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Introduction
‣ Measurements

• Mixing parameters

- Δmd in B0 → J/ψ K*0 and B0 → D– 𝜋+

- Δms in Bs → Ds 𝜋+

• CP Violation in the interference of mixing and decay

- sin2β in B0 → J/ψ KS

‣ Ingredients
• tag the initial flavour of the B

• measure the B decay time
3

1 Introduction1

The decay B0 ! J/ K0
S is well known as the gold-plated mode for the study of CP2

violation in the B0 meson system. Here, the B0 meson decays to a CP odd eigenstate—the3

final state being common to both B0 and B0—allowing for interference through mixing.4

In the B0 system the decay width di↵erence �� of the high and low mass eigenstates is5

negligible. Therefore, in case of equal production rates of B0 and B0, the time dependent6

decay rate asymmetry can be written as [1, 2]:7

A
J/ K

0
S
(t) ⌘ �(B0(t) ! J/ K0

S )� �(B0(t) ! J/ K0
S )

�(B0(t) ! J/ K0
S ) + �(B0(t) ! J/ K0

S )

= S
J/ K

0
S
sin(�m

d

t)� C
J/ K

0
S
cos(�m

d

t). (1)

Here B0(t) and B0(t) are the time evolutions of particles that are produced at t = 0 as B0
8

and B0 respectively and that decay at time t. The parameter �m
d

= m
B

0
H
�m

B

0
L
is the9

mass di↵erence of the two B0 mass eigenstates. The sine term results from the interference10

between direct decay and decay after B0–B0 mixing. A non-zero cosine term arises either11

from the interference between decay amplitudes with di↵erent weak and strong phases12

(direct CP violation) or from CP violation in B0–B0 mixing.13

In the Standard Model (SM), CP violation in mixing and direct CP violation are both14

negligible in B0! J/ K0
S decays, hence C

J/ K

0
S
= 0, while S

J/ K

0
S
= sin 2�. The CKM15

angle � can also be measured in other charmonium B0 final states such as J/ K0
L , J/ K

⇤0,16

 (2S)K(⇤)0, etc. Currently, the world average value of sin 2� has a 3% uncertainty [3]:17

sin 2� = 0.679± 0.020.

The time-dependent measurement of the CP parameters S
J/ K

0
S
and C

J/ K

0
S
requires18

flavour tagging, i.e. the knowledge whether the decaying particle was produced as a B0
19

or B0. If a fraction ! of candidates is incorrectly tagged, the accessible time-dependent20

asymmetry A
J/ K

0
S
(t) is diluted by (1� 2!). Hence, a measurement of the CP parameters21

requires a precise knowledge of the wrong tag fraction.22

In this paper, a measurement of S
J/ K

0
S
and C

J/ K

0
S
with approximately 8200 decays23

of B0! J/ K0
S is presented. As this represents the first precision measurement of these24

parameters in a hadronic environment a blind analysis is performed.25

2 Data samples and selection requirements26

The data sample used consists of 1.0 fb�1 of data recorded at a centre-of-mass energy of27 p
s = 7TeV with the LHCb detector located at the LHC at CERN. The detector [4] is a28

single-arm forward spectrometer covering the pseudorapidity range 2 < ⌘ < 5, designed29

for the study of particles containing b or c quarks. The detector includes a high precision30

tracking system consisting of a silicon-strip vertex detector surrounding the pp interaction31

region, a large-area silicon-strip detector located upstream of a dipole magnet with a32

1

Aq(t) =
N

unmixed

(t)�N
mixed

(t)

N
unmixed

(t) +N
mixed

(t)
= cos�mqt



Julian Wishahi | Δms, Δmd, and sin2β @LHCb | 13th CKM Workshop, WG IV | Sep. 29th 2012

μ± identification

Energy measurement 
for γ, e, π0

Track reconstruction

Vertex reconstruction

K±/π±/p separation 

The LHCb Experiment

4

‣ single-arm spectrometer (2 < η < 5)
‣ dedicated for the study of b and c hadrons

• rare decays 

• CP violation

‣ correlated (incoherent) production of b quark pairs in pp-collisions
‣ has to cope with harsh hadronic environment

• efficient triggers (hardware+software stage) and selections

decay time resolution 
~45 fs

IP resolution
~20 μm

momentum resolution
Δ p / p = 0.4 – 0.6%

0
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LHCb MC
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The LHCb Experiment
‣ Specs

• 1 fb–1 at 7 TeV in 2011 (expect 2.2 fb–1 at 8 TeV in 2012)

• data taking efficiency >90% (of which >99% can be used for analyses)

• triggers reduce 20 MHz collisions to 4 kHz output

- ~90% efficient for dimuon channels

- ~30% efficient for multi-body hadronic final states

5
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Flavour Tagging
Eur. Phys. J. C 72 (2012) 2022
LHCb-CONF-2012-030

6

http://dx.doi.org/10.1140/epjc/s10052-012-2022-1
http://dx.doi.org/10.1140/epjc/s10052-012-2022-1
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Opposite Side

