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Outline 

•  Introduction 
•  Recent measurements of CPV in beauty and 

charm decays 
1.  Bs decays (e.g. Bs → J/ψ ϕ) 
2.  B± → DK±  
3.  B →  h+h’– (where h and h’ = π,K,p) 
4.  ΔACP from D0 → π+π–, K+K- 

  (Rare decays covered by J.Albrecht) 
Many thanks to G.Wilkinson, G.Lanfranchi, P.Campana, MN.Minard and many others 
for (un)knowingly helping me! 
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LHCb detector: the essentials 
•  Experiment optimized for heavy-flavour physics 

–  Forward acceptance 
–  Efficient trigger for hadronic and leptonic modes 
–  Acceptance down to low pT 
–  Precision tracking and vertexing (VELO@7 mm from beam) 
–  Excellent particle identification 
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LHCb detector 
A general purpose, high resolution spectrometer in the forward direction 
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Running conditions 
•  LHCb running at ~4 1032 cm-2s-1 

       i.e. factor of 2 above design value 
 
•  Luminosity is leveled through vertical beam 

displacement – operation in harmony with  
higher luminosity for ATLAS/CMS 

•  2011:   1.2 fb-1 delivered 
                 1.1 fb-1 recorded (~91% efficiency) 

–  Huge production cross section: 
•  σinel = 60 mb @ 7 TeV 
•  σcc  = 6 mb 
•  σbb = 0.3 mb (~1nb @ ϒ(4s)) 

 1011 b decays 
1012 charm decays 
in LHCb acceptance 
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2012 data taken so far (10-June) 
   

Target is 1.5 fb-1 recorded in 2012 
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CPV phase ϕs in Bs mixing-decay 
interference 
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CPV phase ϕs in Bs mixing-decay interference 
•  Interesting Tevatron results with early data and intriguing 

with final sample 

 
•  Results are consistent, both ~1σ away from SM 
                             What about LHCb? 
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τ s = 1.444+0.041
−0.033 ps,

∆Γs = 0.179+0.059
−0.060 ps−1,

φJ/ψφ
s = −0.56+0.36

−0.32,

|A0|2 = 0.565± 0.017,

|A‖|2 = 0.249+0.021
−0.022,

δ‖ = 3.15± 0.19,

cos(δ⊥ − δs) = −0.20+0.26
−0.27,

FS = 0.173± 0.036.
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FIG. 13: (color online). Two-dimensional 68%, 90% and and
95% credible regions for (a) the BDT selection and (b) the
Square-cuts sample. The standard model expectation is indi-
cated as a point with an error.

To obtain the final credible intervals for physics pa-
rameters, we combine all eight MCMC chains, effectively
averaging the probability density functions of the results
of the fits to the BDT- and Square-cuts samples. Fig-
ure 14 shows 68%, 90% and 95% credible regions in the

(φJ/ψφ
s ,∆Γs) plane. The p-value for the SM point [47]

(φJ/ψφ
s ,∆Γs) = (−0.038, 0.087 ps−1) is 29.8%. The

one-dimensional 68% credible intervals are listed in Sec-
tion VIII below.

SM p-value = 29.8%
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FIG. 14: (color online). Two-dimensional 68%, 90% and 95%
credible regions including systematic uncertainties. The stan-
dard model expectation is indicated as a point with an error.

VIII. SUMMARY AND DISCUSSION

We have presented a time-dependent angular analysis
of the decay process B0

s → J/ψφ. We measure B0
s mixing

parameters, average lifetime, and decay amplitudes. In
addition, we measure the amplitudes and phases of the
polarization amplitudes. We also measure the level of
the KK S-wave contamination in the mass range (1.01 –
1.03) GeV, FS . The measured values and the 68% credi-
ble intervals, including systematic uncertainties, with the
oscillation frequency constrained to ∆Ms = 17.77± 0.12
ps−1, are:

τ s = 1.443+0.038
−0.035 ps,

∆Γs = 0.163+0.065
−0.064 ps−1,

φJ/ψφ
s = −0.55+0.38

−0.36,

|A0|2 = 0.558+0.017
−0.019,

|A‖|2 = 0.231+0.024
−0.030,

δ‖ = 3.15± 0.22,

cos(δ⊥ − δs) = −0.11+0.27
−0.25.

