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1 Introduction1

The phase difference φs between direct decays and decays through mixing of B0
s mesons to2

Charge-Parity (CP ) eigenstates is a CP -violating observable. In the Standard Model (SM),3

considering b→ (cc)s transitions and neglecting subleading penguin contributions, this4

phase is predicted to be −2βs, where βs = arg[−(VtsV
∗
tb)/(VcsV

∗
cb)] and Vij are the elements5

of the CKM quark-flavour mixing matrix [1].6

The precise measurement of the φs phase is potentially sensitive to new physics7

(NP) processes. The measured phase could be modified if new particles were to8

contribute to the B0
s–B

0
s mixing amplitudes [2]. Measurements of φs using differ-9

ent decay channels with muons in the final state, namely B0
s → J/ψK+K− [3, 4],10

B0
s → J/ψπ+π− [5], B0

s → ψ(2S)φ [6], and a channel with open charm mesons,11

B0
s → D+

s D
−
s [7], have been reported previously by the LHCb collaboration. Mea-12

surements of φs in B0
s → J/ψφ decays with J/ψ→ µ+µ− have also been performed by13

the ATLAS [8, 9], CMS [10], CDF [11] and D0 [12] collaborations. The world-average14

value of these measurements is φs = −0.051± 0.023 rad [13]. A precise prediction of15

the φs phase value is available from global fits of the CKM matrix within the SM. The16

CKMFitter group result is φs = −0.0365 + 0.0013
− 0.0012 rad [14] while the UTfit collaboration17

result is φs = −0.0370± 0.0010 rad [15].18

This paper presents a measurement of φs using a flavour-tagged time-dependent angular19

analysis of the B0
s→ J/ψφ mode with J/ψ→ e+e− and φ→ K+K− decays.1 This is the20

first time that the B0
s→ J/ψ(e+e−)φ decay is used to measure CP -violating observables,21

and in particular the phase φs. The analysis is based on a data set corresponding to22

an integrated luminosity of 3 fb−1 collected at the LHC in proton-proton (pp) collisions23

at centre-of-mass energies of 7 and 8 TeV by the LHCb experiment. The yield of the24

B0
s→ J/ψ(e+e−)φ(K+K−) sample amounts to about 10% of that of the previously analysed25

B0
s→ J/ψ(µ+µ−)φ(K+K−) mode using the same data set [16]. The analysis follows closely26

that of the two muons decay mode, reported in Refs. [3,5]. Relevant changes are described27

in more detail in this paper.28

A comparison of the two results is of interest given the different main sources of29

systematic uncertainties induced by the markedly different reconstruction of decays with30

muons in the final state compared to decays with electrons. These differences arise31

from the significant bremsstrahlung emission of the electrons and the different signatures32

exploited in the online trigger selection [17–19].33

The article is structured in the following way. The phenomenological description of34

the B0
s→ J/ψ(e+e−)φ(K+K−) decay and the relevant physics observables are described35

in Sec. 2. A brief description of the LHCb detector, the candidates selection and the36

background subtraction are outlined in Sec. 3. The relevant inputs to the analysis,37

namely the resolution, efficiency and the flavour tagging, are detailed in Sec. 4 and 5.38

The maximum-likelihood fit procedure used to determine the physics parameters and the39

results of the fit are described in Sec. 6, while the evaluation of the systematic uncertainties40

is discussed in Sec. 7. Finally, conclusions are presented in Sec. 8.41

1The inclusion of charge-conjugate processes is implied throughout this paper, unless otherwise noted.
For simplicity, the resonance φ(1020) is referred to as φ here and in the following.
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Figure 1: Definition of the angles in the helicity basis. The polar angle θK (θe) is the angle
between the K+ (e+) momentum and the direction opposite to the B0

s momentum in the K+K−

(e+e−) centre-of-mass system, and the φh is the azimuthal angle between the K+K− and e+e−

decay planes.