Same Side

b

b̅
d

d̅

u

Bd

KS

J/ψ
μ

μ

π

π

Signal

π+ SS Pion

b ➝ c ➝ s

b ➝ X l-

VTX
OS Muon
OS Electronl-

K- OS Kaon

‣ Tagging algorithms
• OS tagging exploits decay of 

associated b hadron

- lepton taggers

- kaon tagger

- inclusive secondary vertex 
reconstruction

• SS tagging uses remnants 
of the signal b 
hadronization

- SS Kaon for Bs mesons

- SS Pion for B0 and B+ 
mesons

Flavour Tagging

7

Eur. Phys. J. C 72 (2012) 2022
LHCb-CONF-2012-026

http://dx.doi.org/10.1140/epjc/s10052-012-2022-1
http://dx.doi.org/10.1140/epjc/s10052-012-2022-1
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Flavour Tagging
‣ Each tagging 

algorithm 
determines
• tag decision di 

• mistag probability 
estimate ηi 

- from Neural Net  
trained on MC

• combination of taggers 
gives combined d and 
ηc

- can do this for OSTs 
only or OST+SST

‣ Tagging performance 
• given by

- tagging efficiency

- mistag fraction

- tagging power

• OS taggers

• OS combination

8

"tag =
NT

NT +NU

! =
NW

NR +NW

✏e↵ = "tag(1� 2!)2 = "tagD2

1 Additional results on opposite side tagging opti-

mization and calibration

In the present report we include some additional information regarding the flavour tagging
tuning that has been used for the measurement of �s in the analyses of B0

s ! J/ � [1]
and B0

s ! J/ ⇡+⇡� [2].
Opposite side tagging (OST) algorithms are optimized and calibrated following the

same procedure as described in reference [3] using the full data sample of 1.0 fb�1 collected
by LHCb during 2011 run.

We first perform the optimization of the individual OST algorithms, by choosing the
selection of the corresponding tagging particles in order to maximize the tagging power
"
tag

D2 measured on the reference control channel B+ ! J/ K+. The new working point
substantially confirms the previous one [3], with the exception of the OS kaon tagger,
which now corresponds to an improved tagging power of ⇠20%, thanks to a ⇠50% larger
tagging e�ciency. The measured performances are summarized in Table 1.

Tagger "
tag

% ! % "
tag

D2 %
µ 5.20±0.04 30.8±0.4 0.77±0.04
e 2.46±0.03 30.9±0.6 0.36±0.03
K 17.67±0.08 39.33±0.24 0.81±0.04

Q
vtx

18.46±0.08 40.31±0.24 0.70±0.04
OS sum of categories 33.2±0.09 36.8±0.2 2.31±0.07
OS event-by-event 33.2±0.09 36.7±0.2 2.35±0.06

Table 1: Tagging e�ciency, mistag probability and tagging power of the individual OS taggers and
for their combination measured in the B+ ! J/ K+ control channel. The quoted uncertainties
are statistical only. In the case of the single taggers the quoted results are average values. In the
case of the OS combination, to better exploit the tagging information, the results are determined
on independent samples obtained by splitting the data sample in bins of predicted mistag (sum
of categories) or by using the predicted mistag event-by-event.

In a second step we calibrate the mistag probability of each OS tagger, assuming a
linear dependence between the measured mistag ! and the predicted mistag probability ⌘.
The mistag probability is calculated event-by-event combining several pieces of information
on the tagging particle and on the event by means of a neural network that is trained on
simulated events. The parametrization used for the calibration of the mistag for signal
events is:

!(⌘) = p
0

+ p
1

(⌘ � h⌘i) , (1)

where p
0

and p
1

are the calibration parameters that are extracted from an unbinned
maximum likelihood fit to the data distributions, and h⌘i is the average predicted mistag
of signal events. The plots in Fig. 1 show the results of the calibration of the single taggers.
The calibrated mistag probability is referred to as ⌘c.

1

Eur. Phys. J. C 72 (2012) 2022
LHCb-CONF-2012-026

"tagD2 ⇡ 2.3%

! ⇡ 36.7%

Ameas = (1� 2!)A(t)

http://dx.doi.org/10.1140/epjc/s10052-012-2022-1
http://dx.doi.org/10.1140/epjc/s10052-012-2022-1
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‣ Calibrate the mistag probability 
prediction with self-tagging channels
• linear calibration function

 

- perfect calibration if

- for OS combination on B+→ J/ψ K+

- validation on other control channels

• Mistag probability asymmetry

Flavour Tagging – Calibration

9

p
0

p
1

h⌘ci ⇢(p
0

, p
1

)
0.392±0.002±0.009 1.035±0.021±0.012 0.391 0.13

Table 2: Calibration parameters (p
0

and p
1

, average predicted mistag, h⌘ci and correlation
coe�cient ⇢(p

0

, p
1

) between the parameters) of the OST combined mistag probability extracted
from the B+ ! J/ K+ decays. The first error is statistical and the second is systematic.

respect to the previous optimization [3], the new working point corresponds to a ⇠10%
higher tagging power, "

tag

D2 = (2.35±0.06(stat.))%, and a ⇠20% higher tagging e�ciency.
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Figure 2: Measured mistag fraction (!) versus predicted mistag probability (⌘c) for background
subtracted B+ ! J/ K+ candidates (left) and B0

d ! J/ K⇤0 candidates (Figure2, right). In
each case, the solid (red) line represents the result of a linear fit to the presented data set. In the
right plot the calibration obtained from B+ ! J/ K+ sample is superimposed as the shaded
(blue) area, corresponding to ±1� variation of this calibration. The parameters of the fit to the
B+ ! J/ K+ data are given in Table 2.
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B+→ J/ψ K+

