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Abstract: A measurement is presented of decay-time-dependent CP violation in the de-

cays B0 → J/ψK0
S and B0 → ψ(2S)K0

S, where the J/ψ is reconstructed from two electrons

and the ψ(2S) from two muons. The analysis uses a sample of pp collision data recorded

with the LHCb experiment at centre-of-mass energies of 7 and 8 TeV, corresponding to an

integrated luminosity of 3 fb−1. The CP -violation observables are measured to be

C
(
B0 → J/ψK0

S

)
= 0.12 ± 0.07± 0.02 ,

S
(
B0 → J/ψK0

S

)
= 0.83 ± 0.08± 0.01 ,

C
(
B0 → ψ(2S)K0

S

)
= − 0.05 ± 0.10± 0.01 ,

S
(
B0 → ψ(2S)K0

S

)
= 0.84 ± 0.10± 0.01 ,

where C describes CP violation in the direct decay, and S describes CP violation in the

interference between the amplitudes for the direct decay and for the decay after B0–B
0

oscillation. The first uncertainties are statistical and the second are systematic. The two

sets of results are compatible with the previous LHCb measurement using B0 → J/ψK0
S

decays, where the J/ψ meson was reconstructed from two muons. The averages of all three

sets of LHCb results are

C(B0 → [cc̄]K0
S) = −0.017± 0.029 ,

S(B0 → [cc̄]K0
S) = 0.760± 0.034 ,

under the assumption that higher-order contributions to the decay amplitudes are negligi-

ble. The uncertainties include statistical and systematic contributions.
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1 Introduction

Precision measurements of CP violation in the decays of neutral B mesons provide stringent

tests of the quark sector of the Standard Model (SM), in which CP violation arises due

to a single irreducible phase of the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing

matrix [1, 2]. The B0 → [cc]K0
S family of decay modes, where [cc] denotes a charmonium

resonance (J/ψ , ψ(2S), ηc, etc.), is ideal for studying CP violation [3, 4]. Such decays

proceed via a b → [cc]s transition, where higher-order contributions that could introduce

additional strong and weak phases in the decay amplitudes are expected to be small [5–

7]. As B0 and B0 mesons decay into a common final state in B0 → [cc]K0
S decays,1 the

interference between the direct decay and decay after B0–B0 mixing induces CP violation.

Since CP violation in the mixing is known to be negligible [8], the decay-time- and

flavour-dependent decay rate for B0 and B0 mesons can be expressed as

Γ(t, d) ∝ e−
t
τ

[
cosh(∆Γ t/2)+A∆Γ sinh(∆Γ t/2)−d ·S sin(∆mt)+d ·C cos(∆mt)

]
, (1.1)

where in the equation the symbols are as follows: t is the proper decay time; τ is the mean

lifetime of the B0 and B0 meson; ∆m and ∆Γ are the mass and decay width differences of

the two B0 mass eigenstates; d represents the B0 meson flavour at production and takes

1The inclusion of charge-conjugate processes is implied throughout the article, unless otherwise noted.

The notation B0 refers to a neutral B meson containing a b and a d quark including the charge-

conjugate state.
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values of +1/−1 for mesons with an initial flavour of B0/B0; and S, C, and A∆Γ are the

CP -violation observables. The asymmetry between the B0 and B0 decay rates is given by

A[cc]K0
S
(t) ≡ Γ(B0(t)→ [cc]K0

S )− Γ(B0(t)→ [cc]K0
S )

Γ(B0(t)→ [cc]K0
S ) + Γ(B0(t)→ [cc]K0

S )

=
S sin(∆mt)− C cos(∆mt)

cosh(∆Γ t/2) +A∆Γ sinh(∆Γ t/2)
≈ S sin(∆mt)− C cos(∆mt) ,

(1.2)

where the approximate expression is valid under the assumption ∆Γ = 0, which is well

motivated at the current experimental precision [8]. The observable C is related to CP

violation in the direct decay, while the observable S corresponds to CP violation in the inter-

ference. The world average of C = −0.004 ± 0.015 as given by the Heavy Flavor Averaging

Group [8] is compatible with zero. The observable S can be written as a function of one

of the angles of the unitarity triangle of the CKM matrix, β ≡ arg [− (VcdV
∗
cb) / (VtdV

∗
tb)],

which is the most precisely measured angle in the unitary triangle. In the limit of negli-

gible higher-order contributions, which is assumed when combining results from different

B0 → [cc]K0
S modes, S can be identified as sin 2β.