2 Phenomenology42

The phenomenological aspects of the analysis are presented in Ref. [20]. This formalism43

also holds for the B0
s→ J/ψ(e+e−)φ(K+K−) decay. Angular momentum conservation in44

the B0
s→ J/ψφ decay implies that the final state is an admixture of two CP -even and45

one CP -odd components, with orbital angular momentum of 0 or 2, and 1, respectively.46

Moreover, along with the three P-wave states of the φ→ K+K− transition, there is also a47

CP -odd K+K− component in an S-wave state [21]. The CP -even and CP -odd components48

are disentangled by a time-dependent angular analysis, where the angular observables49

Ω = {cos θe, cos θK , φh} are defined in the helicity basis as shown in Fig. 1. The polar50

angle θK (θe) is the angle between the K+ (e+) momentum and the direction opposite51

to the B0
s momentum in the K+K− (e+e−) centre-of-mass system. The azimuthal angle52

between the K+K− and e+e− decay planes is φh. A definition of the angles in terms of53

the particles momenta can be found in Ref. [20].54

The differential decay rate for B0
s→ J/ψφ decay as a function of the decay time and55

angles can be expressed as a sum of polarisation amplitudes and their interference terms.56

Each of these can be factorised into a part dependent on the decay time t and a part57

dependent on the set of angular variables Ω, as58

G(t,Ω) ≡ d4Γ(B0
s → J/ψφ)

dt dΩ
∝

10∑
k=1

hk(t)fk(Ω). (1)

The time-dependent functions hk(t) are given as59

hk(t|B0
s ) = Nke

−Γst

[
ak cosh

∆Γst

2
+ bk sinh

∆Γst

2
+ ck cos(∆mst) + dk sin(∆mst)

]
, (2)

60

hk(t|B0
s) = N̄ke

−Γst

[
ak cosh

∆Γst

2
+ bk sinh

∆Γst

2
− ck cos(∆mst)− dk sin(∆mst)

]
, (3)

where ∆Γs ≡ ΓL − ΓH is the decay width difference between the light and the heavy61

Bs mass eigenstates, ∆ms ≡ mH −mL is their mass difference, and Γs ≡ (ΓL + ΓH)/262

is their average width. The coefficients Nk (N̄k) and ak, bk, ck, dk can be expressed in63

terms of φs and four complex transversity amplitudes Ai (Āi) at t = 0, as detailed in64

Table 1. The label i takes the values {⊥, ‖, 0} for the three P-wave amplitudes and65

S for the S-wave amplitude. The amplitudes are parameterised by |Ai|eiδi with the66
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Table 1: Definition of angular and time-dependent functions for B0
s and B0

s mesons.

k fk(θK , θe, φh) Nk N̄k ak bk ck dk

1 2 cos2 θK sin2 θe |A0|2 |Ā0|2 1 D C −S
2 sin2 θK(1− sin2 θe cos2 φh) |A‖|2 |Ā‖|2 1 D C −S
3 sin2 θK(1− sin2 θe sin2 φh) |A⊥|2 |Ā⊥|2 1 −D C S
4 sin2 θK sin2 θe sin 2φh |A‖A⊥| |Ā‖Ā⊥| C sin(δ⊥ − δ‖) S cos(δ⊥ − δ‖) sin(δ⊥ − δ‖) D cos(δ⊥ − δ‖)
5 1

2

√
2 sin 2θK sin 2θe cosφh |A0A‖| |Ā0Ā‖| cos(δ‖ − δ0) D cos(δ‖ − δ0) C cos(δ‖ − δ0) −S cos(δ‖ − δ0)

6 −1
2

√
2 sin 2θK sin 2θe sinφh |A0A⊥| |Ā0Ā⊥| C sin(δ⊥ − δ0) S cos(δ⊥ − δ0) sin(δ⊥ − δ0) D cos(δ⊥ − δ0)

7 2
3

sin2 θe |AS|2 |ĀS|2 1 −D C S

8 1
3

√
6 sin θK sin 2θe cosφh |ASA‖| |ĀSĀ‖| C cos(δ‖ − δS) S sin(δ‖ − δS) cos(δ‖ − δS) D sin(δ‖ − δS)