FS = 0.173± 0.036,

(13)

The p-value for the SM point (φJ/ψφ
s ,∆Γs) =

(−0.038, 0.087 ps−1) is 29.8%.
In the previous publication [26], which was based on

a subset of this data sample, we constrained the strong
phases to those of B0

d → J/ψK∗ whereas this analysis
has a large enough data sample to reliably let them
float. Also, the previous publication did not have a large
enough data sample to allow for the measurement of a
significant level of KK S-wave, whereas it is measured
together with its relative phase in the current analysis.
The results supersede our previous measurements.
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FIG. 17. (color online). Left: Confidence regions in βJ/ψφ
s -∆Γs plane for the fit including flavor tagging information before

(dashed) and after (solid) performing the coverage adjustment. Right: Comparison of including (solid) and not including
(dashed) the S-wave contribution in the likelihood fit.

C.L. range is between the points of intersection of the
profile-likelihood scan curve and a horizontal line which
is one unit (four units) above the global minimum. In
our case after coverage adjustment the solid (blue) and

dot-dashed (red) horizontal lines which indicate the 68%
and 95% C.L. ranges are at 2.74 and 7.11 units above the
global minimum, respectively. We obtain

βJ/ψφ
s ∈ [0.02, 0.52]∪ [1.08, 1.55] at 68% confidence level,

∈ [−π/2,−1.46]∪ [−0.11, 0.65]∪ [0.91,π/2] at 95% confidence level.

We find the standard model p-value for βJ/ψφ
s to be 0.30

corresponding to about one Gaussian standard deviation
from the SM expectation as is also evidenced in Fig. 16.

In comparison with the recent measurement of βJ/ψφ
s

from the D0 collaboration using a data sample based on
8 fb−1 of integrated luminosity [19], we find a similar

region to constrain βJ/ψφ
s at the 68% C.L. and obtain

a similar p-value for comparison with the SM expecta-

tion. However, our result constrains βJ/ψφ
s to a narrower

region at the 95% confidence level.

In addition, we quote a confidence interval for the
S-wave fraction after performing a likelihood scan for
fSW as shown in Fig. 19. We also show a quadratic
fit overlaid indicating the parabolic shape of the likeli-
hood around the minimum which we integrate to cal-
culate upper limits on the S-wave fraction. The up-
per limit on the S-wave fraction over the mass interval
1.009 < m(K+K−) < 1.028 GeV/c2 corresponding to
the selected K+K− signal region is 4% of the total signal

at the 68% confidence level, and fSW < 6% at 95% C.L.
Since the analysis is limited to events in a narrowK+K−

mass range around the φ signal, the observed S-wave
fraction is small and its effect on the observables quoted
in this analysis is minor. We verified with pseudoexperi-
ments that a sizeable amount of S-wave would affect the
measured value of βJ/ψφ

s . In contrast to our result, the
recent D0 publication [19] quotes a sizeable fraction of
17.3±3.6% for the S-wave fraction over almost the same
K+K− mass range. We also perform a likelihood scan
to determine the associated S-wave phase, but, as ex-
pected from simulated experiments, we find that we are
not sensitive to δSW with the current data sample size.
Finally, we perform a flavor tagged analysis with ∆Γs

Gaussian constrained to the theoretical prediction of
2 |Γs

12| = (0.090± 0.024) ps−1 [9]. Under this constraint,

βJ/ψφ
s is found in the range [0.05, 0.40] ∪ [1.17, 1.49] at

the 68% confidence level, and within [−π/2,−1.51] ∪
[−0.07, 0.54]∪ [1.03,π/2] at 95% C.L. as shown in Fig. 18
on the right-hand side. The p-value for the SM expected

CDF 

• = -φs /2  

5.2 fb-1 

PRD 85 (2012) 032006 PRD 85 (2012) 072002 
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Golden channel: Bs → J/ψ ϕ 

•  Measurement of Bs-Bs mixing phase  
φs in Bs→J/ψ ϕ sensitive to NP 
effects in mixing 

•  The phase arises from interference 
between B decays with and without 
mixing 

•  φs is small in SM: 
 
•  NP can add large phases: 
     

+NP? 
s,d

b s,d

b

0B 0B+W −W
− 

u,c,t 

u,c, t
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Golden channel: BsàJ/ψ(µ+µ-) ϕ(K+K-)  
•  Theoretically and experimentally clean  