B0→ J/ψ K*0

!(⌘) = p0 + p1(⌘c � h⌘ci)

p1 = 1

p0 = h⌘ci

Eur. Phys. J. C 72 (2012) 2022
LHCb-CONF-2012-026

�! = p0(B
0)� p0(B

0
) = 0.011± 0.003

http://dx.doi.org/10.1140/epjc/s10052-012-2022-1
http://dx.doi.org/10.1140/epjc/s10052-012-2022-1
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Measurement of Δms 
Phys. Lett. B 709 (2012)
LHCb-CONF-2011-050

10



Julian Wishahi | Δms, Δmd, and sin2β @LHCb | 13th CKM Workshop, WG IV | Sep. 29th 2012

Measurement of Δms

‣ Current status
• measurement by CDF

• most precise measurement by LHCb (preliminary)

‣ Mixing asymmetry

• compare flavour tag with decay flavour

- same flavour = unmixed

- different flavour  = mixed

‣ Dataset 340 pb-1 (2011)

• using 9189 Bs → Ds 𝜋+ decays

- Ds → Φ π-, Ds → K* K-, Ds → K+ K- π- (non-resonant)

• OST (per-event mistag prob.) and SSK tagging
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�)⇡+ (top), B0

s ! D�
s (K

⇤K�)⇡+

(bottom left) and B0
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+K�⇡�)⇡+ (bottom right) candidates in the mass range
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Figure 4: Fit to the decay time distribution of the sum of all three modes (left). Projection
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Measurement of Δms

‣ Features
• Decay time resolution of 45 fs

• SSK alone:

‣ Largest systematic uncertainty from length-
scale

‣ Result

12

Table 4: Fit results using the combination of opposite-side and same-side taggers.
parameter result
�ms [ps�1] 17.725± 0.041
!
sigSSKT

[%] 34.4± 2.8
✏
sigSSKT

[%] 12.1± 0.4
✏
sigOST

[%] 29.0± 0.5
✏
e↵OST

[%] 3.1± 0.8
✏
e↵SSKT

[%] 1.2± 0.4
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Figure 5: Mixing asymmetry for B0

s signal candidates as a function of decay time, modulo
( 2⇡
�ms

), for the fit using only the same-side tagger (left) and the combination of opposite
and same-side taggers (right). The fitted signal asymmetries are superimposed.
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Table 5: Summary of the systematic uncertainties on �ms and their quadratic sum.
source �

�ms [ps
�1] �!sigSSKT

decay time resolution 0.001 0.0060
decay time resolution model 0.001 0.0002
di↵. signal shape in mass fit 0.003 0.0015
variation of ⌘ and �t PDFs 0.001 0.0041
length-scale 0.018 —
momentum scale 0.018 —
��s 0.002 0.0014
total systematic uncertainties 0.026 0.008

in the fit for the B0

s decay time5. The remaining e↵ect on �ms is found to be
smaller than 0.1%.

• The value ��s was fixed in the mixing fit to its PDG value of 0.092⇥ �s [4]. This
value was varied within the range 0.0� 0.2⇥ �s.

A summary of the systematic uncertainties for �ms and !
sigSSKT

can be found in Table 5.

3.6 Results

The preliminary value of �ms measured in B0

s ! D�
s ⇡ decays using combined opposite-

and same-side tagging algorithms on a data-set of 340 pb�1 collected in 2011 is found to
be:

�ms = 17.725± 0.041 (stat.)± 0.026 (syst.) ps�1. (13)

From a fit using only the same-side tagging algorithm its average mis-tag probability has
been measured:

!
sigSSKT

= 34.4± 2.7 (stat.)± 0.8 (syst.) %. (14)

The resulting SSKT e↵ective tagging power is:

✏
e↵SSKT

= 1.3± 0.4 (stat.)± 0.1 (syst.) %. (15)

Due to limited statistics the same-side tagging algorithm is not yet optimized using B0

s

mesons, thus further improvement of the tagging performance is expected when event-by-
event mis-tag probability will be calibrated.

5Since there was no D�
s mass constraint used, the decay can be considered a 4-body decay. Since the

sum of the daughter particles’ masses is much smaller than the mass of the mother, the uncertainty of
the momentum is largely propagated to the B0

s -mass and thus cancels to a large extent in the ratio.

12

Phys. Lett. B 709 (2012)
LHCb-CONF-2012-050

"D2 = (1.3± 0.4)%

Table 4: Fit results using the combination of opposite-side and same-side taggers.
parameter result
�ms [ps�1] 17.725± 0.041
!
sigSSKT

[%] 34.4± 2.8
✏
sigSSKT

[%] 12.1± 0.4
✏
sigOST

[%] 29.0± 0.5
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e↵OST

[%] 3.1± 0.8
✏
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[%] 1.2± 0.4
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s signal candidates as a function of decay time, modulo
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�ms

), for the fit using only the same-side tagger (left) and the combination of opposite
and same-side taggers (right). The fitted signal asymmetries are superimposed.
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Measurement of Δmd 
LHCb-PAPER-2012-032 (to be published soon)
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Measurement of Δmd

‣ Current status
• world average (HFAG)

• single best measurement by Belle

14

0.35 0.4 0.45 0.5 0.55 0.6 0.65

6md (ps-1)

World averageApril 2012 0.507 ±0.004 ps-1

CLEO+ARGUS(rd measurements) 0.498 ±0.032 ps-1
Average of 29 above 0.507 ±0.004 ps-1