Applying CKM unitarity and using measurements of other CKM-related quantities

leads to a SM prediction of sin 2β = 0.740 +0.020
−0.025 by the CKMfitter group [9] and of

sin 2β = 0.724± 0.028 by the UTfit collaboration [10]. The Belle and BaBar collabora-

tions have already constrained sin 2β to a high precision in the B0→ J/ψK0
S mode. They

reported S = 0.670±0.032 [11] and S = 0.657±0.038 [12], respectively. The LHCb collab-

oration performed a measurement using B0 → J/ψK0
S decays, where the J/ψ meson was

reconstructed from two muons, and obtained a value of S = 0.73± 0.04 [13].

This article presents a study of decay-time-dependent CP violation in the decays

B0 → J/ψK0
S and B0 → ψ(2S)K0

S using data collected with the LHCb experiment in pp

collisions at centre-of-mass energies of 7 and 8 TeV, corresponding to a total integrated lu-

minosity of 3 fb−1. In both decays, only the π+π− final state of the K0
S meson is considered.

The J/ψ meson is reconstructed from two electrons, whereas the ψ(2S) is reconstructed

from two muons. This is the first decay-time-dependent measurement at a hadron collider

that uses electrons in the final state. Including these additional B0 → [cc]K0
S decay modes

results in a 20 % improvement in the precision on sin 2β at LHCb.

2 Detector and event selection

The LHCb detector [14, 15] is a single-arm forward spectrometer covering the

pseudorapidity range from 2 to 5, designed for the study of particles containing b or c

quarks. The detector includes a high-precision tracking system consisting of a silicon-strip

vertex detector surrounding the pp interaction region, a large-area silicon-strip detector lo-

cated upstream of a dipole magnet with a bending power of about 4 Tm, and three stations

of silicon-strip detectors and straw drift tubes placed downstream of the magnet. The track-

ing system provides a measurement of momentum, p, of charged particles with a relative

uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. The minimum

distance of a track to a primary vertex, PV, the impact parameter, IP, is measured with

– 2 –



J
H
E
P
1
1
(
2
0
1
7
)
1
7
0

a resolution of (15 + 29/pT)µm, where pT is the component of the momentum transverse

to the beam, in GeV/c. Different types of charged hadrons are distinguished using infor-

mation from two ring-imaging Cherenkov detectors. Photons, electrons, and hadrons are

identified by a calorimeter system consisting of scintillating-pad and preshower detectors,

an electromagnetic calorimeter, and a hadronic calorimeter. As bremsstrahlung from the

electrons can significantly affect their momenta, a correction is applied using the measured

momenta of photons associated to the electron. Muons are identified by a system composed

of alternating layers of iron and multiwire proportional chambers.

The online event selection is performed by a trigger, which consists of a hardware

stage, based on information from the calorimeter and muon systems, followed by a software

stage, which applies a full event reconstruction. In the offline selection, trigger signals are

associated with reconstructed particles. Selection requirements can therefore be made on

the trigger selection itself and on whether the decision was due to the signal candidate,

other particles produced in the pp collision, or a combination of both. While in the case

of the J/ψ mode an inclusive approach is chosen to keep any candidate that passes both

trigger stages, in the ψ(2S) mode the muons can be used in the decision of the trigger due

to their clean signature in the detector. For the ψ(2S) mode events are selected at the

hardware stage that contain at least one muon with transverse momentum pT > 1.48 GeV/c

in the 7 TeV data or pT > 1.76 GeV/c in the 8 TeV data. In the subsequent software stage

events are required to contain either at least one muon with a transverse momentum

pT > 1.0 GeV/c and IP > 100µm with respect to all PVs in the event, or two oppositely

charged muons with combined mass m(µ+µ−) > 2.7 GeV/c. Finally, the tracks of two

muons are required to form a vertex that is significantly displaced from the PVs.