–  b→ccs tree dominance leads to precise prediction of φs in SM 
–  Relatively large branching ratio and clean topology 
–  Easy to trigger on muons from J/ψ → µ+µ- 
 

•  Likelihood fit of proper time and angular decay rates for  
–  6 observables:  

•  invariant mass mB, proper time, 3 angles of the decay products, BS flavour 

–  Needs flavour-tagged, time-dependent angular analysis to disentangle the 
CP-even and CP-odd components  
                                                 

 

•  Determine 10 physics parameters:   
   φs, ΔΓs, Γs, ΔΜs, 3 amplitude ratios, 3 strong phase differences 

 

BS
0  ,  BS

0

CP J/!  " =  (-1)l  J/!  " l = 0,1,2 
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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 lepton 
taggers from b!c!l 
cascade  

same side 
kaon tagger 

vertex-charge tagger 
from inclusive vertexing 

b 
b 

s 

u 

s 

u 

Bs
 

K+ 

proton proton 

kaon tagger (K-) 

µ+ 

µ- 

Flavour tagging performance      

Tagger Tag eff. mistag "(1 2#)2  

Opposite side  45% 36.5% 3.3% 

+ same side 56% 33.3% 6.2% 

BsàJ/ψ ϕ: key experimental ingredients 

–  Very clean signal with ~21200 events   (t>0.3 ps) 
–  ~ 8 MeV mass resolution 

–  Effective time resolution ~45 fs from prompt 
events (BS oscillation period ~350 fs) 

•  Selection of signal and control channels •  Decay time resolution  

•  Tagging of the initial flavour 
–  Effective tagging efficiency ~2.3% from 

Opposite Side Tagging  (exploits the 
decay of the other b-hadron in the event) 
Calibrated with B+à J/ψ K+ 
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Figure 4: Decay time distribution of B0
s → J/ψφ candidates with a true J/ψ → µ+µ−. The

superimposed curve is the decay time model convolved with a double Gaussian resolution
model. The decay time model consists of a delta function for the prompt component and
two exponentials with different decay constants, one of which represents the B0

s → J/ψφ
signal.

2.2 Decay time resolution

To account for the finite decay time resolution of the detector, all time dependent functions
in the PDF are convolved with a Gaussian distribution. The width of the Gaussian
is Sσt · σt, where σt is the event-by-event decay time resolution, measured from the decay
vertex and decay length uncertainty. The scale factor Sσt is determined by a weighted
unbinned maximum log likelihood fit to the J/ψ → µ+µ− component of the prompt
background (Fig. 4). This component is isolated using sWeights determined from the J/ψ
invariant mass distribution of our selected B0

s candidates. We translate the result to a
single Gaussian with the same effective dilution to be used in the fit for φs. The scale factor
is found to be Sσt = 1.45± 0.06, where the error accounts for both statistical uncertainty
and systematic uncertainty of potential phase space differences of the prompt J/ψ → µ+µ−

background and signal. This systematic uncertainty is derived from simulation. Sσt is
allowed to vary within its uncertainty in the fit. The effective (single Gaussian) decay
time resolution is approximately 45 fs.

2.3 Decay time acceptance

The triggers used in this analysis exploit the signature of J/ψ → µ+µ− decays including
decay time biasing cuts to enrich the fraction of B events in the sample. To model the
impact of this selection on the decay time acceptance, events from a prescaled trigger line,
without lifetime biasing cuts are used. From this we obtain a non-parametric description
of the acceptance function, which is then used in the fit.

From simulation studies we also observe a shallow fall in acceptance at high decay
times, which is attributed to a reduction in track finding efficiency for tracks originating
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Figure 1: Reconstructed invariant mass distribution of selected B0
s → J/ψφ candidates. A

J/ψ mass constraint is applied in the vertex fit. The B0
s mass resolution is 6.0MeV/c2.

