±0.013	
   	
  0.212±0.032±0.013	
   	
  0.238±0.026±0.008	
  

δL	

 	
  2.633±0.062±0.037	
   	
  	
  	
  2.35±0.13±0.09	
   	
  	
  	
  2.37±0.10±0.04	
  

δ⊥	
   	
  2.562±0.069±0.040	
   	
  	
  	
  2.40±0.13±0.08	
   	
  	
  	
  2.23±0.10±0.02	
  

A0
CP	
   -0.003±0.038±0.005	
   	
  +0.01±0.07±0.02	
   -0.030±0.061±0.007	
  

A⊥CP	
   +0.047±0.072±0.009	
   	
  -0.04±0.15±0.06	
    -0.14±0.11±0.01	
  

δ⊥CP	
   +0.062±0.062±0.006	
   	
  +0.21±0.13±0.08	
    +0.05±0.10±0.02	
  

δ||
CP

	
   +0.045±0.066±0.015	
   	
  +0.22±0.12±0.08	
    -0.02±0.10±0.01	
  

Consistent	
  with	
  BaBar	
  and	
  Belle,	
  but	
  x2	
  smaller	
  errors	
  



	
  CPV	
  via	
  mixing	
  in	
  Bs	
  →	
  Ds	
  	
  ν	
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  Γ(Ds
-µ+)	
  –	
  Γ(Ds

+µ-)	
  	
  	
  	
  	
  	
  	
  asls	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	


          Γ(Ds

-µ+)	
  +	
  Γ(Ds
+µ-)	
  	
  	
  	
  	
  	
  	
  	
  	
  2	
  	
  

LHCb-­‐PAPER-­‐2013-­‐033	
  	
  	
  	
  	
  Phys.Leu.B728	
  (2014)	
  607	
  

Ameas.
	
  	
  =	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  	
  	
  	
  	
  	
  	
  	
  	
  +	
  0.002	
  [AP	
  - 	
  asls	
  /2]	
  	
  	
  	
  	
  	
  	
  	
  

asl	
  	
  =	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  where	
  the	
  CPV	
  comes	
  from	
  	
  1	
  -	
  |q/p|2	
  	
  ~	
  	
  Im	
  (Γ12/M12)	
  	
  
1	
  -	
  |q/p|4	
  

1	
  +	
  |q/p|4	
  

Effect	
  of	
  Bs	
  produc)on	
  asymmetry	
  
	
  	
  	
  is	
  diluted	
  by	
  fast	
  Bs	
  oscilla)ons	
  

Measure	
  integrated	
  asymmetry	
  between	
  flavour-­‐specific	
  semileptonic	
  decays	
  	
  	
  
(no	
  tagging	
  or	
  )me-­‐dependence)	
  

Need	
  to	
  correct	
  Ameas.	
  for	
  differences	
  in	
  detec)on	
  efficiencies:	
  
• 	
  	
  Aµ = (+0.04±0.25)	
  %	
  	
  between	
  	
  µ+	
  and	
  	
  µ-    (from	
  trigger	
  and	
  muon	
  ID)	
  
• 	
  	
  Atrack	
  =	
  (+0.02±0.13)%	
  	
  between	
  tracks	
  in	
  Ds

+→φπ+	
  and	
  Ds
-→φπ-	
  	
  

• 	
  	
  Abkg	
  =	
  (+0.05±0.05)	
  %	
  	
  from	
  asymmetries	
  introduced	
  by	
  backgrounds	
  
Correc)ons	
  determined	
  from	
  studies	
  of	
  control	
  samples	
  (J/ψ	
  and	
  D*+).	
  
Important	
  to	
  compare	
  magnet	
  up	
  and	
  magnet	
  down	
  data	
  
Also	
  check	
  asymmetry	
  as	
  a	
  func)on	
  of	
  muon	
  momentum	
  (p,	
  pT)	
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With	
  1/m	
  of	
  data	
  (2011)	
  
185k	
  	
  Bs	
  →	
  Ds	
  µ ν  events	
  

Systema)cs	
  dominated	
  by	
  	
  
muon	
  and	
  track	
  correc)ons	
  

	
  	
  asls	
  	
  =	
  (-0.04±0.50±0.36)	
  %	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

SM	
  (Lenz,	
  arXiv:1205.1444)	
  