LHCb B0
d(full)/OST(0.036 fb-1) 0.499 ±0.032 ±0.003 ps-1

BABAR D*li/l,K,NN(23M BB< ) 0.492 ±0.018 ±0.013 ps-1
BABAR D*li(part)/l(88M BB< ) 0.511 ±0.007 ±0.007 ps-1

BELLE B0
d(full)+D*li/comb(152M BB< ) 0.511 ±0.005 ±0.006 ps-1

BELLE l/l(32M BB< ) 0.503 ±0.008 ±0.010 ps-1
BELLE D*/(part)/l(31M BB< ) 0.509 ±0.017 ±0.020 ps-1

BABAR l/l(23M BB< ) 0.493 ±0.012 ±0.009 ps-1
BABAR B0

d(full)/l,K,NN(32M BB< ) 0.516 ±0.016 ±0.010 ps-1
D0 D(*)µ/OST(02-05) 0.506 ±0.020 ±0.016 ps-1

CDF1 D*l/l(92-95) 0.516 ±0.099 +0.029 ps-10.516 ±0.099  -0.035

CDF1 l/l,Qjet(94-95) 0.500 ±0.052 ±0.043 ps-1
CDF1 µ/µ(92-95) 0.503 ±0.064 ±0.071 ps-1

CDF1 Dl/SST(92-95) 0.471 +0.078  ±0.034 ps-10.471  -0.068

OPAL /*l/Qjet(91-00) 0.497 ±0.024 ±0.025 ps-1
OPAL D*/l(90-94) 0.567 ±0.089 +0.029 ps-10.567 ±0.089  -0.023

OPAL D*l/Qjet(90-94) 0.539 ±0.060 ±0.024 ps-1
OPAL l/Qjet(91-94) 0.444 ±0.029 +0.020 ps-10.444 ±0.029  -0.017

OPAL l/l(91-94) 0.430 ±0.043 +0.028 ps-10.430 ±0.043  -0.030

L3 l/l(IP)(94-95) 0.472 ±0.049 ±0.053 ps-1
L3 l/Qjet(94-95) 0.437 ±0.043 ±0.044 ps-1

L3 l/l(94-95) 0.458 ±0.046 ±0.032 ps-1
DELPHI vtx(94-00) 0.531 ±0.025 ±0.007 ps-1

DELPHI D*/Qjet(91-94) 0.523 ±0.072 ±0.043 ps-1
DELPHI l/l(91-94) 0.480 ±0.040 ±0.051 ps-1

DELPHI /*l/Qjet(91-94) 0.499 ±0.053 ±0.015 ps-1
DELPHI l/Qjet(91-94) 0.493 ±0.042 ±0.027 ps-1

ALEPH l/l(91-94) 0.452 ±0.039 ±0.044 ps-1
ALEPH l/Qjet(91-94) 0.404 ±0.045 ±0.027 ps-1

ALEPH D*/l,Qjet(91-94) 0.482 ±0.044 ±0.024 ps-1

Heavy Flavour
Averaging Group

�md = 0.507± 0.003± 0.003 ps�1

�md = 0.511± 0.005± 0.006 ps�1

LHCb-PAPER-2012-032
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Measurement of Δmd

‣ Measure asymmetry

• get mixed/unmixed information from 
comparing initial flavour tag with 
decay flavour

‣ Datasample 1 fb–1

• decay channels

- ~88000 B0 → D– π+

- ~39000 B0 → J/ψ K*0 

‣ OST+SSπ combination used
• per-event mistag probability

15

algorithm [22] that was trained on data in order to maximize the signal significance.76

Several input variables are used: The IP significance, the radial flight distance and the77

vertex quality of the B0 and the D�, as well as the angle between the B0 momentum and78

the line segment between PV and B0 decay vertex, the angle between the D� momentum79

and the line segment between PV and the D� decay vertex, and additionally the angle80

between the D� momentum and the line segment between the B0 decay vertex and D�
81

decay vertex; furthermore, the IP and pT of the ⇡+, as well as the angle between the82

⇡+ momentum and the line segment between PV and B0 decay vertex. After the BDT83

selection only B0 candidates with a decay time t > 0.3 ps are taken into account.84

To suppress potential background from misidentified D�
s

decays, all D� candidates that85

have a weakly identified daughter pion and fall into a ±25MeV mass window around the86

D�
s

mass when reconstructed under the kaon mass hypothesis for this pion are removed.87

TheB0! J/ K⇤0 selection requires that pT > 2GeV and 826  m(K+⇡�) < 966MeV.88

The unconstrained µ+ µ� mass must be within ±80MeV of the nominal J/ mass [4].89

B0 candidates are required to have a large IP with respect to other PVs in the event90

and the B0 decay vertex must be significantly separated from the PV. Additionally, B0
91

candidates are required to have a reconstructed decay time t > 0.3 ps and a mass in the92

range 5230  m(J/ K+⇡�) < 5330MeV.93

Finally, to suppress potential background from misidentified B0
s

! J/ � decays, all94

candidates are removed for which the (K+⇡�) mass falls into a ±10MeV window around95

the nominal �(1020) mass when calculated under the kaon mass hypothesis for the pion.96