As in the previous analysis, in order to remove the majority of the prompt background
contribution, only events with decay time t > 0.3 ps are used. A total of about 21, 200
B0

s → J/ψφ decays are left after the full selection. The remaining background in the
sample is of the order of a few percent. The invariant mass distribution of the selected
candidates is shown in Fig. 1. The CP violating phase φs is extracted from the data
with an unbinned maximum likelihood fit to the candidate invariant mass m, the decay
time t, the initial B0

s flavour d and the 4-body decay angles in the transversity frame
Ω = {cos θ,ϕ, cosψ}, defined in [17]. We determine several other physics parameters at the
same time, namely the decay width, Γs, the decay width difference between the heavy and
light B0

s mass eigenstate ∆Γs, and the polarization amplitudes A0, A⊥, A� of the K+K−

P-wave contribution and AS for the S-wave contribution. In the fit we parameterise the
four different amplitudes, Ai, by |Ai(0)|, the absolute value of the amplitude at time t = 0
and its phase δi and adopt the convention δ0 = 0. We choose the following normalization:
|A�(0)|2+ |A⊥(0)|2+ |A0(0)|2 = 1, and define the fraction of S-wave contribution FS to be:
FS = |AS(0)|2/(|A0(0)|2+|A�(0)|2+|A⊥(0)|2+|AS(0)|2). The choice of the normalization is
different from the previous analysis. It has been chosen, such that the P-wave amplitudes
have the same value independently of the range of the K+K− invariant mass chosen.

The signal and background Probability Density Function (PDF) of the likelihood are
given in [15]. With the larger data set, we now fix the width and relative fraction of the
wider Gaussian for the double Gaussian signal mass shape based on data. Additionally
we use an event-by-event decay time resolution.

2

 
LHCb-CONF-2012-002 
 

1 fb-1 @ 7TeV in 2011 
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BsàJ/ψ ϕ: fit projections 
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           BsàJ/ψ φ: preliminary results  
•  Fit of the tagged and untagged rates as a function of Bs mass, proper 

time and angles  
 
 

 

ΔMs constrained to LHCb measurement: ΔMs = (17.63±0.11 ps-1)  Phys. Lett. B 709 (2012) 177 

•  World’s most precise measurement of φs   
•  First direct observation for a non-zero value for ΔΓs 

•  φs and ΔΓs compatible with SM predictions 

 

 

Parameter Value Stat. Syst.

Γs [ps−1] 0.6580 0.0054 0.0066
∆Γs [ps−1] 0.116 0.018 0.006
|A⊥(0)|2 0.246 0.010 0.013
|A0(0)|2 0.523 0.007 0.024

FS 0.022 0.012 0.007
δ⊥ [rad] 2.90 0.36 0.07
δ� [rad] [2.81, 3.47] 0.13
δs [rad] 2.90 0.36 0.08
φs [rad] -0.001 0.101 0.027

Table 2: Results for the physics parameters and their statistical and systematic uncer-
tainties. We quote a 68% C.L. interval for δ�, as described in the text.

Γs ∆Γs |A⊥|2 |A0|2 φs

Γs 1.00 −0.38 0.39 0.20 −0.01
∆Γs 1.00 −0.67 0.63 −0.01

|A⊥(0)|2 1.00 −0.53 −0.01
|A0(0)|2 1.00 −0.02

φs 1.00

Table 3: Correlation matrix for the statistical uncertainties on Γs, ∆Γs, |A⊥(0)|2, |A0(0)|2
and φs.

The systematic uncertainties quoted in Table 2 account for uncertainties that are140

not directly treated in the maximum likelihood fit. Table 3 shows the correlation matrix141

between the decay widths, angular amplitudes and φs. A breakdown of the systematic un-142

certainty is given in Table 4. The uncertainty on φs is dominated by imperfect knowledge143

of the angular acceptances and neglecting potential contributions of direct CP -violation144

(CPV). The latter was evaluated based on simulation studies which assume the CPV145

parameter |λ|2 = 0.95 and |λ|2 = 1.05 in the simulation and no CPV (|λ|2 = 1) in the fit.146

The size of |λ|2 used in this study has been motivated by a fit where |λ| is left as a free147

parameter. The uncertainties treated directly in the likelihood fit are the uncertainties148

on the tagging calibration parameters, on the ∆ms value used as input and on the decay149

time resolution. Their total contribution to the statistical uncertainties on φs is below150

5%, as evaluated by running the fit twice, once with fixed values of these parameters and151

another where they are varied by ±1σ.152

Figure 6 shows the projection of the fitted PDF on the decay time and the transversity153

angle distributions for candidates with an invariant mass within ± 20 MeV/c2 around the154

nominal B0
s mass. Figure 7 shows the 68.3%, 90%, 95% and 99% profile likelihood confi-155

dence level contours in the φs −∆Γs plane. The coverage of the likelihood contours was156
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CPV in BsàJ/ψ φ 

