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Basics
Introduction
Measurements of flavour oscillations and time-
dependent CP asymmetries in neutral B meson
systems require knowledge of the b quark flavour at
production. This identification is performed by the
Flavour Tagging (FT). [1,2]

Two independent classes of algorithms

• same side taggers (SS)
use charged particles created in the fragmentation
process of the b quark of the signalBmeson
− kaon forB0s → SS kaon / SS kaon nnet
− pion forB0 → SS pion
− proton forB0 → SS proton

• opposite side taggers (OS)
exploit the non-signal b quark of the initial bb pair
− overall charge of the secondary vertex (SV)

→ OS vertex charge
− lepton from semi-leptonic b hadron decays

→ OSmuon / OS electron
− kaon from the b→c→s decay chain

→ OS kaon
− Dmeson from the b→c decay chain

→ OS charm (New!)
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Each tagger provides a decision d on the initial flavour
(“tag”) and a probability to be wrong, η.

Flavour Tagging characteristics
• mistag
fraction of events with a wrong tagging decision

ω =
Nwrong

Nright + Nwrong

• tagging efficiency
fraction of events with a tagging decision

εtag =
Nright + Nwrong

Nall

• effective tagging efficiency
represents the statistical reduction factor of a sam-
ple in a tagged analysis

εeff = εtag (1− 2ω)2

Calibration
Mistag calibration

!(⌘) = p0 + p1 (⌘ � h⌘i)
estimated 

ev-by-ev mistag
mean 

estimated mistag
calibrated 

ev-by-ev mistag

Several flavour-specific decay channels are used

• B+→ J/ψK+,B+ → D0π+

charged channels: extract ω by comparing tag deci-
sion with charge of the final state

• B0→ J/ψK∗0,B0→ D∗−µ+νµ,B0s → D−s π
+, ...

neutral channels: full time-dependent analysis to
extract ω from the mixing asymmetry

Amix(t) ∝ (1− 2ω) cos(∆md/st)
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Flavour Tagging in Run I
Usage in analyses

• one calibration per tagger valid for all channels
• systematic uncertainties from

− calibration methods
− results in different control channels

• “ad-hoc” calibration using best-suited control chan-
nels for analyses dominated by FT uncertainty

Highlights of flavour-tagged measurements

• Measurements of φs

" "

B0s! J/ K+K� 3.13% 3.73%
B0s! J/ ⇡+⇡� 2.43% 3.89%
B0s! D+s D�s 5.33%

− newest analyses profited from:
→ including SS kaon nnet tagger
→ re-optimisation of OS algorithms
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Figure 3: Estimated fractions of mistag probabilities from (a) the SSK tagger, ⌘SSK, and (b)
the OS tagger, ⌘OS.

background subtraction. The signal peaks at about 26 fs and the background at 29 fs.
The mistagging PDF is di↵erent in each of the tagging categories: it is a product of two
one-dimensional PDFs of ⌘SSK and ⌘OS if both are tagged, a one-dimensional PDF of the
corresponding tagger if only single tagged, and a uniform PDF if untagged. The two
one-dimensional distributions of ⌘SSK and ⌘OS are shown in Fig. 3 for both signal and
background.

5 Decay time resolution and acceptance

The decay time resolution function T (t � t̂; �t) is described by a sum of three Gaussian
functions with a common mean, and widths given by three scale factors, each being mul-
tiplied by �t ⌘ �t + �0

t , where �t is the estimated per-event decay time error and �0
t is a

constant parameter. Studies on simulated data show that prompt J/ ⇡+⇡� combinations
have nearly identical resolution to signal events. Consequently, we determine the param-
eters of the resolution model from a fit to the decay time distribution of such prompt
combinations in the data, where the contribution of candidates unlikely to originate from
J/ events are subtracted. Taking into account the �t distribution of the

( )

B 0
s signal, the

e↵ective resolution is found to be 40.3 fs.
The decay time distribution is influenced by acceptance e↵ects that are introduced by

track reconstruction, trigger and event selection. The decay time acceptance is obtained
using control samples of B0 ! J/ K⇤0(! K�⇡+) and B0 ! J/ K⇤0(! K+⇡�) decays,
and then corrected by the acceptance ratio between B0

s and B0 decays derived from the
simulation.

The same selection as for signal events is implemented for the
( )

B 0 candidates ex-
cept for the kaon identification requirement. The K⌥⇡± pair mass is restricted within
±100MeV of the nominal K⇤0 mass [27]. The candidates within ±25MeV of the B0 mass
peak are used to measure the decay time acceptance. There are 399 200 ± 800 signal
events with a purity of 98.5%. The decay time distribution is shown in Fig. 4(a). These
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Figure 4: Measured mistag rate against the average predicted mistag rate for the (left) OS
and (right) SSK taggers in B0

s ! D�
s ⇡

+ decays. The error bars represent only the statistical
uncertainties. The solid curve is the linear fit to the data points, the shaded area defines the
68% confidence level region of the calibration function (statistical only).

