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Introduction
• LHCb physics goals:

- precision tests of the Standard Model and search for New Physics

• Phenomena under study

- CP violation in B and D decays (this talk)

- rare decays (see talk by O. Deschamps)

- direct searches for New Physics in the forward region

• Finding New Physics (NP) at low energy

- heavy NP particles can alter amplitude of loop processes

• New Physics can either:

- be discovered in precision measurements and then confirmed 
with direct searches (e.g. @ ATLAS and CMS)

- or NP particles are first observed at the energy frontier, and their 
properties then studied in precision measurements at ‘low’ energy
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Indirect searches
for New Physics
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CP violation measurements
• Unitarity Triangle (B0 decays)

- β is very well measured at B factories

- LHCb will also measure β

- γ from hadronic B decays at LHCb

• In Bs system, probe phase of CKM element Vts

- measure interference between decay and mixing

- in SM, φsSM = φM - 2φD = −0.0363 ± 0.0017 rad [CKM fitter]

- NP contribution can modify this parameter: φs = φsSM+ΔφsNP
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Figure 2: Feynman diagrams contributing to the decay B0
s→ J/ψφ, within the Standard Model.

Left: tree; right: penguins.

Figure 3: Feynam diagrams responsible for Bq–Bq mixing, within the Standard Model (q=s,d).

where ΦM = arg(M12).

In the Standard Model, Bq mesons oscillate through box diagrams represented in

Figure 3. The phase ΦM, sometimes called “the B
0
s mixing phase”, is equal to 2 arg(VtsV ∗

tb).

Note that Af/Af , q/p, ΦD and ΦM depend on phase convention. However λf does not.

The weak phase

φJ/ψφ
s ≡ − arg(ηfλf ) = ΦM − 2ΦD (26)

is the observable phase we will measure. In the rest of the document, we simply call it φs

to simplify the equations and because there is no ambiguity with other decay modes.

Noting that:

�λf = −ηf sin φs and �λf = ηf cos φs , (27)

we can re-write the decay rates (21-22):

Γ(Bq → f) = |Af |2e−Γst
�
cosh

�
∆Γst

2

�
− ηf cos φs sinh

�
∆Γst

2

�

+ηf sin φs sin(∆mst)
�
, (28)

Γ(Bq → f) = |Af |2e−Γst
�
cosh

�
∆Γst

2

�
− ηf cos φs sinh

�
∆Γst

2

�

−ηf sin φs sin(∆mst)
�
. (29)

If we consider that New Physics affects only M12 and not Γ12, its contribution to

∆B = 2 transitions can be parametrised in a model independent manner by introducing
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The LHCb detector
‣ One arm forward spectrometer, 

fully instrumented in forward 
direction

‣ 1.9 < η < 4.9

‣ Very good lifetime resolution
(~50 fs)

• long flight length (boost)

• strong spacial resolution

‣ Strong particle identification 
using two RICH detectors, 
scintillator pad, preshower 
detector and muon system

‣ tracking stations before and after 
magnet

‣ one quarter of B mesons 
produced in LHCb interaction 
point are within LHCb acceptance
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Produktion von B-Mesonen am LHC

7 7 TeV
Visible cross section: 63  mb
b-cross section: 0.5 mb
b-quarks fliegen in Strahlrichtung
Ultimate Luminosity: 1034cm-2s-1 

>20 Wechselwirkungen / X-ing
LHCb bevorzugt single Xings: 
L =  2x1032cm-2s-1

1012 B-Hadronen in 107 sec
+ 0 0
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Rate von multiple Interactions

The LHCb detector
• LHCb is a single-arm forward spectrometer at the LHC

- rapidity range: 1.9 < η < 4.9

• Fully instrumented in the forward region

- excellent vertex resolution (+boost)
→ ~50fs lifetime resolution

- tracking stations before and after 4Tm dipole magnet

- particle identification with

- two ring-imaging Cherenkov detectors

- calorimetry

- muon detectors

4



F.Blanc, CP violation @ LHCb

LHC technical stops

• All subsystems working
at design specifications

• LHCb collecting data
>85% of stable beam time

• Pile up from multiple pp collisions from LHC bunch crossing to be 
tuned to maximize performance
- increasing pile up => more b hadrons... ✔

                                   ...but more combinatorial background ✖

• Solution: luminosity “leveling” during LHC spill
=> keep approximately constant pile up over spill lifetime

• Recorded 37pb-1 at 7TeV in 2010, and >160pb-1 since March 2011
• Expect ≈1fb-1 in 2011

LHCb detector performance
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Direct CP violation at LHCb
• Measured direct CP asymmetry in B →K+π− 

- based on 37pb-1 collected in 2010 at 7TeV

• Kinematic and particle identification (PID) variables used for 
selection optimizing sensitivity to CP violation
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Figure 8: K+π− (left) and K−π+ (right) invariant mass spectra for events surviving the

selection optimized for the best sensitivity on ACP (B0 → K+π−). The result of the

unbinned maximum likelihood fit is superimposed. The main components contributing to

the fit model explained in the text are also visible: B0 → Kπ (red), wrong sign B0 → Kπ
combination (dark red), B0 → π+π− (light blue), B0

s → K+K− (dark yellow), B0
s → πK

(green), combinatorial background (grey), 3-body partially reconstructed decays (orange).