9 −1
3

√
6 sin θK sin 2θe sinφh |ASA⊥| |ĀSĀ⊥| sin(δ⊥ − δS) −D sin(δ⊥ − δS) C sin(δ⊥ − δS) S sin(δ⊥ − δS)

10 4
3

√
3 cos θK sin2 θe |ASA0| |ĀSĀ0| C cos(δ0 − δS) S sin(δ0 − δS) cos(δ0 − δS) D sin(δ0 − δS)

conventions δ0 = 0 and |A⊥|2 + |A0|2 + |A‖|2 = 1. The S-wave fraction is defined as67

FS = |AS|2/(|AS|2 + |A⊥|2 + |A0|2 + |A‖|2). In contrast to Ref. [3], the S-wave parameters68

are measured in a single range of m(K+K−) within ±30 MeV/c2 of the known φ mass [13].69

For a particles produced in a B0
s and B0

s flavour eigenstates, the coefficients in Eqs. (2)70

and (3), respectively are given in Table 1 together with the angular functions fk(Ω), where71

the S, D, C coefficients are defined as72

S = − 2|λ|
1 + |λ|2

sin(φs), D = − 2|λ|
1 + |λ|2

cos(φs) and C =
1− |λ|2

1 + |λ|2
. (4)

The parameter λ is related to CP violation in the interference between mixing and decay,73

and is defined by λ = ηi(q/p)(Āi/Ai) where the polarisation states i have the CP eigenvalue74

ηi = +1 for i ∈ {0, ‖} and ηi = −1 for i ∈ {⊥, S}. The complex parameters p and q relate75

the mass eigenstates to the flavour eigenstates, |BL,H〉 = p|B0
s 〉 ± q|B0

s〉. The CP -violating76

phase is defined by φs ≡ − arg(λ) and is assumed here to be the same for all polarisation77

states. The value of |λ| equals unity in the absence of CP violation in decay [22–24]. In78

this paper, the CP violation in Bs meson mixing is assumed to be negligible, following79

the measurements in Refs. [25,26].80

3 Detector, data set and selection81

The LHCb detector [27] is a single-arm forward spectrometer covering the pseudorapidity82

range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector83

includes a high-precision tracking system consisting of a silicon-strip vertex detector84

surrounding the pp interaction region, a large area silicon-strip detector located upstream85

of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip86

detectors and straw drift tubes placed downstream of the magnet. The tracking system87

provides a measurement of momentum, p, of charged particles with a relative uncertainty88

that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. The minimum distance of89

a track to a primary pp collision vertex (PV), the impact parameter (IP), is measured90

with a resolution of (15 + 29/pT)µm, where pT is the component of the momentum91

transverse to the beam in GeV/c. Different types of charged hadrons are distinguished92

using information from two ring-imaging Cherenkov detectors (RICH). Photons, electrons,93
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and hadrons are identified by a calorimeter system consisting of scintillating-pad and94

preshower detectors, an electromagnetic calorimeter (ECAL), and a hadronic calorimeter.95

Muons are identified by a system composed of alternating layers of iron and multiwire96

proportional chambers.97

Samples of simulated events are used to optimise the signal selection, to derive the98

angular efficiency and to correct the decay-time efficiency. The simulated pp collisions99

are generated using Pythia [28] with a specific LHCb configuration [29]. The decays100

of hadronic particles are described by EvtGen [30], in which final-state radiation is101

generated using Photos [31]. The interaction of the generated particles with the detector102

and its response are implemented using Geant4 toolkit [32], as described in Ref. [33].103

The online candidate selection is performed by a trigger [34], which consists of a104

hardware stage, based on information from the calorimeter and muon systems, followed105

by a software stage, which applies a full decay reconstruction. At the hardware stage,106

events are required to have a hadron or electron with a high transverse-energy deposit in107

the calorimeters, ET > 3 GeV and ET > 3.68 GeV, respectively. The subsequent software108

trigger is implemented as two separate levels that further reduce the event rate. The first109

level is designed to select decays which are displaced from all PVs. At the second level,110