Table 2: Flavour tagging performance for the three di↵erent tagging categories for B0

s ! D�
s ⇡

+

candidates.

Event type "
tag

[%] "
e↵

[%]
OS-only 19.80 ± 0.23 1.61 ± 0.03 ± 0.08
SSK-only 28.85 ± 0.27 1.31 ± 0.22 ± 0.17
OS-SSK 18.88 ± 0.23 2.15 ± 0.05 ± 0.09
Total 67.53 5.07

sociated statistical and systematic uncertainties. The tagging performances, as well as
the e↵ective tagging power, for the three sub-samples and their combination as measured
using B0

s ! D�
s ⇡

+ events are reported in Table 2.

6.3 Mistag distributions

Because the fit uses the per-candidate mistag prediction, it is necessary to model the
distribution of this observable for each event category (SS-only, OS-only, OS-SSK for the
signal and each background category). The mistag probability distributions for all B0

s decay
modes, whether signal or background, are obtained using sWeighted B0

s ! D�
s ⇡

+ events.
The mistag probability distributions for combinatorial background events are obtained
from the upper B0

s mass sideband in B0

s ! D�
s ⇡

+ decays. For B0 and ⇤0

b backgrounds the
mistag distributions are obtained from sWeighted B0! D�⇡+ events. For the SSK tagger
this is justified by the fact that these backgrounds di↵er by only one spectator quark and
should therefore have similar properties with respect to the fragmentation of the ss pair.
For the OS tagger, the predicted mistag distributions mainly depend on the kinematic
properties of the B candidate, which are similar for B0 and ⇤0

b backgrounds.
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Figure 6: Result of the decay-time (top left) sFit and (top right) cFit to the B0

s ! D⌥
s K±

candidates; the cFit plot groups B0

s ! D⇤�
s ⇡+ and B0

s ! D�
s ⇢

+, and also groups B0! D�K+,
B0! D�⇡+, ⇤0

b! ⇤�
c K

+, ⇤0

b! ⇤�
c ⇡

+, ⇤0

b! D�
s p, ⇤

0

b! D⇤�
s p, and B0! D�

s K
+ together for

the sake of clarity. The folded asymmetry plots for (bottom left) D+

s K
�, and (bottom right)

D�
s K

+ are also shown.

Table 3: Fitted values of the CP observables to the B0

s ! D⌥
s K± time distribution for (left)

sFit and (right) cFit, where the first uncertainty is statistical, the second is systematic. All
parameters other than the CP observables are constrained in the fit.

Parameter sFit fitted value cFit fitted value
Cf 0.52± 0.25± 0.04 0.53± 0.25± 0.04
A��

f 0.29± 0.42± 0.17 0.37± 0.42± 0.20
A��

f
0.14± 0.41± 0.18 0.20± 0.41± 0.20

Sf �0.90± 0.31± 0.06 �1.09± 0.33± 0.08
Sf �0.36± 0.34± 0.06 �0.36± 0.34± 0.08
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− analysis on 2011 data: εeff = 5.07%
− SS kaon nnet adds more than 1.3% to εeff [8]

• CP violation inB0→ J/ψK0
S
(sin 2β)

− analysis on 2011 data: εeff = 2.38% [9]
− full Run I analysis: εeff = 3.02% [10]
→ SS pion tagger addsmore than 0.376% to εeff
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Figure 2: Time-dependent signal-yield asymmetry (N
B

0�N
B

0)/(N
B

0+N
B

0). Here, N
B

0 (N
B

0) is
the number of B0! J/ K0

S decays with a B0 (B0) flavor tag. The data points are obtained with
the sPlot technique [32], assigning signal weights to the events based on a fit to the reconstructed
mass distribution. The solid curve is the projection of the signal PDF.

and �0.005 for C are applied to account for CP violation in K0–K0 mixing and for the
di↵erence in the nuclear cross-sections in material between K0 and K0 states [31]. The
correction is negligible for the result for S with C = 0.

Various sources of systematic uncertainties on the CP observables are examined,
in particular from mismodeling PDFs and from systematic uncertainties on the input
parameters. In each study, a large set of pseudoexperiments is simulated using a PDF
modified such as to include the systematic e↵ect of interest; the relevant distributions
from these pseudoexperiments are then fitted with the nominal PDF. Significant average
deviations of the fit results from the input values are used as estimates of systematic
uncertainties. The largest systematic uncertainty on S, ±0.018, accounts for possible tag
asymmetries in the background; for C the largest uncertainty, ±0.0034, results from the
systematic uncertainty on �m. Systematic uncertainties on the flavor tagging calibration
account for the second largest systematic uncertainty on S, ±0.006, and on C, ±0.0024.
The third largest uncertainty on S, ±0.005, arises from assuming �� = 0 and is evaluated
by generating pseudoexperiments with �� set to the value of its current uncertainty,
0.007 ps�1 [9], and then neglecting it in the fit. Remaining uncertainties due to neglecting
correlations between the reconstructed mass and decay time of the candidates, mismodeling
of the decay-time resolution and e�ciency, the systematic uncertainty of the production
asymmetry, and the uncertainty on the length scale of the vertex detector are small and are
given in the Appendix. Adding all contributions in quadrature results in total systematic
uncertainties of ±0.020 on S and ±0.005 on C.