Parameter Fit result

B0 → K+π−+c.c. yield 1447± 50

B0
s → π+K−+c.c. yield 140± 25

B0 → π+π− yield 275± 24

B0
s → K+K− yield 333± 21

Λb → pK−+c.c. yield 76± 12

Λb → pπ−+c.c. yield 41± 10

B0 mass [GeV/c2] 5.2757± 0.0008

B0
s mass [GeV/c2] 5.3651± 0.0015

Λb mass [GeV/c2] 5.612± 0.004

Mass resolution [MeV/c2] 22.1± 0.6

ARAW
CP (B0 → K+π−) −0.086± 0.033

Table 4: Relevant parameters determined by the unbinned maximum likelihood fit to the

data sample surviving the event selection optimized for the best sensitivity on ACP (B0 →
K+π−). Only statistical errors are shown.
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B0→K+π- B0→K-π+

LHCb [PRELIMINARY] HFAG
ACP(B0→K+π−) -0.074 ± 0.033stat ± 0.008syst -0.098 ± 0.012
ACP(Bs→π+K−) 0.15 ± 0.19 ± 0.02 0.39 ± 0.17

LHCb-CONF-2011-011
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Figure 1: Distribution of the invariant mass for B̄0 → D+K−π+π− (left) and B− →
D0K−π+π− (right) candidates from 35 pb−1 of data for all analysis selected candidates.
A fit, as described in the text is overlaid.
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Figure 2: Distribution of the invariant mass for B̄0 → D+π−π+π− (left) and B− →
D0π−π+π− (right) candidates from 35 pb−1 of data after applying all analysis selections.
The curves are as summarised in the legend and described in detail in Ref. [4].

we have every reason to believe the momentum spectrum is well modelled. For the
CF decays, the fraction of bachelor daughters with momentum less than 100 GeV/c is
(97.0 ± 0.0.3)% for data and is (96.7 ± 0.2)% for simulation (see Fig. 3 in Ref [4].) We
therefore conservatively assign a 1% systematic error due to this requirement. We also
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Measuring angle γ at LHCb
• Angle γ from interference between tree and penguin decays

• LHCb can measure γ with U-spin related decays Bd→Kπ, ππ, 
Βs→Kπ, KK, Λb→pπ, pK  (analysis is in preparation)

• LHCb also observes the Cabibbo-suppressed decays 
B→DKππ, which will add 30-40% statistics to the 
measurements of γ

• Expect to measure angle γ with 5-6˚ accuracy with 2011 data
7

LHCb-CONF-2011-024
B−→D0K−π+π−B0→D+K−π+π−
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Towards time-dependent CP measurements
• Ingredients for measuring φs in Bs→J/ψφ

1.measure Bd, Bu, Bs, and Λb lifetimes

2.angular analysis of Bs→J/ψφ 
=> untagged measurement of φs 

3.flavor tagging calibration

4.measure Δms 

5.measure sin2β in B0→J/ψKS 

and, finally,

6.apply tagged time-dependent angular analysis
to Bs→J/ψφ to measure φs

8
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Proper time reconstruction
• Lifetime measured for Bd, Bu, Bs, and Λb 

• Define event selection criteria used in following analyses

• Detailed studies of resolution and acceptance

• All results compatible
with world averages
→ validation of proper time
measurement at LHCb

9

6 Conclusions

Using a sample of approximately 36 pb−1 collected with the LHCb detector in 2010 at a
centre-of-mass energy of 7 TeV, we extract the main b-hadron lifetimes in the exclusive
final states B+→ J/ψK+, B0→ J/ψK∗0, B0

s → J/ψφ, B0→ J/ψK0
S and Λb → J/ψΛ with

J/ψ → µ+µ−. The trigger and offline event selections have been optimized to reduce the
effect of a possible lifetime bias.

The results extracted from a two-dimensional unbinned maximum likelihood fit to the
reconstructed b-hadron candidate invariant mass and proper time distributions are

τ(B+→ J/ψK+) = 1.689 ± 0.022 ± 0.047 ps ,
τ(B0→ J/ψK∗0) = 1.512 ± 0.032 ± 0.042 ps ,
τ(B0→ J/ψK0

S ) = 1.558 ± 0.056 ± 0.022 ps ,
τ single(B0

s → J/ψφ) = 1.447 ± 0.064 ± 0.056 ps ,
τ(Λb → J/ψΛ) = 1.353 ± 0.108 ± 0.035 ps .

where τ single(B0
s → J/ψφ) is the lifetime measured with B0

s → J/ψφ using a single ex-
ponential to model the proper time distribution, i.e., ignoring the non-zero decay-width
difference of the B0

s system.
The systematic uncertainties are dominated by our imperfect knowledge of the de-

pendence of the event reconstruction efficiency on proper time. We are currently using
simulation to more precisely determine the acceptance effects arising from different steps
of the event reconstruction and pin down their exact origins. Efforts are also being made to
improve agreement between data and simulation. We are confident that this uncertainty
can be largely reduced in the future.

Our measurements are in agreement with the world averages, but not yet competitive.
We expect that with more data collected in the course of 2011, LHCb will significantly
improve the accuracy of these measurements.
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Channel Lifetime (ps) Yield

B+→ J/ψK+ 1.689 ± 0.022 6741 ± 85
B0→ J/ψK∗0 1.512 ± 0.032 2668 ± 58
B0→ J/ψK0

S 1.558 ± 0.056 838 ± 31
B0

s → J/ψφ 1.447 ± 0.064 570 ± 24
Λb → J/ψΛ 1.353 ± 0.108 187 ± 16

Table 2: Signal event yields and lifetimes extracted from the likelihood fits to the candi-
dates with proper time t ∈ [0.3, 14] ps.
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Figure 1: B+ mass (left) and proper time (right) projections of the two-dimensional fit
to the B+ → J/ψK+ candidates. The total fit is represented by the blue solid line, the
signal contribution by the green dashed line and the background contribution by the red
dashed line. The mass range for the fit is m ∈ [5.15, 5.40] GeV/c2.
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Angular analysis
• Final state in Bs → J/ψφ is a mixture of CP eigenstates