The selection strategies are similar for B0 → J/ψK0
S and B0 → ψ(2S)K0

S candi-

dates. The B0 candidates are reconstructed by combining charmonium and K0
S can-

didates that form a common vertex. The charmonium candidates are formed from

two oppositely charged tracks identified as electrons or muons. The pairs of tracks

need to be of good quality and must form a vertex that is significantly displaced from

any primary vertex. The muon candidates are required to have momenta p > 8 GeV/c

and transverse momenta pT > 1 GeV/c, and the dimuon invariant mass is in the range

3626 < m(µ+µ−) < 3746 MeV/c2. The electron candidates are required to have a pT >

500 MeV/c and 2300 < m(e+e−) < 4000 MeV/c2, where a wider range compared to the

dimuon mode is chosen to account for the worse resolution due to bremsstrahlung. The

decay vertex of the K0
S candidates must be significantly displaced from any PV, while the

dipion invariant mass needs to be consistent with the known K0
S mass [16].

The invariant mass of each B0 candidate is determined by a kinematic fit [17], where

the masses of the lepton and pion pairs are constrained to the known charmonium and

K0
S masses, respectively. The mass of the B0 candidates is required to be in the range

5150 < m(J/ψK0
S ) < 5600 MeV/c2 or 5200 < m(ψ(2S)K0

S ) < 5450 MeV/c2. The recon-

structed decay time of the B0 candidates, t′, is obtained from a separate fit that con-

strains the B0 candidate to originate from a PV. The B0 candidates are kept if they have

kinematic fits of a good quality, measured decay times in the range 0.2 < t′ < 15 ps and

decay-time-uncertainty estimates σt < 0.4 ps.
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To suppress combinatorial background, a multivariate selection is applied for each

mode in which a boosted decision tree (BDT) [18] is trained using the AdaBoost boosting

algorithm [19]. The BDTs are trained using simulated signal samples and background

samples consisting of B0 candidates with invariant masses above the considered regions,

i.e. 5600 < m(J/ψK0
S ) < 6000 MeV/c2 or 5450 < m(ψ(2S)K0

S ) < 5500 MeV/c2. The BDTs

exploit features related to kinematic and topological properties of the decay, along with

track- and vertex-reconstruction qualities. The common BDT features of the two decay

modes are pT(K0
S ), pT([cc]), the χ2 values of the kinematic fits, and the minimum and

maximum of log(χ2
IP) for each pion and for each lepton, where χ2

IP is defined as the increase

in χ2 when including the track in the PV fit. In addition to the common variables, the

BDT for the J/ψ mode includes pT(B0), χ2
IP(J/ψ ), χ2

IP(K0
S ), and the B0-decay vertex-fit

quality, χ2
vtx(B0). The BDT for the ψ(2S) mode includes χ2

vtx(K0
S ), and the K0

S decay-time

significance, t/σt(K
0
S ). The requirements on the BDT responses are chosen to maximise

the expected sensitivity on the CP observable S.

To suppress possible contamination from Λ0
b → [cc]Λ(pπ−) decays, the dipion invariant

mass is calculated under the pπ invariant mass hypothesis. Candidates compatible with

the known Λ mass [16] are rejected. In the case of the J/ψ mode an additional proton-

identification veto is applied. Aside from irreducible B0
s → [cc]K0

S components that are

modelled in the invariant mass fit, no other contributing peaking backgrounds are found.

Multiple combinations of B0 candidates and PVs can occur in one event. After ap-

plying all selection criteria less than 1 % and 1.7 % multiple candidates are observed in the

J/ψ and ψ(2S) mode, respectively. Of these remaining multiple (B0,PV) pairs per event,

one is chosen randomly.