  

 

•  No big NP effects in ϕs !! à must increase precision    
 

 

 

Ambiguity removed  
by LHCb 

Pictorial representation 
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Sign of ΔΓs=ΓL-ΓH 
  •  Two ambiguous solutions because decay rates invariant under 

transformation (φs, ΔΓs) à (π-φs, -ΔΓs)  (plus strong phase changes) 

•  Remove ambiguity through P-wave ó S-wave interference 
 –  S-wave K+K-  contribution to dominant P–wave 
φà K+K-  decay  

–  Measure strong phase difference  between         
S-wave and P-wave amplitudes as function of    
K+K- invariant mass 

–  Expect 
•  P-wave phase to rise through the φ(1020) region  
•  S-wave is expected to vary slowly 
•  Hence strong phase to decrease for physical 

solution 
–  Solution I is selected: 
      ΓL–ΓH > 0 at the 4.7σ level 

    Heavier Bs meson lives longer! 

 

contribution measured within ±12 MeV of the nominal
φ(1020) mass is 0.042 ± 0.015 ± 0.018 [3]. (We adopt
units such that c = 1 and � = 1.) The S-wave fraction
depends on the mass range taken around the φ(1020).
The result of Ref. [3] is consistent with the CDF limit on
the S-wave fraction of less than 6% at 95% CL (in the
range 1009–1028 MeV) [2], smaller than the DØ result of
(12 ± 3)% (in 1010–1030 MeV) [8], and consistent with
phenomenological expectations [9]. In order to apply the
ambiguity resolution method described above, the range
of mKK is extended to 988–1050 MeV. Figure 1 shows
the µ+µ−K+K− mass distribution where the mass of the
µ+µ− pair is constrained to the nominal J/ψ mass. We
perform an unbinned maximum likelihood fit to the in-
variant mass distribution of the selected B0

s candidates.
The probability density function (PDF) for the signal
B0

s invariant mass mJ/ψKK is modelled by two Gaus-
sian functions with a common mean. The fraction of
the wide Gaussian and its width relative to that of the
narrow Gaussian are fixed to values obtained from sim-
ulated events. A linear function describes the mJ/ψKK

distribution of the background, which is dominated by
combinatorial background.

This analysis uses the sWeight technique [10] for back-
ground subtraction. The signal weight, denoted by
Ws(mJ/ψKK), is obtained using mJ/ψKK as the discrim-
inating variable. The correlations between mJ/ψKK and
other variables used in the analysis, including mKK , de-
cay time t and the angular variables Ω defined in Ref. [3],
are found to be negligible for both the signal and back-
ground components in the data. Figure 2 shows themKK

distribution where the background is subtracted statisti-
cally using the sWeight technique. The range of mKK

is divided into four intervals: 988–1008 MeV, 1008–1020
MeV, 1020–1032 MeV and 1032–1050 MeV. Table I gives
the number of B0

s signal and background candidates in
each interval.

TABLE I. Numbers of signal and background events and
statistical power per signal event in four intervals of mKK .

k mKK interval (MeV) Nsig;k Nbkg;k Wp;k

1 988–1008 251± 21 1675± 43 0.700
2 1008–1020 4569± 70 2002± 49 0.952
3 1020–1032 3952± 66 2244± 51 0.938
4 1032–1050 726± 34 3442± 62 0.764

In this analysis we perform an unbinned maximum
likelihood fit to the data using the sFit method [11], an
extension of the sWeight technique, that simplifies fit-
ting in the presence of background. In this method it is
only necessary to model the signal PDF, as background
is cancelled statistically using the signal weights.