- depends on angular momentum configuration (P→VV decay)

• Use transversity angles
to disentangle A||, A0 and
A⊥ amplitudes

10

LHCb-CONF-2011-002

Figure 1: Angle definition for the decay B0
s → J/ψφ and B0

d → J/ψK∗: θ is the angle
formed by the positive lepton (�+) and the z axis in the J/ψ rest frame. The angle ϕ
is the azimuthal angle of �+ in the same frame. In the φ → K+K− meson rest frame
(K∗ → K+π− meson rest frame respectively) ψ is the angle between �p(K+) and −�p(J/ψ)

both direct CP violation and CP violation in mixing, the summed differential decay distri-
butions of produced B0

s and B̄
0
s mesons are described by the time and angular dependent

differential decay width:

d4Γ

dtdΩ
∝ |A0(t)|2 · f1(Ω) +

��A�(t)
��2 · f2(Ω) +

|A⊥(t)|2 · f3(Ω) + �
�
A∗
�(t)A⊥(t)

�
· f4(Ω) +

�
�
A∗

0(t)A�(t)
�

· f5(Ω) + � (A∗
0(t)A⊥(t)) · f6(Ω). (1)

The bilinear combinations of the time-dependent amplitudes Ai(t) are functions of the
total decay width Γs, the decay width difference ∆Γs and the mixing phase φs. They
are given in the appendix together with the angular dependent functions fi(Ω). For a
vanishing mixing phase φs the differential decay rate for B0

s → J/ψφ simplifies to

d4Γ

dtdΩ
= e−Γst

�
|A0(0)|2f1(Ω)e−

∆Γs
2 t + |A�(0)|2f2(Ω)e−

∆Γs
2 t

+ |A⊥(0)|2f3(Ω)e+∆Γs
2 t + cos δ�|A0(0)||A�(0)|f5(Ω)e−

∆Γs
2 t

�
. (2)

For the decay B0
d → J/ψK∗ the final state is flavour specific, with the kaon charge

identifying the flavour of the decaying neutral B meson. This decay channel provides
a valuable control sample since it occurs via similar (parity-odd and parity-even) decay
amplitudes which are already well measured [3, 6, 7, 8]. Summing over the initially
produced B0

d and B̄
0
d mesons and assuming ∆Γd = 0 yields the following differential decay

2
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Figure 7: Fitted PDF projected on the reconstructed B mass, the lifetime and the
transversity angles compared to the data distributions for the selected B0

s → J/ψφ can-
didates. Shown are the total PDF, the PDFs for signal, the PDFs for the CP-even and
CP-odd signal components and the total background PDF.
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6 Summary and conclusion

The data used in this analysis were recorded with the LHCb detector at the LHC in the

year 2010 at a centre-of-mass energy
√

s = 7 TeV. The data sample corresponds to an

integrated luminosity of 36 pb
−1

of pp collisions.

The polarisation amplitudes and their respective strong phases have been measured

for the decay B
0
d → J/ψK

∗
. Using (2631 ± 66) signal events we find the following results

for the transversity amplitudes and strong phases,

|A�(0)|2 = 0.252 ± 0.020 ± 0.016,

|A⊥(0)|2 = 0.178 ± 0.022 ± 0.017,

δ� = −2.87 ± 0.11 ± 0.10,

δ⊥ = 3.02 ± 0.10 ± 0.07,

where the first error is the statistical error from the 5-dimensional fit and the second error

is the systematic uncertainty according to Table 2.

Within errors the LHCb results agree with earlier measurements [3, 6, 7, 8] though

with uncertainities that are a factor of 2 larger.

By using (571±25) signal events for the decay B
0
s → J/ψφ the B

0
s decay width Γs and

the decay width difference ∆Γs as well as the transversity amplitudes have been measured.

The following results are obtained:

Γs = 0.680 ± 0.034 ± 0.027 ps
−1

,

∆Γs = 0.084 ± 0.112 ± 0.021 ps
−1

,

|A⊥(0)|2 = 0.279 ± 0.057 ± 0.014 ,

|A0(0)|2 = 0.532 ± 0.040 ± 0.028 ,

cos δ� = −1.24 ± 0.27 ± 0.09 ,

where the first error is the statistical error from the fit and the second error is the

systematic uncertainty according to Table 4.

Within their errors the results agree with earlier measurements [1, 2, 3, 4].

Although the LHCb results are not yet competitive with the best measurements, the

presented results show that the analysis procedures are well established and ready to

analyse a larger data sample. A significant improvement of the LHCb statistical and

systematic uncertainties is expected in 2011.
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Untagged measurement of φs

• Extract Γs, ΔΓs, and amplitudes from 4-D fit to angles and 
proper time

- A(t) functions depend
on Γs, ΔΓs, and φs 

- fi(Ω) functions depend
on transversity angles

• Fit with φs fixed at 0 to
determine Γs and ΔΓs 

• Likelihood scan in (ΔΓs, φs)
plane (contour obtained with
Feldman-Cousins method)

=> 4-fold ambiguity
and weak sensitivity to φs 
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Figure 1: Angle definition for the decay B0
s → J/ψφ and B0

d → J/ψK∗: θ is the angle
formed by the positive lepton (�+) and the z axis in the J/ψ rest frame. The angle ϕ
is the azimuthal angle of �+ in the same frame. In the φ → K+K− meson rest frame
(K∗ → K+π− meson rest frame respectively) ψ is the angle between �p(K+) and −�p(J/ψ)

both direct CP violation and CP violation in mixing, the summed differential decay distri-
butions of produced B0

s and B̄
0
s mesons are described by the time and angular dependent

differential decay width:

d4Γ

dtdΩ
∝ |A0(t)|2 · f1(Ω) +

��A�(t)
��2 · f2(Ω) +

|A⊥(t)|2 · f3(Ω) + �
�
A∗
�(t)A⊥(t)