3 Invariant mass fit

Unbinned maximum likelihood fits to the invariant mass distributions, m(J/ψK0
S ) and

m(ψ(2S)K0
S ), are performed to determine signal candidate weights using the sPlot tech-

nique [20]. These signal candidate weights are used to statistically subtract the background

in the CP asymmetry fit. The probability density functions (PDFs) of the signal and the

B0
s → [cc]K0

S background components are both parametrised by Hypatia functions [21],

which consist of hyperbolic cores and power-law tails. The values of the parameters de-

scribing the tails are taken from simulation and used for both components. The widths of

both components and the mean of the B0 component are allowed to vary in the fit, while

the mean of the B0
s component is offset from the B0 mean by the known B0

s–B0 mass

difference [16]. The combinatorial background is described by an exponential function.

The invariant mass distributions and the fit results are shown in figure 1. The fits yield a

total of 10 630(140) B0→ J/ψK0
S decays and 7970(100) B0→ ψ(2S)K0

S decays with mass

resolutions of about 29 MeV/c2 and 7 MeV/c2, respectively. The worse resolution for the

J/ψ mode is caused by the energy loss of the final state electrons, which cannot fully be

corrected in the reconstruction.
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Figure 1. Invariant mass of the B0 candidates for (left) the J/ψ and (right) the ψ(2S) mode. The

lines represent the result of the fit described in the text.

4 Flavour tagging

In a decay-time-dependent CP -violation measurement, it is essential to know the flavour of

each B0 meson at production. Multiple flavour-tagging algorithms are combined to achieve

the best response. Each tagging algorithm provides a decision (tag), d′ ∈ {−1, 0, 1},
corresponding to a B0 candidate tagged as B0, untagged or tagged as B0, respectively,

and the mistag probability estimate, η. The tagging algorithms are categorised as same-

side, SS, and opposite-side, OS [22–24]. The SS taggers exploit particles created in the

fragmentation process of the B0 meson, while the OS taggers use decay products of the

accompanying b hadron that is produced in association with the signal B0 meson.

The combination of OS taggers used in this analysis is based on different possible

final states in the decay of the other b hadron in the event. The tagging responses are

determined from the charges of muons, electrons or kaons; a weighted average of the charges

of all tracks; and the decay products of charm decays possibly originating from the other

b hadron in the event. In the case of the SS taggers the tagging decision is based on the

charges of the pions and the protons originating from the fragmentation process of the

signal B0 mesons. The OS and SS decisions, d′OS and d′SS, and their mistag estimates, ηOS

and ηSS, are combined for each B0 candidate. The tags d′OS and d′SS are combined event-by-

event during the fit procedure, taking into account their per-candidate mistag estimates.

The mistag estimates are calibrated using flavour-specific channels that are kinemati-

cally similar to the signal channels, so that η on average matches the signal mistag prob-

ability, ω(η). The difference in the tagging response for B0 and B0 mesons is taken into

account. The calibration channels are B+→ J/ψK+ for the OS taggers, and B0→ J/ψK∗0

for the SS taggers, where the J/ψ is either reconstructed from two electrons or two muons.

Selection criteria similar to the signal requirements are applied and signal candidate weights

to subtract backgrounds are determined by a fit to the B0 invariant masses, m([cc]K+) and

m([cc]K∗0), with the sPlot technique. Before calibrating the tagging output the samples

are weighted such that the relevant candidate kinematic distributions and properties match

those of the signal decay. These distributions and properties are the pseudorapidity, the

pT(B0), the number of tracks and primary vertices, and the azimuthal angle.
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Tagger B0→ J/ψK0
S B0→ ψ(2S)K0

S

OS 3.60(13) 2.46(5)

SS 2.40(28) 1.07(8)

OS + SS 5.93(29) 3.42(9)

Table 1. Effective flavour-tagging efficiencies in per cent of the SS and OS taggers and their

combination.