The parameters of the B0

s → J/ψK+K− decay time
distribution are estimated from a simultaneous fit to the
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FIG. 1. Invariant mass distribution for B0

s → µ+µ−K+K−

candidates with the mass of the µ+µ− pair constrained to the
nominal J/ψ mass. The result of the fit is shown with signal
(dashed curve) and combinatorial background (dotted curve)
components and their sum (solid curve).
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FIG. 2. Background subtracted K+K− invariant mass distri-
bution for B0

s → J/ψK+K− candidates. The vertical dotted
lines separate the four intervals.

four intervals of mKK by maximizing the log-likelihood
function

lnL(ΘP,ΘS) =
4�

k=1

Wp;k

Nk�

i=1

Ws(mJ/ψKK;i)×

lnPsig(ti,Ωi, qi,ωi;ΘP,ΘS)

where Nk = Nsig;k + Nbkg;k. ΘP represents the physics
parameters independent of mKK , including φs, ∆Γs and
the magnitudes and phases of the P-wave amplitudes.
Note that the P-wave amplitudes for different polariza-
tions share the same dependence on mKK . ΘS denotes
the values of the mKK-dependent parameters averaged
over each interval, namely the average fraction of S-wave
contribution for the k-th interval, FS;k, and the aver-
age phase difference between the S-wave amplitude and

2
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ΔΓs > 0  

LHCb, arXiv:1202.4717 

PRL 108.241801 



16  Capri 2012 MPA, CPV in charm and b-decays at LHCb 

BsàJ/ψ π+π-   
•  ϕs also measured in Bs → J/ψπ+π– 

–  Previous analysis was Bs à J/ψf0(980) [PLB 707 (2012) 497] 
•  This is CP eigenstate à no need of angular analysis 

–  Mass window extended to 775 < m(ππ) <1550 MeV/c2 
–  Angular analysis shows CP-odd fraction > 97.7% at 95% C.L. 
–  Smaller BR ~20% wrt Bs → J/ψ ϕ    ~  7400 events in signal region 
–  ϕs = –0.02 ± 0.17 ± 0.02 rad 

 

•  Bs à J/ψϕ and Bs à J/ψππ  combined preliminary result                         
ϕs = -0.002 ± 0.083(stat.)  ± 0.027(syst.)  rad    

 

 

LHCb-PAPER-2012-006 
arXiv 1204.5675 
submitted to PLB 
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The semi-leptonic asymmetry 
•  D0 measurement, with dileptons, 

measures a superposition of ad
SLand as

SL 

•  Result 3.9 σ away from SM ! 

•  Most easily interpreted as a Bs driven 
effect, however difficult to reconcile with 
other measurements such as BsàJψϕ 

•  LHCb finalising a time integrated study  
of BsàDs(ϕπ)µυ decays to measure as

SL 
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Towards γ 
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 State of the art 

•  Very precise picture has emerged 
•  γ is least well measured angle 
•   Current measurement error ~10-12o; indirect (through loops) is ~4o 

CKMfitter, S.Descotes-Genon 
UTFit, M.Bona 
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 CPV in B±àDK± 
 

•  Sensitivity to γ through final states accessible to both D0 and D0 

leading to interference 
•  No “pollution” from penguin loops 

~Vcb ~Vub 

− 

1.  D decays to CP eigenstates, e.g. π+π- , K+K-  

(“Gronau London Wyler”) 

2.  D decays to flavour specific states, e.g. K+π-  
(“Atwood Dunietz Soni”)  
Reverse-suppression between B and D decays 
results in similar amplitudes à high sensitivity to γ  

CA 

DCS 

CS 
CA 
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CPV in B±àDK± 
LHCb, arXiv:1203.3662 
Submitted to PLB 

•  Recent LHCb analysis towards measurement of γ: 
– Combines “GLW” and “ADS” 
– Measures 16 decay rates: 

•  B– → Dh- and B+ → Dh+  (h=K or π) and D→ K–π+, K+π–,  
π+π–, K+K– 

– Extracts 3 ratios of partial widths, 6 CP asymmetries, 
4 ratios of ADS to favoured partial widths 
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CPV in B± → DK± and B± → Dπ±  
LHCb, arXiv:1203.3662 
Submitted to PLB 1 fb-1 

• 
– 
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CPV in B± → DK± and B± → Dπ±  
LHCb, arXiv:1203.3662 
Phys Lett B 712 (2012) 203 1 fb-1 