�
· f4(Ω) +

�
�
A∗

0(t)A�(t)
�

· f5(Ω) + � (A∗
0(t)A⊥(t)) · f6(Ω). (1)

The bilinear combinations of the time-dependent amplitudes Ai(t) are functions of the
total decay width Γs, the decay width difference ∆Γs and the mixing phase φs. They
are given in the appendix together with the angular dependent functions fi(Ω). For a
vanishing mixing phase φs the differential decay rate for B0

s → J/ψφ simplifies to

d4Γ

dtdΩ
= e−Γst

�
|A0(0)|2f1(Ω)e−

∆Γs
2 t + |A�(0)|2f2(Ω)e−

∆Γs
2 t

+ |A⊥(0)|2f3(Ω)e+∆Γs
2 t + cos δ�|A0(0)||A�(0)|f5(Ω)e−

∆Γs
2 t

�
. (2)

For the decay B0
d → J/ψK∗ the final state is flavour specific, with the kaon charge

identifying the flavour of the decaying neutral B meson. This decay channel provides
a valuable control sample since it occurs via similar (parity-odd and parity-even) decay
amplitudes which are already well measured [3, 6, 7, 8]. Summing over the initially
produced B0

d and B̄
0
d mesons and assuming ∆Γd = 0 yields the following differential decay

2
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1 Introduction

The identification of the initial flavour of reconstructed B0 and B0
s mesons is necessary for

most of the measurements of flavour or CP asymmetries, to establish whether the meson
contained a b or a b quark. This procedure is known as flavour tagging and is performed
at LHCb by means of different flavour tagging algorithms as described in [1] and [2] and
illustrated in Figure 1.

proton

Same side

signal B+

K+

J/!

primary vertex

Opposite side opposite B

lepton taggers     
(e-, "-) from b-quark

same side 
pion tagger

vertex-charge tagger    
from inclusive vertexing

b
b

u

d

u

d

B+
u

!-

proton

opposite kaon 
tagger (K )#

Figure 1: Schematic representation of the different sources of information available to tag
the initial flavour of a signal B candidate, here B+→ J/ψK+. The same-side and opposite-
side (which can be any b-hadron) are shown. Since LHCb is a forward spectrometer, same
and opposite tagging particles can be close in phase-space.

Opposite-side (OS) taggers (muon, electron, kaon and inclusive secondary vertex) can
be used to tag any b-hadron, whilst same-side pion (SSπ) and same-side kaon (SSK)
taggers can be used only to tag B0 and B+ or B0

s , respectively. For each tagger, the prob-
ability of the tag decision to be correct is estimated by using several kinematic properties
of the tagger and the event itself. When more than one tagger is available per event, these
probabilities are combined into a single probability and a single decision per event.

Two possibilities are considered: the combination of OS taggers only, common to all
the b-hadrons, and the combination of all taggers including SS, which are different for
the B0

s , and B0 and B+ cases. The use of the OS tagger combination is important to
compare the results in different control channels and to study the SSπ and SSK tagging
algorithms.

1

Tagging
• Tagging decision and mistag

probability from neural
network trained on MC

• Calibrated on real data
using self tagging decays

• Determine effective tagging
efficiency εeff 

• OS tagging used for φs result

• Improvements expected from
same-side kaon tagging (work in progress)
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The sensitivity of a measured CP asymmetry is directly related to the effective tagging

efficiency εeff , or tagging power. The tagging power represents the effective statistical

reduction of the sample size, and is defined as:

εeff = εtagD
2

= εtag(1− 2ω)
2

(1)

where εtag is the tagging efficiency (fraction of events with a tagging decision available),

ω is the mistag fraction (fraction of tagged events for which a wrong decision was taken)

and D the dilution term: D = 1 − 2ω. The efficiency εtag and the mistag fraction ω are

calculated as:

εtag =
R + W

R + W + U
ω =

W

R + W
, (2)

where R, W , U are the number of correctly tagged, incorrectly tagged and untagged

events, respectively.

The mistag fraction can be measured in data using flavour-specific decay channels,

i.e. those decays where the daughters uniquely define the quark/antiquark content of the

decaying b-hadron. For charged mesons this is obtained by directly comparing the flavour

of the reconstructed meson with the tagging decision, while for neutral mesons this is

done by fitting the B0 flavour oscillation as a function of the proper time.

In this note several flavour-specific control channels are considered: B0 → D∗−µ+νµ,
B+ → J/ψK+ and B0 → J/ψK∗0 2. These are used for the optimization, calibration

and measurement of the tagging performance of the opposite-side taggers and the pion

same-side tagger. The kaon same-side tagger is not considered here.

2 Flavour tagging algorithms

The flavour tagging algorithms were developed and intensively studied using Monte Carlo

simulation (MC) [1]. With real data the tagging performance was optimized by looking

for cuts that maximize the tagging power εeff .

The OS tagger algorithms (muon, electron, and kaon) use the charge of the lepton from

semileptonic b-hadron decays and the kaon from the b→ c→ s decay chain to define the

flavour of the signal B meson. The inclusive secondary vertex tagger uses the charge of the

inclusive secondary vertex reconstructed from b-decay products. When the accompanying

b-hadron is a neutral B meson, due to the possibility of flavour oscillations, all these

methods have an intrinsic dilution. The tagging particles are selected by exploiting the

properties of the b-hadron decays, for example by requiring a large impact parameter

significance with respect to the primary vertex or a large transverse momentum pT .