The effective tagging efficiency, εeff = εtag〈D(η)2〉, is a measure of the effective statis-

tical power of a data sample. Here, εtag is the tagging efficiency, defined as the fraction of

candidates with a nonzero tag decision, and 〈D(η)2〉 is the effective dilution arising from

the per-event dilution D(η) ≡ 1− 2ω(η). The effective tagging efficiencies for the OS and

SS taggers and their combination are listed in table 1. A higher effective tagging efficiency

in the J/ψ channel compared to the ψ(2S) mode is observed for both the SS and OS flavour

tagging. While the SS taggers are positively affected by a higher average pT(B0), the OS

taggers benefit from the more inclusive trigger strategy in the J/ψ mode leading to lower

mistag probabilities as well as higher tagging efficiencies in this mode.

5 CP asymmetry fit

The CP observables are determined by using an unbinned weighted maximum likelihood fit

to the decay-time distributions for all B0→ J/ψK0
S and B0→ ψ(2S)K0

S candidates. The

signal candidate weights are determined from the mass fits described previously and used to

subtract the background so that only the signal components need to be modelled. The PDF,

P(t′, ~d′ |σt, ~η), describes the measured B0 candidate decay time and tags, ~d′ = (d′OS, d
′
SS).

It also depends on the per-candidate decay-time-uncertainty estimate, σt, and the mistag

probability estimates, ~η = (ηOS, ηSS).

The fit is performed simultaneously in both decay modes, sharing the parameters de-

scribing the B0 system, i.e. the B0 meson lifetime, τ , and the mass difference, ∆m, but

allowing for different CP observables. The decay-time distribution of the signal compo-

nents, PCP (t, ~d′ |~η), is derived from eq. (1.1) considering the production asymmetry, AP ,

between B0 and B0 mesons [25]. Using a PDF, Ptag(~d′ |d, ~η), which describes the distri-

bution of tags based on the true production flavour and taking into account the mistag

probability estimates and efficiencies, leads to

PCP (t, ~d′ |~η) ∝
∑
d

Ptag(~d′ |d, ~η) [1− d ·AP] e−t/τ{1− d · S sin (∆mt) + d · C cos (∆mt)} .

(5.1)

The decay-time resolution is taken into account by convolving PCP with a resolution func-

tion, R(t′ − t|σt). Furthermore, the decay-time distribution is multiplied by a decay-

time-dependent reconstruction efficiency function, ε(t′), in order to take into account the

distortion coming from the event reconstruction and selection. These corrections lead to
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Figure 2. Projections of the decay-time fit to weighted (left) B0→ J/ψK0
S and (right)

B0→ ψ(2S)K0
S candidates.

the experimental decay-time distribution

P
(
t′, ~d′ |σt, ~η

)
∝
(
PCP (t, ~d′ |~η)⊗R(t′ − t|σt)

)
× ε(t′) . (5.2)

The resolution function is modelled by three Gaussian functions which describe the devi-

ation of t′ from t. The widths of two of these Gaussian functions are linear functions of

σt and therefore vary for each candidate. The means are shared by all three Gaussians.

The third Gaussian describes the proper-time resolution of candidates that have been as-

sociated with the wrong PV. The parameters of the resolution model are determined from

simulated events and fixed in the fit, leading to effective single Gaussian resolutions of 67 fs

for the J/ψ mode and 48 fs for the ψ(2S) mode for correctly associated B0 candidates.

A small decay-time bias of 3 fs is observed in the simulation. This bias is neglected in

the fit but is considered as a source of systematic uncertainty. The decay-time-dependent

efficiency function is parametrized using cubic B-splines. The positions and the number of

the knots for the splines are optimized on simulated data, whereas the coefficients are free

fit parameters.

Potential differences between simulation and data are accounted for as systematic un-

certainties. Production asymmetry values are evaluated for each mode and centre-of-mass

energy, using the recent LHCb measurement [25] in bins of pT and rapidity of the B0

candidate. The values and uncertainties for the production asymmetry as well as for the

external inputs for the B0 system are listed in table 2. To propagate the uncertainties in

the fit, these parameters and also the tagging-calibration parameters are Gaussian con-

strained using their statistical experimental uncertainties. Their systematic uncertainties,

as well as the uncertainty due to the assumption ∆Γ = 0, are accounted for in the sys-

tematic studies. Tagging-calibration parameters are constrained, taking into consideration

their correlations. A fit validation using pseudoexperiments is performed, showing no bias

and correctly estimated uncertainties from scans of the likelihood function [26]. The re-

constructed decay-time distributions and the corresponding fit projections are shown in

figure 2.
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Parameter Value and uncertainty Source