• 
– 

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

5

10

15

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

5

10

15

 -K
D

]+K-!["-B

LHCb

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

5

10

15

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

5

10

15

 +K
D

]-K+!["+B

LHCb

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

10

20

30

40

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

10

20

30

40

 -!
D

]+K-!["-B

LHCb

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

10

20

30

40

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

10

20

30

40

 +!
D

]-K+!["+B

LHCb

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

100

200

300

400

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

100

200

300

400

 -K
D

]+!-K["-B

LHCb

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

100

200

300

400

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

100

200

300

400

 +K
D

]-!+K["+B

LHCb

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

2000

4000

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

2000

4000

 -!
D

]+!-K["-B

LHCb

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

2000

4000

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

2000

4000

 +!
D

]-!+K["+B

LHCb

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

10

20

30

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

10

20

30

 -K
D

]-!+!["-B

LHCb

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

10

20

30

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

10

20

30

 +K
D

]-!+!["+B

LHCb

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

100

200

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

100

200

 -!
D

]-!+!["-B

LHCb

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

100

200

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

100

200

 +!
D

]-!+!["+B

LHCb

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

20

40

60

80

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

20

40

60

80

 -K
D

]-K+K[!-B

LHCb

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

20

40

60

80

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

20

40

60

80

 +K
D

]-K+K[!+B

LHCb

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

200

400

600

800

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

200

400

600

800

 -"
D

]-K+K[!-B

LHCb

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

200

400

600

800

)2) (MeV/cBm(
5200 5400 5600

 )2
Ev

en
ts

 / 
( 5

 M
eV

/c

0

200

400

600

800

 +"
D

]-K+K[!+B

LHCb

B– ADS           B+ ADS   

Fa
vo

ur
ed

 
Su

pp
re

ss
ed

 
K

+K
– 

π
+π

– 

B– GLW         B+ GLW   
First observation of  B± → DK± ADS 
mode (~10 σ) 

Evidence of a large negative asymmetry 
in DK: AADS(K) = (-52 ± 15 ± 2)% (4 σ) 

With KK, ππ, CPV in B± → DK± 
observed with 5.8 σ significance 



24  Capri 2012 MPA, CPV in charm and b-decays at LHCb 

Towards γ 
•  LHCb is on-track to make a combined 

measurement of γ using B±, B0, Bs tree decays, to 
an accuracy of 5~8° with the 2011+2012 data 

•  Anticipated LHCb sensitivity by 2018 ~ 4o  (i.e. 
matching current indirect precision) 
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Charmless two-body B decays 
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Charmless two-body B decays 
B →  h+h’– (where h and h’ = π,K,p) 

 
 
 

•  Interesting class of decays 
•  Sensitive to Vub so to CKM angle γ 
•  ‘Simple’ interpretation of measurements in terms of CKM phases 

not possible (penguin pollution, etc) 
•  NP can contribute to penguin loops 
•  Important interplay among the various B →  h+h’– channels 

–  e.g. assuming U-spin symmetry (d – s interchange) 

 
 

 

 

…plus other diagrams 
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Charmless two-body B decays 

•  Very large yields at LHCb 
–  e.g. [1/fb] ~ 41k (B0àKπ); 7k (B0àππ); 2k (BsàKπ); 11k (BsàKK)   

•  PID capability with RICH detectors to isolate clean samples of  
B → h+h -  (h = π, Κ, p) 

•  Direct CP asymmetries in Kπ modes   
–  Detection asymmetries (acceptance, reconstruction, interaction in 

material) 
•  Studied with high stat. D* and D0 samples with inversion of magnet field polarity 

–  B-B production asymmetries 
•  Studied with B0àJ/ψ K*0   (No CPV in                 )   

•  Time-dependent CPV in ππ and ΚΚ modes 
–  Needs flavour tagging (tagging power ~ 2.3%) 

 
 

 

 

!(B0 " f) #  !(B0 " f)

− 

b! ccs
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Direct CPV in B(s)àKπ 

B0→K+π-  

B0→K-π+  

Bs→K+π-  

  
Bs→K-π-  

 

First observation (>6σ) of direct CPV in B 
decays at a hadron collider 

First evidence (3.3 σ) of direct CPV in BS decays 

ACP(B0→Kπ ) =  

–0.088 ± 0.011 ± 0.008 

  Good agreement with HFAG average 

ACP(Bs→Kπ ) =  

+0.27 ± 0.08 ± 0.02 

LHCb, arXiv:1202.6251 
Accepted by PRL 
  

•  With 0.35 fb-1 
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Time dependent CPV in B0àπ+π- and B0
sàK+K- 

 
 

 
 