The SS tagger algorithms determine directly the flavour of the signal B mesons by

exploiting the correlation of particles in the fragmentation chain. In B0/B0
s events, from

the fragmentation of a b quark, an extra d/s is available to form a pion/kaon that in a

fraction of the cases is charged and identifies the flavour of the signal B. This procedure

2Throughout, any decay channel refers also to its charge-conjugate decay.

2

tagging
efficiency dilution

mistag
probability

Tobias Brambach | CP Violation @ LHCb | SM @ LHC | Durham | 13th of April 2011

Tagging calibration (2)

‣ fit of linear calibration function
ω(η) = p0 + p1 (η - <η>)
on data

‣ calculation of effective efficiencies εD2
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Figure 2: Distributions of m(Kπ) (left), m(Kππ)−m(Kπ) (centre) and t (right) of the

B0→ D∗−µ+νµ events. Black points with errors are data, whereas the blue curve is the

fit result. The dashed lines represent: red=signal, grey=D0 from B decay background,

magenta=combinatorial background, green=B+ background, orange=D∗ prompt back-

ground.
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Figure 3: Flavour asymmetry of B0→ D∗−µ+νµ events in the signal mass region when

using the combination of all OS taggers. The fit function was obtained by fixing ∆md to

the PDG value.

lifetime t > 0.3 ps are selected. The remaining background contribution, due to partially

reconstructed b-hadron decays to J/ψK+X that pass the B+ → J/ψK+ selection, can

be disentangled from the signal by exploiting the different reconstructed B mass (and

time) distributions. In total ∼11 000 signal events are selected with B/S ∼ 0.065. The

mistag fraction is measured by counting the number of signal events that are correctly

or wrongly tagged, depending whether the charge of the B signal agrees or not with the

flavour tagging decision. In this case, since the B+ doesn’t oscillate, a fit of the mass

distribution is sufficient to determine the signal events. The fit model is based on a
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Figure 6: Measured mistag fraction (ω) versus calculated mistag probability (ηc) cali-

brated on B+→ J/ψK+ signal events for the OS (top) and SSπ+OS (bottom) combi-

nations for the background subtracted events in the signal mass window (left) and in

the sidebands (right). Points with errors are data, the red curves represent the result of

the mistag calibration for the signal, corresponding to parameters of Table 1. The data

sample is the same used for the mistag calibration of the individual taggers and of the

OS combination.

5 Summary of the flavour tagging performance

Table 2 summarizes the tagging performance of the OS and SSπ+OS combinations mea-

sured on each channel after the optimization and the calibration of the mistag probability.

Both the average performance and the results for the combination of values after splitting

the sample in tagging categories3 are presented. The measured mistag fractions of the

three channels agree within the statistical uncertainty. These results support the possi-

3The present definition of the tagging categories foresees 5 groups: categories 1 to 5 are defined in the
mistag probability ranges η >0.38, 0.31< η <0.38, 0.24< η <0.31, 0.17< η <0.24 and η <0.17
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Flavour tagging (LHCb-CONF-2011-003)    

Initial flavour of B can be inferred from 
Opposite Side: products of the other B meson 
Same Side: fragmentation particles associated to signal B

OS (and SS pion) taggers  optimized and calibrated

B+ J/ K+

Y: estimated per event mistag
X: calibrated mistag
Fitted to a linear function 

Optimization and calibration of 
SS kaon tagger ongoing
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lifetime t > 0.3 ps are selected. The remaining background contribution, due to partially

reconstructed b-hadron decays to J/ψK+X that pass the B+ → J/ψK+ selection, can

be disentangled from the signal by exploiting the different reconstructed B mass (and

time) distributions. In total ∼11 000 signal events are selected with B/S ∼ 0.065. The

mistag fraction is measured by counting the number of signal events that are correctly

or wrongly tagged, depending whether the charge of the B signal agrees or not with the

flavour tagging decision. In this case, since the B+ doesn’t oscillate, a fit of the mass

distribution is sufficient to determine the signal events. The fit model is based on a
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B0 → D*- μ+ νμ

Bd → J/ψ K+

Bd → J/ψ K+
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lifetime t > 0.3 ps are selected. The remaining background contribution, due to partially

reconstructed b-hadron decays to J/ψK+X that pass the B+ → J/ψK+ selection, can

be disentangled from the signal by exploiting the different reconstructed B mass (and

time) distributions. In total ∼11 000 signal events are selected with B/S ∼ 0.065. The

mistag fraction is measured by counting the number of signal events that are correctly

or wrongly tagged, depending whether the charge of the B signal agrees or not with the

flavour tagging decision. In this case, since the B+ doesn’t oscillate, a fit of the mass

distribution is sufficient to determine the signal events. The fit model is based on a
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B0→D*−µ+νµ
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Measurement of Bs oscillations
• Determine Δms from

Bs→Ds− π+ and Bs→Ds− 3π 

• Tagged time-dependent fit 
to extract Δms 

13

]2 mass [MeV/csB
5000 5500

2
# 

ev
en

ts
 / 

15
 M

eV
/c

0
20
40
60
80

100
120
140
160
180
200

Data
fitted sig.

 bkg.π *
sfitted D

 bkg.ρ sfitted D
 X bkg.sfitted D

fitted combinatorial bkg.

LHCb preliminary
 = 7 TeVs

-136 pb

]2 mass [MeV/csB
5000 5500

2
# 

ev
en

ts
 / 

15
 M

eV
/c

0

20

40

60

80

100

120

140

Data
fitted sig.

 bkg.π *
sfitted D

 bkg.ρ sfitted D
 X bkg.sfitted D

 bkg.πD→dfitted B
 bkg.πcΛ→bΛfitted 

fitted combinatorial bkg.