A7 TeV
P (J/ψ ) −0.0100± 0.0084± 0.0005 [25]

A8 TeV
P (J/ψ ) −0.0077± 0.0054± 0.0004 [25]

A7 TeV
P (ψ(2S)) −0.0143± 0.0077± 0.0005 [25]

A8 TeV
P (ψ(2S)) −0.0138± 0.0051± 0.0003 [25]

∆m
[

ps−1
]

0.5065± 0.0016± 0.0011 [8]

τ [ps] 1.520± 0.004 [8]

Table 2. Parameters used as external inputs in the decay-time-dependent fit. The production

asymmetries are evaluated individually for both decay modes and separately for the different centre-

of-mass energies of 7 and 8 TeV. If two uncertainties are given the first is statistical and the second

systematic. If one uncertainty is given it includes statistical and systematic contributions.

6 Systematic uncertainties

Systematic uncertainties arise due to possible mismodelling of the PDFs and from the

uncertainties on the external inputs. The corresponding effects are studied using simulated

pseudoexperiments in which ensembles are generated using parameters that differ from

those used in the nominal fit. The generated datasets are then fitted with the nominal

model to test whether biases in the parameters of interest occur.

The effect of neglecting ∆Γ in the nominal model is studied by varying its value within

one standard deviation of its current experimental uncertainty [8]. Effects coming from

the constrained inputs are evaluated by varying their values by one standard deviation in

terms of their systematic experimental uncertainties. The constrained inputs are the pro-

duction asymmetry parameters, the oscillation frequency, ∆m, the lifetime, τ , as well as the

tagging-calibration parameters. The systematic uncertainty arising due to the decay-time

bias is evaluated using pseudoexperiments in which a corresponding value of 3 fs is assumed.

Furthermore, deviations in the scaling of σt are estimated at the level of ±30 % and ad-

dressed through varying the corresponding factors by this amount. Possible inaccuracies

in the decay-time-reconstruction efficiency are studied using a different parameterization

obtained from data. Table 3 summarizes the results of these studies. The individual

uncertainties are added in quadrature to obtain the overall systematic uncertainties.

The fit results are corrected for CP violation in K0–K0 mixing and for the difference in

the nuclear cross-sections in material between K0 and K0 interactions [27]. The numerical

values of these corrections are −0.003 (−0.004) for S and +0.002 (+0.002) for C in the

J/ψ (ψ(2S)) mode.

7 Results and conclusion

The analysis of 10 630(140) B0 → J/ψK0
S and 7970(100) B0 → ψ(2S)K0

S decays, where

the J/ψ is reconstructed from two electrons and the ψ(2S) from two muons, in a sample
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B0→ J/ψK0
S B0→ ψ(2S)K0

S

Source σS σC σS σC

∆Γ 0.003 0.007 0.007 0.003

∆m 0.004 0.004 0.004 0.004

Production asymmetry 0.004 0.009 0.007 0.005

Tagging calibration 0.002 0.005 0.005 0.002

Decay-time bias 0.006 0.006 0.006 0.004

σt scaling 0.003 0.005 0.002 0.002

Decay-time efficiency 0.006 0.004 0.006 0.004

Total 0.011 0.016 0.014 0.010

Table 3. Systematic uncertainties for the CP -violation observables S and C.

corresponding to 3 fb−1 of pp collision data results in the CP -violation observables

C
(
B0→ J/ψK0

S

)
= 0.12 ± 0.07± 0.02 ,

S
(
B0→ J/ψK0

S

)
= 0.83 ± 0.08± 0.01 ,

C
(
B0→ ψ(2S)K0

S

)
= − 0.05 ± 0.10± 0.01 ,

S
(
B0→ ψ(2S)K0

S

)
= 0.84 ± 0.10± 0.01 ,

with correlation coefficients between S and C of 0.46 and 0.48 for the J/ψ and the ψ(2S)

mode, respectively. The first uncertainties are statistical and the second are systematic.