The resulting mass distributions for the two decay channels are presented in Fig. 1.97
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Figure 1: Distribution of the B0 invariant mass (black points) in B0! D�⇡+ (left) and
B0 ! J/ K⇤0 (right). The blue dashed line shows the fit projection of the signal, the
dotted orange line corresponds to the combinatorial background with long lifetime and the
dash dotted red line shows the combinatorial background with short lifetime. The black
solid line corresponds to the projection of the complete PDF. The fits are described in
Sec. 6 and yield 87724± 321 signal candidates for B0! D�⇡+ and 39148 ± 316 signal
candidates for B0! J/ K⇤0.
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Measurement of Δmd

‣ Results

‣ Combined

‣ Major syst. uncertainties from background modeling

16

mass distribution of the combinatorial background in B0! J/ K⇤0 is also described by164

an exponential function. However, the decay time distribution now has two contributions,165

with di↵erent decays times. The long-lived component is described by the same function166

as the combinatorial background in B0! D�⇡+, whereas the short-lived component is167

described by a simple exponential function. No significant physics background is found.168

The fit results for B0! D�⇡+ and B0! J/ K⇤0 are summarized in Sec. 8. The fit169

projections onto the decay time distributions are displayed in Fig. 2 and the resulting170

asymmetries are shown in Fig. 3. The combined value for �m
d

is calculated as the171

weighted average of the individual results using the statistical uncertainties as weights.172
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Figure 2: Distribution of the decay time (black points) in B0! D�⇡+ (left) and B0!
J/ K⇤0 (right). The blue dashed line shows the fit projection of the signal, the dotted
orange line corresponds to the combinatorial background with long lifetime and the dash
dotted red line shows the combinatorial background with short lifetime. The black solid
line corresponds to the projection of the complete PDF.
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Figure 3: Mixing asymmetry Amix (black points) in B0! D�⇡+ (left) and B0! J/ K⇤0

(right). The solid black line is the projection of the mixing asymmetry of the complete
PDF.
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Table 1: Systematic uncertainties on �m
d

in ps�1

B0! J/ K⇤0 B0! D�⇡+

acceptance 0.0001 0.0004
decay time resolution 0.0002 0.0002
background model 0.0022 0.0037
sum of uncorrelated 0.0022 0.0037
z-scale 0.0005 0.0005
total including correlated 0.0023 0.0037

8 Conclusion208

The B0–B0 oscillation frequency �m
d

has been measured using samples of B0! D�⇡+
209

and B0! J/ K⇤0 events collected by LHCb in 1 fb�1 of pp collisions at
p
s = 7TeV and210

is found to be211

�mB

0!D

�
⇡

+

d

= 0.518± 0.006(stat.)± 0.004(syst.) ps�1 and

�mB

0!J/ K

⇤0

d

= 0.510± 0.011(stat.)± 0.002(syst.) ps�1.

Combining the two results, a value of212

�mLHCb
d

= 0.516± 0.005(stat.)± 0.003(syst.) ps�1

is found. The result is within 1.5 standard deviations of the current world average213

�m
d

= 0.507± 0.004(comb.) ps�1. It is the best single measurement of this parameter.214
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209

and B0! J/ K⇤0 events collected by LHCb in 1 fb�1 of pp collisions at
p
s = 7TeV and210

is found to be211

�mB

0!D

�
⇡

+

d

= 0.518± 0.006(stat.)± 0.004(syst.) ps�1 and

�mB

0!J/ K

⇤0

d

= 0.510± 0.011(stat.)± 0.002(syst.) ps�1.

Combining the two results, a value of212

�mLHCb
d

= 0.516± 0.005(stat.)± 0.003(syst.) ps�1

is found. The result is within 1.5 standard deviations of the current world average213

�m
d

= 0.507± 0.004(comb.) ps�1. It is the best single measurement of this parameter.214
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Measurement of sin2β 
LHCb-PAPER-2012-035 (to be published soon)
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Measurement of sin2β
‣ Current status

• one of the most precise measured CP 
parameters

• world average (HFAG, all charmonium)

• single best measurement in 
B0 → J/ψ KS by Belle

• best published measurement at 
hadronic colliders by CDF

18
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Figure 1: Invariant mass (left) and decay time (right) distributions of the B0! J/ K0
S

candidates. The solid line shows the projection of the full PDF and the shaded area the
projection of the background component.
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Figure 2: Time-dependent asymmetry of the signal in B0 ! J/ K0
S . The data points

are obtained with the sPlot technique, assigning signal weights to the events. The solid
curve is the signal projection of the PDF overlaid onto the data points. The green band
corresponds to the one standard deviation statistical error.

systematic uncertainties in the pseudo-experiments. Another minor systematic uncertainty170

related to tagging emerges from the di↵erence of tagging e�ciencies of B0 and B0 which171

is measured as �✏tag = 0.000± 0.001.172

The e↵ect of an incorrect description of the decay time resolution model is derived173

from pseudo-experiments in which the scale factors of the resolution model are varied by174

6

Measurement of sin2β
‣ Time-dependent CP asymmetry

‣ Analysis
• ~8000 tagged B0 → J/ψ KS decays 

- with J/ψ → µ+µ– and KS →π+π–

- KS have non-negligible flight distance, 
i.e. >70% decay outside the VELO

• use OST only

- per-event mistag probability

- calibration from B+→ J/ψ K+

• need to account for production asymmetry

19
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1 Introduction1

The decay B0 ! J/ K0
S is well known as the gold-plated mode for the study of CP2

violation in the B0 meson system. Here, the B0 meson decays to a CP odd eigenstate—the3

final state being common to both B0 and B0—allowing for interference through mixing.4