LHCb preliminary
 = 7 TeVs

-136 pb

]2 mass [MeV/csB
5000 5500

2
# 

ev
en

ts
 / 

15
 M

eV
/c

0

20

40

60

80

100

120

140 Data
fitted sig.

 bkg.π *
sfitted D

 bkg.ρ sfitted D
 X bkg.sfitted D

 bkg.πD→dfitted B
 bkg.πcΛ→bΛfitted 

fitted combinatorial bkg.

LHCb preliminary
 = 7 TeVs

-136 pb

]2 mass [MeV/csB
5000 5200 5400 5600

2
# 

ev
en

ts
 / 

15
 M

eV
/c

0
20
40
60
80

100
120
140
160
180
200

Data
fitted sig.

 bkg.πππ *
sfitted D

 bkg.πππD→dfitted B
 bkg.πππcΛ→bΛfitted 

fitted combinatorial bkg.

LHCb preliminary
 = 7 TeVs

-136 pb

Figure 3: Fit to the mass distribution of B0
s → D−

s (φπ−)π+ (top left),
B0

s → D−
s (K∗K−)π+ (top right), B0

s → D−
s (K+K−π−)π+ (bottom left) and

B0
s → D−

s 3π (bottom right) candidates.

6

Table 2: Fit results of the mixing fit using predicted event-by-event mis-tag probabilities
ω(ηc) to describe the tagging performance. �sig,Ds(3)π refers to the signal tagging efficiency;
ωbkg,Ds(3)π and �bkg,Ds(3)π are the background asymmetry and the background tagging
efficiency. The effective tagging efficiency �eff is not a fit parameter but is calculated
from the fitted values of the tagging efficiency �sig,Ds(3)π and the ω(ηc) signal distribution.

parameter result
∆ms [ps−1] 17.63± 0.11

�sig,Dsπ 0.236± 0.013
�sig,Ds3π 0.176± 0.032
ωbkg,Dsπ 0.527± 0.026
�bkg,Dsπ 0.255± 0.012
ωbkg,Ds3π 0.457± 0.037
�bkg,Ds3π 0.236± 0.0016
�eff [%] 3.8± 2.1
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Figure 7: Likelihood scan for ∆ms in the range from [0.0,25.0] ps−1 (left) and zoomed
into the signal region (right). The line at 20.94 indicates the likelihood value evaluated
in the limit of infinite mixing frequency.

of the fits. In the limit of infinite statistics and perfectly calibrated tagging performance
and proper time resolution we expect A to be zero for all ∆ms values but the true one.
For the fit with the true ∆ms value the amplitude is expected to be exactly one. Figure 8
shows (A, σA) as a function of ∆ms. We find A = 1.41 ± 0.26 for ∆ms = 17.63 ps−1,
which is 1.6 σ away from the expected value of 1. This indicates that either our proper
time resolution or tagging performance estimate is slightly too pessimistic or that we ob-
serve a statistical fluctuation. The separation of A = 1.41 and A = 0 is 5.4 σ (statistical
uncertainties only). This number gives the separation between the hypothesis of a mixing
frequency of ∆ms = 17.63 ps−1 and no mixing.
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Δms = 17.63 ± 0.11stat ±0.04syst ps-1

CDF   Δms = 17.67 ± 0.10stat ±0.07syst ps-1
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Figure 8: Left: Mixing asymmetry for signal B0
s candidates as function of proper time

modulo
2π

∆ms
. The fitted signal asymmetry is superimposed. Right: Fitted amplitude as

a function of ∆ms. See the text for further explanation.

2.6 Evaluation of Systematic Uncertainties

The following sources of systematic uncertainties are considered:

• Variation of the proper time resolution scale factor in the range 1.2-1.4.

This range covers conservatively the variations on the proper time scale factor ob-

served in all phase space regions studied with the fake B0
s sample.

• In data, the observed proper time resolution is described well by a single Gaussian.

However, in B0
s signal Monte Carlo we find that a single Gaussian does not fit

the proper time resolution well. If we fit a double Gaussian to the Monte Carlo

distribution, we find that the wider Gaussian has twice the width of the narrow

Gaussian and contains 6 % of the events. We estimate the possible effect on the

measurement of ∆ms by adding to the proper time resolution model used in the

analysis a contribution of a second Gaussian with the parameters found from Monte

Carlo.

• Variation of the proper time acceptance according to different trigger scenarios.

Extreme scenarios of triggers using no B0
s displacement cut and very hard cuts have

been studied. Even these large variations have no impact on the final result.

• Fit parameters fixed from the mass and lifetime fit, are released and allowed to float

in the mixing fit.

• The shape of the combinatorial background in the mass fit is modified. The expo-

nential shape has been replaced by a linear one.

• The mass templates derived on generator level Monte Carlo for the physics back-

grounds is modified.

We apply harder and looser momentum cuts on the B0
s candidates relative to the

11
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Standard Model point (black square) is 0.785 which corresponds to a deviation of “1.2σ”.
Projected in one dimension, we find φs ∈ [−2.7,−0.5] rad at 68% CL.
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φs from Bs→J/ψφ
• Tagged time-dependent fit to extract φs in Bs→J/ψφ decays

• First LHCb constraint on φs using 36pb-1 (2010 dataset)

• LHCb results:
φs ∈ [−2.7, −0.5] @ 68% C.L.
φs ∈ [−3.5, +0.2] @ 95% C.L.