LHCb	
  results	
  on	
  asls	
  	
  from	
  3/m	
  of	
  data	
  
will	
  be	
  available	
  soon	
  

Analysis	
  of	
  asld	
  	
  in	
  Bd	
  →	
  D(*)	
  	
  ν	


is	
  also	
  well	
  advanced	
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 	
  	
  LHCb	
  has	
  made	
  the	
  first	
  accurate	
  measurements	
  of	
  ΔΓs	
  	
  and	
  the	
  	
  
	
  	
  	
  	
  	
  CPV	
  phase	
  	
  φs	
  	
  in	
  	
  Bs	
  →	
  J/ψ	
  φ,  Bs	
  →	
  J/ψ	
  π+π- and	
  	
  Bs	
  →	
  φφ	
  	
  
  	
  	
  	
  	
  −	
  No	
  evidence	
  yet	
  for	
  non-­‐zero	
  phase	
  (SM	
  predic/ons	
  small)	
  
  	
  	
  	
  	
  −	
  Results	
  are	
  sta/s/cs	
  limited	
  (errors	
  will	
  improve	
  soon)	
  

 	
  	
  Measurements	
  of	
  	
  Sin2β in	
  	
  Bd	
  →	
  J/ψKS	
  	
  	
  and	
  Cππ/Sππ in	
  Bd	
  →	
  π+π-	


       −	
  Already	
  becoming	
  compe//ve	
  with	
  B	
  factories	
  	
  

   First	
  measurements	
  of	
  CP	
  viola)on	
  in	
  Bs	
  →	
  K+K-  and   Bs	
  →	
  K+π-  	



 	
  Large	
  Direct	
  CPV	
  seen	
  in	
  Bu	
  →	
  π+π-π+ and	
  Bu	
  →	
  K+K-π+	



  No	
  evidence	
  for	
  Direct	
  CPV	
  	
  in	
  Bd	
  →	
  φ K*0	
  

 	
  No	
  evidence	
  for	
  CPV	
  via	
  mixing	
  in	
  Bs	
  →	
  Ds	
  	
  ν	
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Vertexing	
  

Flavour-­‐	
  
Tagging	
  

K/π	

 e	
   µ	



Forward	
  detector	
  (2<η<5)	
  covers	
  most	
  of	
  bb	
  produc)on	
  	
  
Need	
  to	
  understand	
  detec)on	
  asymmetries	
  (magnet	
  up	
  vs	
  down)	
  	
  

_	
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Decay	
  )me	
  resolu)on	
  
is	
  determined	
  from	
  	
  
prompt	
  J/ψ	
  produc)on	
  

D	
  

Analyses	
  can	
  either	
  use	
  
average	
  or	
  per	
  event	
  decay	
  
)me	
  errors	
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Same side 
signal Bs 

K- 

K+ 

primary vertex 

Opposite side opposite B 

negative lepton taggers   
(e-, µ-) from b-quark 

opposite 

 positive leptons from 
 b!c!l cascade  

vertex-charge tagger    
from inclusive vertexing 

proton proton 

kaon tagger (K-) 

π/K	
  from	
  b	
  jet	
   π
µ	
  

µ+	



µ-	


J/ψ	
  

tagging	
  efficiency	
  	
  εtag	
  	
  ~	
  65%	
  

effec)ve	
  mistag	
  	
  	
  	
  	
  	
  ωtag	
  	
  ~	
  39%	
  

effec)ve	
  tagging	
  power	
  	
  	
  	
  εtag(1	
  -­‐2ωtag)	
  2	
  	
  ~	
  3.0%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

  Analyses	
  can	
  either	
  use	
  average	
  	
  
  or	
  per	
  event	
  tagging	
  informa)on	
  

Opposite	
  side	
  tagging	
  
Calibra)on	
  from	
  	
  Bu	
  →	
  J/ψK+	
  

tagging	
  efficiency	
  	
  εtag	
  	
  ~	
  50%	
  

effec)ve	
  mistag	
  	
  	
  	
  	
  	
  ωtag	
  	
  ~	
  39%	
  

effec)ve	
  tagging	
  power	
  	
  	
  	
  εtag(1	
  -­‐2ωtag)	
  2	
  	
  ~	
  2.4%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Same	
  side	
  Kaon	
  tagging	
  