In the B0 system the decay width di↵erence �� of the high and low mass eigenstates is5

negligible. Therefore, in case of equal production rates of B0 and B0, the time dependent6

decay rate asymmetry can be written as [1, 2]:7

A
J/ K

0
S
(t) ⌘ �(B0(t) ! J/ K0

S )� �(B0(t) ! J/ K0
S )

�(B0(t) ! J/ K0
S ) + �(B0(t) ! J/ K0

S )

= S
J/ K

0
S
sin(�m

d

t)� C
J/ K

0
S
cos(�m

d

t). (1)

Here B0(t) and B0(t) are the time evolutions of particles that are produced at t = 0 as B0
8

and B0 respectively and that decay at time t. The parameter �m
d

= m
B

0
H
�m

B

0
L
is the9

mass di↵erence of the two B0 mass eigenstates. The sine term results from the interference10

between direct decay and decay after B0–B0 mixing. A non-zero cosine term arises either11

from the interference between decay amplitudes with di↵erent weak and strong phases12

(direct CP violation) or from CP violation in B0–B0 mixing.13

In the Standard Model (SM), CP violation in mixing and direct CP violation are both14

negligible in B0! J/ K0
S decays, hence C

J/ K

0
S
= 0, while S

J/ K

0
S
= sin 2�. The CKM15

angle � can also be measured in other charmonium B0 final states such as J/ K0
L , J/ K

⇤0,16

 (2S)K(⇤)0, etc. Currently, the world average value of sin 2� has a 3% uncertainty [3]:17

sin 2� = 0.679± 0.020.

The time-dependent measurement of the CP parameters S
J/ K

0
S
and C

J/ K

0
S
requires18

flavour tagging, i.e. the knowledge whether the decaying particle was produced as a B0
19

or B0. If a fraction ! of candidates is incorrectly tagged, the accessible time-dependent20

asymmetry A
J/ K

0
S
(t) is diluted by (1� 2!). Hence, a measurement of the CP parameters21

requires a precise knowledge of the wrong tag fraction.22

In this paper, a measurement of S
J/ K

0
S
and C

J/ K

0
S
with approximately 8200 decays23

of B0! J/ K0
S is presented. As this represents the first precision measurement of these24

parameters in a hadronic environment a blind analysis is performed.25

2 Data samples and selection requirements26

The data sample used consists of 1.0 fb�1 of data recorded at a centre-of-mass energy of27 p
s = 7TeV with the LHCb detector located at the LHC at CERN. The detector [4] is a28

single-arm forward spectrometer covering the pseudorapidity range 2 < ⌘ < 5, designed29

for the study of particles containing b or c quarks. The detector includes a high precision30

tracking system consisting of a silicon-strip vertex detector surrounding the pp interaction31

region, a large-area silicon-strip detector located upstream of a dipole magnet with a32

1

S =
p

1� C2 sin 2� C ⇡ 0
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‣ Result
•  

• best measurement at hadronic colliders

• in good agreement with former measurements at the B factories

‣ largest syst. uncertainty from tagging calibration

Measurement of sin2𝛽
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50% in the generation. Due to the slow oscillation of the B0 system compared to the175

excellent decay time resolution of LHCb this leads to a small systematic uncertainty. The176

omission of acceptance e↵ects for low decay times is estimated from pseudo-experiments177

where the time dependent e�ciencies measured on data are used in the generation while178

omitted in the fits. Additionally, a possible inaccuracy of the description of high decay179

time acceptance is checked by varying the parameters within their errors. Its influence is180

found to be negligible.181

The uncertainty induced by the limited knowledge of the background distributions is182

evaluated from a fit method based on the sPlot technique. A fit with the nominal PDFs183

for the reconstructed mass is performed to extract signal weights for the distributions in184

the other observable dimensions. These weights are then used to perform a fit with the185

PDF of the signal component only. The di↵erence in fit results is treated as a source of186

systematic uncertainty.187

To derive a possible bias of the CP parameters emerging from the fit method itself the188

method is probed with a large set of pseudo-experiments. The bias is found to be small.189

The uncertainty on the scale of the z-axis and on the scale of the momentum sum up190

to a total uncertainty of < 0.1% on the decay time. This has a negligible e↵ect on the CP191

parameters.192

The sources of systematic e↵ects and the resulting systematic uncertainties on the CP193

parameters are quoted in Table 1 where the full systematic uncertainty is calculated by194

summing the single uncertainties in quadrature.195

Table 1: Summary of systematic uncertainties on the CP parameters.