• Confidence contour from
Feldman-Cousins method

- contour includes systematics
on tagging and Δms ; other
systematics are negligible

• 2-fold ambiguity remaining

• Prospect for 1fb-1

→ σ(φs) ≈ 0.13 rad
14

SM
P-value = 22%
⇔ “1.2σ”

Standard Model:
ΔΓs=0.087±0.021 ps-1

φs=-0.0363±0.0017 rad

Projected 1fb-1 error
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First observation of Bs → J/ψ f0(980)
• Bs→J/ψ f0(980) has been observed at LHCb with 33pb-1 

• 111±14 signal events (12.8σ)

• Measure ratio to Bs→J/ψφ

• Important mode to study:
A. P→PV decay with CP-odd

final state
=> φs without angular analysis

B. s-wave background to
Bs→J/ψφ ; allows to remove
remaining 2-fold ambiguity

15

of π+π+ and π−π− like-sign event distributions. The fit gives a B0
s mass of 5366.1±1.1
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Figure 4: (a) The invariant mass of J/ψπ+π− combinations when the π+π− pair is required
to be with ±90 MeV of the f0(980) mass. The data have been fit with a signal Gaussian
and several background functions. The thin (red) solid curve shows the signal, the long-
dashed (brown) curve the combinatorial background, the dashed (green) curve the B+ →
J/ψK+(π+) background, the dotted (blue) curve the B0 → J/ψK∗0 background, the
dash-dot curve (purple) the B0 → J/ψπ+π− background, the barely visible dotted curve
(black) the sum of B0

s → J/ψη′ and J/ψφ backgrounds, and the thick-solid (black) curve
the total. (b) The same as above but for like-sign di-pion combinations.

MeV in good agreement with the known mass of 5366.3±0.6 MeV, a Gaussian width
of 8.2±1.1 MeV, consistent with the expected mass resolution and 111±14 signal events
within ±30 MeV of the B0

s mass. The change in twice the natural logarithm of the
fit likelihood when removing the B0

s signal component, shows that the signal has an
equivalent of 12.8 standard deviations of significance. The like-sign di-pion yield correctly
describes the shape and level of the background below the B0

s signal peak, both in data
and Monte Carlo simulations. There are also 23±9 B0 → J/ψπ+π− events.
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Figure 6: The invariant mass of π+π− combinations when the J/ψπ+π− is required to be
within ±30 MeV of the B0

s mass. The dashed curve is the like-sign background that is
taken from the data both in shape and absolute normalization. The dotted curve is the
result of the fit using Eq. 2 and the solid curve the total.

an interval between 580 and 1480 MeV. Guidance is given by the BES collaboration who
fit the spectrum in J/ψ → φπ+π− decays [14]. We include here the f0(980) and f0(1370)
resonances, though other final states may be present, for example the f2(1270) a 2++

state [13,14]; it will take much larger statistics to sort out the higher mass states. We use
a coupled-channel Breit-Wigner amplitude (Flatté) for the f0(980) resonance [16] and a
Breit-Wigner shape (BW) for the higher mass f0(1370). Defining m as the π+π− invariant
mass, the mass distribution is fit with a function involving the square of the interfering
amplitudes

|A(m)|2 = N0mp(m)q(m)
∣

∣Flatté[f0(980)] + A1 exp
(iδ) BW[f0(1370)]

∣

∣

2
, (2)

where N0 is a normalization constant, p(m) is the momentum of the π+, q(m) the mo-
mentum of the J/ψ in the π+π− rest-frame, and δ is the relative phase between the two
components. The Flatté amplitude is defined as

Flatté(m) =
1

m2
0 −m2 − im0(g1ρππ + g2ρKK)

, (3)

where m0 refers to the mass of the f0(980) and ρππ and ρKK are Lorentz invariant phase
space factors equal to 2p(m)/m for ρππ. The g2ρKK term accounts for the opening of the
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Bs→J/ψf0

f0(980) →π+π-

f0(1370)

kaon threshold. Here ρKK = 2pK(m)/m where pK(m) is the momentum a kaon would
have in the π+π− rest-frame. It is taken as an imaginary number when m is less than
twice the kaon mass. We use m0g1 = 0.165 ± 0.018 GeV2, and g2/g1 = 4.21 ± 0.33 as
determined by BES [14].

The f0(1370) mass and width values used here are 1434±20 MeV, and 172±33 MeV
from an analysis by E791 [15]. We fix the central values of these masses and widths
in the fit, as well as m0g1 and the g2/g1 ratio for the f0(980) amplitude. The mass
resolution is incorporated as a Gaussian convolution in the fit as a function of π+π−

mass. It has an r.m.s. of 5.4 MeV at 980 MeV. We fit both the opposite-sign and like-sign
distributions simultaneously. The results of the fit are shown in Fig. 6. The χ2/ndof
is 44/56. We find an f0(980) mass value of 972±25 MeV. There are 265±26 events
above background in the extended mass region, of which (64+10

− 6)% are associated with
the f0(980), (12 ± 4)% are ascribed to the f0(1370) and (24+2

−6)% are from interference.
The fit determines δ = 61 ± 36◦. The fit fraction is defined as the integral of a single
component divided by the coherent sum of all components. The f0(980) yield is 169+31

−21

events. The lower mass cutoff of the fit region loses 1% of the f0(980) events. The change
in twice the log likelihood of the fit when removing the f0(980) component shows that it
has an equivalent of 12.5 standard deviations of significance.