Several consistency checks are performed by splitting the data set according to di↵er-
ent data-taking conditions, tagging algorithms, and di↵erent reconstruction and trigger
requirements. All results show good agreement with the nominal results.

In conclusion, a measurement of CP violation in the interference between the direct
decay and the decay after B0–B0 oscillation to a J/ K0

S final state is performed using
41 500 flavor-tagged B0 ! J/ K0

S decays reconstructed with the LHCb detector in a

6

− precision analysis→ “ad-hoc” FT calibration
→ OS algorithms calibrated withB+→ J/ψK+

→ SS pion calibrated withB0→ J/ψK∗0

• CP violation inB0s→ J/ψK0
S

− not possible to excludeB0 events in selection
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Figure 2: Mass distribution of B candidates at di↵erent stages of the event selection for the (left)
long K0

S and (right) downstream K0
S sample. The data sample after initial selection (red, +),

after the first neural net (green, ⇥) and after the second neural net (black, •) are shown. Overlaid
are projections of the fit described in Sec. 5. Shown components are B0

s

! J/ K0
S (dark blue,

dashed), B0! J/ K0
S (red, dotted) and combinatorial background (turquoise, dash-dotted).

optimise the sensitivity to the B0
s

signal using NS/
p
NS +NB as figure of merit, where

NS and NB are respectively the expected number of signal and background events in a
±30 MeV/c2 mass range around the B0

s

peak. After applying the final requirement on the
NN classifier output associated with the long (downstream) K0

S sample, the multivariate
selection rejects, relative to the initial selection, 99.2% of the background in both samples
while keeping 72.9% (58.3%) of the B0 signal. The lower selection e�ciency on the
downstream K0

S sample is due to the worse signal-to-background ratio after the initial
selection, which requires a more stringent requirement on the NN classifier output. The
resulting J/ K0

S mass distributions are illustrated in Fig. 2.
After applying the full selection, the long (downstream) B candidate can still be

associated with more than one PV in about 1.5% (0.6%) of the events; in this case, one
PVs is chosen at random. Likewise, about 0.24% (0.15%) of the selected events have
multiple candidates sharing one or more tracks; in this case, one candidates is chosen at
random.

4 Flavour tagging

At the LHC, b quarks are predominantly produced in bb̄ pairs. When one of the two quarks
hadronises to form the B meson decay of interest (“the signal B”), the other b quark
hadronises and decays independently. By exploiting this production mechanism, the signal

6

− B0s events: εeff = 4.00% [11]
− B0 events: εeff = 2.62% [11]
→ small tagging power of SS kaon forB0:
− same-side protons misidentified as kaons
− kaons from same-sideK∗ (892)
⇒ kaons have opposite charge forB0:

tagging decision has to be inverted

Developments
OS charm tagger (preliminary)

• reconstructD0/D±/D∗ decays related to OS b decay

" "

D0 ! K�⇡+ 10.0% 24.0%
D0 ! K�⇡+⇡+⇡� 5.9% 8.4%
D+ ! K�⇡+⇡+ 10.3% 2.6%
D0, D+ ! K�⇡+X 69.7% 61.5%
D0, D+ ! K�e+X 0.5% 0.2%
D0, D+ ! K�µ+X 3.4% 0.3%
⇤+c ! p+K�⇡+ 0.2% 2.4%

• one boosted decision tree (BDT) for each mode [12]
• clean measure ofBmeson flavour (lowmistag)
• stand-alone taggingpower of εeff = 0.30% to0.40%

SS pion calibration

• calibration performed withB0→ J/ψK∗0

• full evaluation of systematic uncertainties
• used for the first time in the measurements of

− sin(2β)withB0 → J/ψK0S

⇒ εSSπeff = 0.38%

− sin(2βeff)withB0 → J/ψπ+π−

⇒ εSSπeff = 0.54%

SS kaon tagging using neural nets (NN)

• basic idea: use two NN
− first NN distinguishes between:

1. fragmentation tracks
⇒ signal for SS kaon nnet

2. underlying event tracks

− second NN:
◦ assigns final tag andmistag based
onmultiple candidates [13]

• SS kaon nnet tagger is a great success, compared
to the previous cut-based SS kaon it gives

− B0s→ D−s π
+: 50% relative improvement in εeff

− B0s→ J/ψφ: 41% relative improvement in εeff
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