Origin s
S

s
C

Tagging calibration 0.0339 0.0013
Tagging e�ciency di↵erence 0.0018 0.0024
Decay time resolution 0.0014 0.0022
Decay time acceptance 0.0024 0.0062
Background model 0.0122 0.0088
Fit bias 0.0042 0.0045
Total 0.0364 0.0122

7 Conclusion196

In a dataset of 1 fb�1 collected with the LHCb detector, approximately 8200 flavour tagged197

decays of B0 ! J/ K0
S are selected to measure the CP parameters S

J/ K

0
S
and C

J/ K

0
S

198

which are related to the CKM angle �. A fit to the time dependent decay rates of B0 and199

B0 yields200

S
J/ K

0
S
= 0.73± 0.07 (stat)± 0.04 (syst),

C
J/ K

0
S
= 0.030± 0.089

0.091 (stat)± 0.012 (syst),

7with a correlation coe�cient of ⇢(S
J/ K

0
S
, C

J/ K

0
S
) = 0.416. This is the most precise mea-201

surement of these quantities in a hadronic environment and the first non-zero measurement202

of CP violation in B0! J/ K0
S at hadronic colliders [17]. The measured values are in203

excellent agreement with previous measurements performed at the B factories [18, 19] and204

with the world average [3].205
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Conclusion
‣ LHCb features

• clean signals

• excellent decay time resolution

• flavour tagging understood and under control

‣ Best measurements of oscillation parameters

‣ first precision measurement of time-dependent CPV in B0 → J/ψ KS at hadronic 
colliders

‣ More time-dependent precision measurements on their way...
• Gerhard Raven “Measurement of mixing and the CPV phase 𝜙s in the Bs system at LHCb” 

• Zhou Xing “Measurement of semileptonic asymmetries at LHCb”

• Stefano Perazzini “Measurement of time-dependent CPV in two-body decays at LHCb”

• Steve Blusk “Measurement of 𝛾 in Bs → Ds K at LHCb”

• Francesca Dordei “Lifetime measurements at LHCb”

• Frederic Dupertuis “Prospect for time-dependent asymmetries at LHCb”

22

50% in the generation. Due to the slow oscillation of the B0 system compared to the175

excellent decay time resolution of LHCb this leads to a small systematic uncertainty. The176

omission of acceptance e↵ects for low decay times is estimated from pseudo-experiments177

where the time dependent e�ciencies measured on data are used in the generation while178

omitted in the fits. Additionally, a possible inaccuracy of the description of high decay179

time acceptance is checked by varying the parameters within their errors. Its influence is180

found to be negligible.181

The uncertainty induced by the limited knowledge of the background distributions is182

evaluated from a fit method based on the sPlot technique. A fit with the nominal PDFs183

for the reconstructed mass is performed to extract signal weights for the distributions in184

the other observable dimensions. These weights are then used to perform a fit with the185

PDF of the signal component only. The di↵erence in fit results is treated as a source of186

systematic uncertainty.187

To derive a possible bias of the CP parameters emerging from the fit method itself the188

method is probed with a large set of pseudo-experiments. The bias is found to be small.189

The uncertainty on the scale of the z-axis and on the scale of the momentum sum up190

to a total uncertainty of < 0.1% on the decay time. This has a negligible e↵ect on the CP191

parameters.192

The sources of systematic e↵ects and the resulting systematic uncertainties on the CP193

parameters are quoted in Table 1 where the full systematic uncertainty is calculated by194

summing the single uncertainties in quadrature.195

Table 1: Summary of systematic uncertainties on the CP parameters.

Origin s
S

s
C

Tagging calibration 0.0339 0.0013
Tagging e�ciency di↵erence 0.0018 0.0024
Decay time resolution 0.0014 0.0022
Decay time acceptance 0.0024 0.0062
Background model 0.0122 0.0088
Fit bias 0.0042 0.0045
Total 0.0364 0.0122

7 Conclusion196

In a dataset of 1 fb�1 collected with the LHCb detector, approximately 8200 flavour tagged197

decays of B0 ! J/ K0
S are selected to measure the CP parameters S

J/ K

0
S
and C

J/ K

0
S

198

which are related to the CKM angle �. A fit to the time dependent decay rates of B0 and199

B0 yields200

S
J/ K

0
S
= 0.73± 0.07 (stat)± 0.04 (syst),

C
J/ K

0
S
= 0.030± 0.089

0.091 (stat)± 0.012 (syst),

7

Table 1: Systematic uncertainties on �m
d

in ps�1

B0! J/ K⇤0 B0! D�⇡+

acceptance 0.0001 0.0004
decay time resolution 0.0002 0.0002
background model 0.0022 0.0037
sum of uncorrelated 0.0022 0.0037
z-scale 0.0005 0.0005
total including correlated 0.0023 0.0037

8 Conclusion208

The B0–B0 oscillation frequency �m
d

has been measured using samples of B0! D�⇡+
209

and B0! J/ K⇤0 events collected by LHCb in 1 fb�1 of pp collisions at
p
s = 7TeV and210

is found to be211

�mB

0!D

�
⇡

+

d

= 0.518± 0.006(stat.)± 0.004(syst.) ps�1 and

�mB

0!J/ K

⇤0

d

= 0.510± 0.011(stat.)± 0.002(syst.) ps�1.

Combining the two results, a value of212

�mLHCb
d

= 0.516± 0.005(stat.)± 0.003(syst.) ps�1

is found. The result is within 1.5 standard deviations of the current world average213

�m
d

= 0.507± 0.004(comb.) ps�1. It is the best single measurement of this parameter.214
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FT – OST performance

24

1 Additional results on opposite side tagging opti-

mization and calibration

In the present report we include some additional information regarding the flavour tagging
tuning that has been used for the measurement of �s in the analyses of B0

s ! J/ � [1]
and B0

s ! J/ ⇡+⇡� [2].
Opposite side tagging (OST) algorithms are optimized and calibrated following the

same procedure as described in reference [3] using the full data sample of 1.0 fb�1 collected
by LHCb during 2011 run.