Using the 169 f0 events from J/ψπ+π−, and the 635 φ events from J/ψK+K−, cor-
recting by the relative efficiency, and ignoring a possible small S-wave contribution under
the φ peak [17], yields

Rf0/φ ≡
Γ(B0

s → J/ψf0, f0 → π+π−)

Γ(B0
s → J/ψφ, φ → K+K−)

= 0.252+0.046+0.027
−0.032−0.033 . (4)

Here and throughout this Letter whenever two uncertainties are quoted the first is statisti-
cal and the second is systematic. This value of Rf/φ depends on the decay amplitudes used
to fit the π+π− mass distribution and could change with different assumptions. To check
the robustness of this result, an incoherent phase space background is added to the above
fit function. The number of signal f0(980) events is decreased by 7.3%. If we leave the
f0(1370) out of this fit, the original f0(980) yield is decreased by 6.5%. The larger number
of these two numbers is included in the systematic uncertainty. The BES collaboration
also included a σ resonance in their fit to the π+π− mass spectrum in J/ψ → φπ+π−

decays [14]. We do not find it necessary to add this component to the fit.
The systematic uncertainty has several contributions listed in Table 1. There is an un-

certainty due to our kaon and pion identification. The identification efficiency is measured
with respect to the Monte Carlo simulation using samples of D∗+ → π+D0, D0 → K−π+

events for kaons, and samples of K0
S → π+π− decays for pions. The correction to Rf0/φ is

0.947±0.009. This correction is already included in the efficiencies quoted above, and the
1% systematic uncertainty is assigned for the relative particle identification efficiencies.

The efficiency for detecting φ → K+K− versus a π+π− pair is measured using
D+ meson decays into φπ+ and K−π+π+ in a sample of semileptonic B decays where
B → D+Xµ−ν [18]. The simulation underestimates the φ efficiency relative to the π+π−

efficiency by (6±9)%, so we take 9% as the systematic error.

8
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Figure 1: Fit to the K+π−K−π+ mass distribution for selected candidates. The model
includes a Gaussian component for the B0

s signal (red line), another Gaussian for the B0

(green line) and an exponential component to describe a combinatorial background. Fit
results are shown in Tab. 2.

Table 2: Fitted values of the model parameters for the mass spectrum, as described in
the text. Ns, Nd, µs, and µd are the number of events and fitted mass values for the B0

s

(s) and B0 (d) signals. σ is the fitted Gaussian width. NBkg the number of background
events in the full mass range, and cBkg the exponential parameter in the fit. 14.7 ± 1.4
events are observed under the B0

s signal peak.
Parameter Value
Ns 34.5± 7.4
Nd 9.9± 4.8
µs (MeV/c2) 5363.1± 4.4
µd (MeV/c2) 5271± 11
σ (MeV/c2) 17.6± 4.5
NBkg 157± 14
cBkg (10−3(MeV/c2)−1) 1.23± 0.28

the B0 meson is insignificant, and compatible with background fluctuations.
The two-dimensional distribution of K+π− mass versus K−π+ mass is shown in Fig. 2,

indicating a peaking distribution, in rather good agreement with the decay B0
s → K∗0K∗0,

with K∗0 → K+π− and K∗0 → K−π+.
Because the K∗0 meson is very light as compared to the B0

s , the invariant mass of the

3

φs in charmless Bs decays
• φs will be measured in Bs→φφ decays (in preparation)

• φs can also be measured with other penguin decays

• Bs→K*0K*0 is
observed at LHCb
with 35pb-1

• Nsig = 34.0 ± 7.4
(7σ significance)

• Branching fraction obtained
by normalizing to B0→J/ψ K*0 
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where B(vis)B0→J/ψK∗0 is the product B(B0 → J/ψK∗0
)B(J/ψ → µ+µ−

)B(K∗0 →
K+π−

). B(B0 → J/ψK∗0
) = (1.33 ± 0.06) × 10

−3
is taken from the world average in

Ref. [13], B(J/ψ → µ+µ−
) = 0.0593 [13], and B(K∗0 → K+π−

) = 2/3 has been assumed.

Taking into account the efficiencies reported in section 4, and the overall acceptance

correction λfL = 0.83, gives the result:

B(B0
s → K∗0K∗0

) = (1.95± 0.47(stat.)± 0.51(syst.)± 0.29 (fd/fs))× 10
−5

(5)

where the systematic error is composed by 22% uncertainty on λfL , 13% from trigger

efficiencies, 6% from background subtraction which includes a possible contamination of

a nonresonant Kπ contribution, and a separate error associated to the ratio fd/fs. We use

the value fd/fs = 3.71±0.47 from Ref. [11]. An alternative determination of the branching

ratio using LHCb data for the decay B0
s → D±

s π
∓
, and the published measurement of

its branching ratio with 16% uncertainty [13] has yielded the result B
�
B0

s → K∗0K∗0�
=

(2.64 ± 0.61(stat.) ± 0.42(B.R.)) × 10
−5
, which is in agreement with our measured value

above.

7 Conclusions

A clear signal for the decay B0
s → K∗0K∗0

has been observed at LHCb at 7 TeV centre–

of–mass energy with 35 ± 3 pb
−1
. We find 34.5 ± 7.4 signal events in the mass interval

±50MeV/c2 around the B0
s mass, on top of 14.7 ± 1.4 background events. The observa-

tion has a 7σ significance. A preliminary determination of the branching ratio has been

performed using as normalization reference the channel B0 → J/ψK∗0
, which yields the

result B
�
B0

s → K∗0K∗0�
= (1.95± 0.47(stat.)± 0.51(syst.)± 0.29 (fd/fs))× 10

−5
.
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Conclusion
• 2010 dataset (≈36pb-1) was used to demonstrate the excellent 

LHCb performance for

- tagging,

- angular, and

- time-dependent analyses

• LHCb has obtained its first CP violation measurements

• Several new decay modes are being discovered

• CP violation measurements at LHCb on known and new decay 
modes will soon contribute significantly to constraining the 
Standard Model

• Expect world best measurements of φs and γ with 2011 dataset
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