  à Adir
f and Amix

f  
 

•  B0→π+π-  
–  Adir

ππ = 0.11±0.2± 0.03 
–  Amix

ππ= -0.56±0.17±0.03 
–  First measurement at a hadron collider 
–  Compatible with B factories 
 

•  B0
sàK+K- 

–  Adir
ΚΚ = 0.02±0.18± 0.04 

–  Amix
ΚΚ= 0.17±0.18±0.05 

–  First measurement 

LHCb-CONF-2012-007  0.69 fb-1 

 

~5.4k B0àπ+π- ~5.4k B0
sàK+K- 
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Very rare topologies in Bàh+h- 

LHCb-CONF-2011-042 

32 fb-1 

BR(B0 ! K +K " ) = (0.13"0.05
+0.06 ± 0.07) #10"6

BR(BS
0 ! ! +! " ) = (0.98"0.19

+0.23 ± 0.11) #10"6

First observation of BSàπ+π- with 5.3σ significance 
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    CPV in charm 
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Search for direct CPV in SCS charm decays  
•  Direct CPV in charm expected to be 

small in SM 
•  In Singly Cabibbo Suppressed (SCS) 

decays, interference between tree and 
penguin diagrams gives possibility to 
NP to manifest itself 

 
•  LHCb has very large samples (e.g. 

statistics in D0→hh for 2011 data alone 
are order of magnitude higher than total 
B-factory yields) 

•  Clear opportunity for NP search! 

LHCb mD*-mD0-mπ [0.6 fb-1] 

L
H

C
b, P

R
L

 108, 111602 (2012) 

1.5 106 

D0àK+K- 

0.4 106 

D0àπ+π- 
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•  Raw asymmetry for tagged D0 to final state f  ( π+π- or K+K-):  

 CPV in time-integrated Doàh+h- decay rates 
 

L
H

C
b, P

R
L

 108, 111602 (2012) 

•  First order Taylor Expansion: 

AD(π+π- )=AD(K+K-)= 0 Independent of  f  
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 CPV in time-integrated Doàh+h- decay rates 
 

L
H

C
b, P

R
L

 108, 111602 (2012) 
•  Raw asymmetry for tagged D0 to final state f  ( π+π- or K+K-):  

•  First order Taylor Expansion: 

AD(π+π- )=AD(K+K-)= 0 Independent of  f  

ARAW = ARAW(K+K-) - ARAW(π+π- ) = ΔACP 

  Nice bonus: in U-spin limit ACP(KK)= - ACP(ππ) for any 
direct CPV, so effect amplified by taking difference 
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Evidence of CPV in time-integrated Doàh+h- decay rates 
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 108, 111602 (2012) 
•  ΔACP mainly related to direct CP violation.         is to a good approx. 

universal. Contribution from indirect CPV remains if time acceptance is 
different for π+π- and K+K- final states: 

 
 
•  Result, based on 0.62/fb of 2011 data is 

ΔACP =(-0.82 ± 0.21stat ± 0.11syst)%   

(Note also recent preliminary CDF result: [-0.62 +- 0.21 +- 0.10]% [CDF note 10784] ) 

aCP
ind
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Evidence of CPV in time-integrated Doàh+h- decay rates 
 

•  Prospects 
–  Analysis of remainder of 2011 data is ongoing (~0.4/fb) 
–  Published analysis selects prompt charmà only ~3% of 

total yield is charm from B 
–  Alternative analysis ongoing in which D0 flavour is tagged 

using charge of µ in semileptonic B decays à completely 
different systematics, interesting experimental cross-check 

–  Precision study of other SCS modes 
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Conclusions 
 •  Wealth of LHCb results with the first 1/fb collected in 

2001 at “CERN’s flavour factory” 
–  Everything works (LHC, luminosity leveling, detector, trigger, 

collaboration, data analysis, ..) 
–  World record results on Bsà J/Ψϕ , Bsà µµ , Bdà K* µµ and 

charm physics. For some topics we are moving from exploration 
to precision measurements. 

–  Many other analyses ongoing (not only in b and c physics) 

•  Some new territory already explored but SM still 
depressingly uncracked 

•  We’ll keep on looking…. 
•  More than double the statistics in 2012 
•  Working hard to prepare for the future (LHCb Upgrade) 
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Statistical sensitivities for LHCb Upgrade  
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