We first perform the optimization of the individual OST algorithms, by choosing the
selection of the corresponding tagging particles in order to maximize the tagging power
"
tag

D2 measured on the reference control channel B+ ! J/ K+. The new working point
substantially confirms the previous one [3], with the exception of the OS kaon tagger,
which now corresponds to an improved tagging power of ⇠20%, thanks to a ⇠50% larger
tagging e�ciency. The measured performances are summarized in Table 1.

Tagger "
tag

% ! % "
tag

D2 %
µ 5.20±0.04 30.8±0.4 0.77±0.04
e 2.46±0.03 30.9±0.6 0.36±0.03
K 17.67±0.08 39.33±0.24 0.81±0.04

Q
vtx

18.46±0.08 40.31±0.24 0.70±0.04
OS sum of categories 33.2±0.09 36.8±0.2 2.31±0.07
OS event-by-event 33.2±0.09 36.7±0.2 2.35±0.06

Table 1: Tagging e�ciency, mistag probability and tagging power of the individual OS taggers and
for their combination measured in the B+ ! J/ K+ control channel. The quoted uncertainties
are statistical only. In the case of the single taggers the quoted results are average values. In the
case of the OS combination, to better exploit the tagging information, the results are determined
on independent samples obtained by splitting the data sample in bins of predicted mistag (sum
of categories) or by using the predicted mistag event-by-event.

In a second step we calibrate the mistag probability of each OS tagger, assuming a
linear dependence between the measured mistag ! and the predicted mistag probability ⌘.
The mistag probability is calculated event-by-event combining several pieces of information
on the tagging particle and on the event by means of a neural network that is trained on
simulated events. The parametrization used for the calibration of the mistag for signal
events is:

!(⌘) = p
0

+ p
1

(⌘ � h⌘i) , (1)

where p
0

and p
1

are the calibration parameters that are extracted from an unbinned
maximum likelihood fit to the data distributions, and h⌘i is the average predicted mistag
of signal events. The plots in Fig. 1 show the results of the calibration of the single taggers.
The calibrated mistag probability is referred to as ⌘c.

1
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FT – OST calibration
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p
0

p
1

h⌘ci ⇢(p
0

, p
1

)
0.392±0.002±0.009 1.035±0.021±0.012 0.391 0.13

Table 2: Calibration parameters (p
0

and p
1

, average predicted mistag, h⌘ci and correlation
coe�cient ⇢(p

0

, p
1

) between the parameters) of the OST combined mistag probability extracted
from the B+ ! J/ K+ decays. The first error is statistical and the second is systematic.

respect to the previous optimization [3], the new working point corresponds to a ⇠10%
higher tagging power, "

tag

D2 = (2.35±0.06(stat.))%, and a ⇠20% higher tagging e�ciency.
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Figure 2: Measured mistag fraction (!) versus predicted mistag probability (⌘c) for background
subtracted B+ ! J/ K+ candidates (left) and B0

d ! J/ K⇤0 candidates (Figure2, right). In
each case, the solid (red) line represents the result of a linear fit to the presented data set. In the
right plot the calibration obtained from B+ ! J/ K+ sample is superimposed as the shaded
(blue) area, corresponding to ±1� variation of this calibration. The parameters of the fit to the
B+ ! J/ K+ data are given in Table 2.
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, average predicted mistag, h⌘ci and correlation
coe�cient ⇢(p

0

, p
1

) between the parameters) of the OST combined mistag probability extracted
from the B+ ! J/ K+ decays. The first error is statistical and the second is systematic.

respect to the previous optimization [3], the new working point corresponds to a ⇠10%
higher tagging power, "

tag

D2 = (2.35±0.06(stat.))%, and a ⇠20% higher tagging e�ciency.
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Figure 2: Measured mistag fraction (!) versus predicted mistag probability (⌘c) for background
subtracted B+ ! J/ K+ candidates (left) and B0

d ! J/ K⇤0 candidates (Figure2, right). In
each case, the solid (red) line represents the result of a linear fit to the presented data set. In the
right plot the calibration obtained from B+ ! J/ K+ sample is superimposed as the shaded
(blue) area, corresponding to ±1� variation of this calibration. The parameters of the fit to the
B+ ! J/ K+ data are given in Table 2.

References

[1] LHCb collaboration, Tagged time-dependent angular analysis of B0

s ! J/ � decays at
LHCb, LHCb-CONF-2012-002.

[2] LHCb collaboration, R. Aaij et al., Measurement of the CP-violating phase �s in
B0

s ! J/ ⇡+⇡� decays, arXiv:1204.5675.

3



Julian Wishahi | Δms, Δmd, and sin2β @LHCb | 13th CKM Workshop, WG IV | Sep. 29th 2012

FT – comparison with other exp.

26

The LHCb experiment and physics motivations Flavour Tagging Results of analyses using tagging Summary

Flavour tagging: comparison with other experiments

experiment "tagD2 % notes
OS LHCb 2.1±0.1 B ! J/ X channels

2.5±0.1 B0 ! D⇤�µ+⌫µ

3.4±0.9 B(s) ! D(s)⇡ channels
CDF 1.54±0.05 B ! DµX

1.2±0.2 B+ ! J/ K+

D0 2.48±0.21 B ! DµX
B-factories ⇠30 coherent B � B̄ production

SSK LHCb 1.3±0.4 preliminary optimization using prompt Ds

CDF 3.5±1.4 B0
s ! Ds(3)⇡

OS&SSK D0 4.68±0.54 for B0
s ! J/ �
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