The signal yield asymmetries, (NB0 − NB0)/(NB0 + NB0), as a function of decay time

are shown in figure 3, where NB0 (NB0) is the number of decays with a B0 (B0) flavour

tag. The results for the electron and muon modes are compatible with each other and

with the previous LHCb measurements using B0→ J/ψK0
S decays of S = 0.73± 0.04 and

C = −0.038± 0.032 [13], where the J/ψ is reconstructed from two muons.

Combinations are performed using two-dimensional likelihood scans (see figure 4) tak-

ing into account the correlations between the single measurements. The quoted uncertain-

ties include statistical and systematic contributions. Combining the LHCb results for both

J/ψ modes leads to

C(B0→ J/ψK0
S ) = −0.014± 0.030 ,

S(B0→ J/ψK0
S ) = 0.75 ± 0.04 ,

with a correlation coefficient of 0.42. This combination is compatible within 1.9 standard

deviations with the B0→ J/ψK0
S average of the B-factories [8], while the result for the

ψ(2S) mode is compatible within 0.3 standard deviations with the B0→ ψ(2S)K0
S average

of the B-factories [8]. Building an LHCb average using the results from all B0 → [cc]K0
S

modes, i.e. B0→ J/ψK0
S , where the J/ψ is either reconstructed from two muons or two

electrons, and B0→ ψ(2S)K0
S , the CP -violation observables are determined to be

C(B0 → [cc]K0
S ) = −0.017± 0.029 ,

S(B0 → [cc]K0
S ) = 0.760± 0.034 ,
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Figure 3. Signal yield asymmetries (NB0 − NB0)/(NB0 + NB0) versus the decay time for (left)

B0→ J/ψK0
S and (right) B0→ ψ(2S)K0

S decays. The symbol NB0 (NB0) is the number of decays

with a B0 (B0) flavour tag. The solid curves are the projections of the PDF with the combined

flavour tagging decision.
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Figure 4. Two-dimensional likelihood scans for the combination of the (left) B0→ J/ψK0
S modes

and (right) all B0 → [cc]K0
S modes. The confidence level for the inner (outer) contour is 39% (87%).

with a correlation coefficient of 0.42. These results are consistent with indirect measure-

ments by the CKMfitter group [9] and the UTfit collaboration [10]. Furthermore, they

improve the precision of sin 2β at LHCb by 20 %, and are expected to improve the preci-

sion of the world average.

Acknowledgments

We express our gratitude to our colleagues in the CERN accelerator departments for

the excellent performance of the LHC. We thank the technical and administrative staff

at the LHCb institutes. We acknowledge support from CERN and from the national

agencies: CAPES, CNPq, FAPERJ and FINEP (Brazil); MOST and NSFC (China);

CNRS/IN2P3 (France); BMBF, DFG and MPG (Germany); INFN (Italy); NWO (The

Netherlands); MNiSW and NCN (Poland); MEN/IFA (Romania); MinES and FASO (Rus-

sia); MinECo (Spain); SNSF and SER (Switzerland); NASU (Ukraine); STFC (United

Kingdom); NSF (U.S.A.). We acknowledge the computing resources that are provided by

– 10 –



J
H
E
P
1
1
(
2
0
1
7
)
1
7
0

CERN, IN2P3 (France), KIT and DESY (Germany), INFN (Italy), SURF (The Nether-

lands), PIC (Spain), GridPP (United Kingdom), RRCKI and Yandex LLC (Russia), CSCS

(Switzerland), IFIN-HH (Romania), CBPF (Brazil), PL-GRID (Poland) and OSC (U.S.A.).

We are indebted to the communities behind the multiple open-source software packages

on which we depend. Individual groups or members have received support from AvH

Foundation (Germany), EPLANET, Marie Sk lodowska-Curie Actions and ERC (Euro-

pean Union), ANR, Labex P2IO, ENIGMASS and OCEVU, and Région Auvergne-Rhône-
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