Calibra)on	
  from	
  Bs	
  →Dsπ	
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Neural	
  network	
  output	
  	
  	
  ηc = p0 + p1 (η - <η>)	



p0 and	
  p1 are	
  calibra)on	
  parameters 	
  	
  

	
  η 	
  

Bu	
  →	
  J/ψK+	
  

Opposite	
  side	
  tagger	
  	
  

Bs	
  →Dsπ	
  

Same	
  side	
  Kaon	
  tagger	
  	
  

mistag	
  	
  
rate	
  ω	
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•  Reconstructed	
  ~39000	
  	
  tagged	
  	
  
	
  	
  	
  	
  	
  	
  Bd	
  →	
  J/ψK*	
  	
  events	
  	
  with	
  J/ψ→µ+µ-	



   and	
  K*0→K+π- or  K*0→K-π+
	
  	
  

   in	
  1.0/m	
  (2011	
  data)	
  

•  Reconstructed	
  ~88000	
  	
  tagged	
  	
  
	
  	
  	
  	
  	
  	
  Bd	
  →	
  D+π-	
  or	
  Bd	
  → D-π+	
  events	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  in	
  1.0/m	
  (2011	
  data)	
  

•  Opposite	
  side	
  and	
  same-­‐side	
  π flavour-­‐
tagging	
  	
  	
  

•  Magnet	
  polarity	
  reversed	
  periodically	
  
	
  	
  	
  	
  	
  	
  to	
  cancel	
  detector	
  asymmetries	
  

) [MeV]!!+ K"J/ (m
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 / (
1 M
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A(t)	
  =	
  N(unmixed)	
  –	
  Ν(mixed)	
  	
  	
  =	
  	
  A(0)cos(Δmdt) 	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  N(unmixed)	
  +	
  Ν(mixed)         	
  

t	
  > 0.3ps	
   t	
  > 0.3ps	
  

Δmd	
  =	
  	
  0.518	
  ±	
  0.006(stat.)	
  ±	
  0.004(syst.)/ps	
   Δmd	
  =	
  	
  0.510	
  ±	
  0.011(stat.)	
  ±	
  0.002(syst.)/ps	
  

Δmd	
  =	
  	
  0.516	
  ±	
  0.005(stat.)	
  ±	
  0.003(syst.)/ps	
  Combined	
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Mass	
  eigenstates	
  
Light	
  	
  	
  	
  BL	
  	
  =	
  p	
  Bs	
  	
  +	
  	
  q	
  Bs	
  
Heavy	
  	
  BH	
  	
  =	
  p	
  Bs	
  	
  - 	
  q	
  Bs	
  

Flavour	
  eigenstates	
  

_ 
_ 

Bs(t)	
  =	
  g+(t)Bs(0)	
  	
  +	
  	
  g-(t)Bs(0)	
  
Bs(t)	
  =	
  g+(t)Bs(0)	
  	
  +	
  	
  g-(t)Bs(0)	
  

g±	
  	
  =	
  e-Γst/2	
  [cosh(ΔΓst/2)	
  ±	
  cos(Δmst)]	
  	
  

_ 
_ _ 

Flavour-­‐specific	
  asymmetry:	
  

SM	
  predic)ons:	
  	
  af	
  d	
  =	
  (-4.1	
  ±	
  0.6)	
  x	
  10-­‐4	
  	
  	
  	
  	
  	
  af	
  s	
  =	
  (+1.9	
  ±	
  0.3)	
  x	
  10-­‐5	
  	
  	
  	
  	
  	
  A.	
  Lenz	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  arXiv:1205.1444	
  

af	
  	
  =	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  where	
  the	
  CPV	
  comes	
  from	
  	
  1	
  -	
  |q/p|2	
  	
  ~	
  	
  Im	
  (Γ12/M12)	
  	
  
1	
  -	
  |q/p|4	
  

1	
  +	
  |q/p|4	
  

	
  M11	
  –	
  iΓ11/2	
  	
  	
  	
  	
  	
  M12	
  –	
  iΓ12/2	
  
M12

*	
  –	
  iΓ12
*/2	
  	
  	
  	
  M22	
  –	
  iΓ22/2	
  (	
   )	
  

Effec)ve	
  Hamiltonian	
  between	
  two	
  states	
  