B0
s→ J/ψφ candidates are selected by identifying events containing a pair of oppositely111

charged kaons with an invariant mass within ±30 MeV/c2 of the known φ-meson mass [13]112

or by using topological b-hadron triggers. These topological triggers require a two-, three-113

or four-track secondary vertex with a large sum of the pT of the charged particles and114

significant displacement from all PVs. A multivariate algorithm [35] is used for the115

identification of secondary vertices consistent with the decay of a b hadron. The trigger116

signals are associated with reconstructed particles in the offline selection. The candidate117

selection is devised in order to minimise the impact on the decay-time efficiency.118

Electrons radiate bremsstrahlung photons when travelling through the detector material.119

For events where the photons are emitted upstream of the spectrometer magnet, the120

photon and the electron deposit their energy in different ECAL cells, and the electron121

momentum measured by the tracking system is underestimated. Neutral energy deposits in122

the ECAL compatible with being emitted by the electron are used to correct for this effect.123

The limitations of the recovery technique degrade the resolution of the reconstructed124

invariant masses of both the di-electron pair and the B0
s candidate [17].125

In the offline selection, J/ψ candidates are formed from two oppositely charged tracks126

identified as electrons, and φ candidates from pairs of oppositely charged tracks identified as127

kaons. The pairs of tracks need to form a good quality vertex. The electron candidates are128

required to have pT > 0.5 GeV/c and di-electron invariant massm(e+e−) ∈ [2.5, 3.3] GeV/c2,129

where a wider range compared to the dimuon mode analysis is chosen to account for the130

radiative tail arising due to bremsstrahlung. The pT of the φ candidate is required to be131

larger than 1 GeV/c.132

The J/ψ and φ candidates that are consistent with originating from a common vertex133

are combined to form B0
s candidates. The mass of the B0

s candidates is required to be134

in the range m(e+e−K+K−) ∈ [4.7, 5.6] GeV/c2. The reconstructed decay time of the B0
s135

candidate, t, is obtained from a kinematic fit with the J/ψ mass constrained to its known136

value [13] and the B0
s candidate constrained to originate from the associated PV. Each137

B0
s candidate is associated with the PV that yields the smallest χ2

IP, where χ2
IP is defined138

as the difference in the vertex-fit χ2 of a given PV reconstructed with and without the139

particle under consideration. The B0
s candidates are selected if they have decay times in140
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the range 0.3 < t < 14 ps and decay-time uncertainty estimates σt < 0.12 ps. The fraction141

of events containing more than one B0
s candidate within the m(e+e−K+K−) range is142

2.6%. All candidates are retained in the subsequent analysis. The impact of allowing143

multiple candidates per event is negligible.144

The main sources of background are partially reconstructed b-hadron decays and145

combinatorial background. The first of these arises from the B0
s→ χc1(1P )(→ J/ψγ)φ146

and B0
s→ ψ(2S)(→ J/ψ X)φ decay.2 The combinatorial background is due to random147

combination of tracks in the event that pass the candidate selection. In addition, possible148

background contributions to the signal region originate from Λ0
b→ J/ψpK− and B0→149

J/ψK∗(892)0 decays, where the proton or the π− meson from the K∗(892)→ K+π− decay150

is misidentified as a K+ or K− meson, respectively.151

The combinatorial background is suppressed using a boosted decision tree (BDT) [36]152

analysis, trained using the TMVA toolkit [37]. The BDT discriminant is trained using a153

signal sample of simulated B0
s→ J/ψφ decays, and a sample of background from data. For154

the background same-sign combinations of electron and/or kaon pairs are chosen with the155

same selection criteria as for signal. The simulation is corrected to match the distributions156

observed in data for variables used in the identification of electrons and kaons. The eight157

variables used for the training of the BDT discriminant are the transverse momenta of the158

J/ψ and φ candidates, the vertex χ2 of the B0
s candidate, the χ2 of the kinematic fit of the159

B0
s candidate with the J/ψ mass constrained to its known value and the electron and kaon160

identification probability as provided mainly from the RICH and calorimeter systems.161

The optimal working point for the BDT discriminant is determined using a figure of merit162

that optimises the statistical power of the selected data sample for the analysis of φs by163

taking the number of signal and background candidates into account [38].164

The candidates are rejected if the K+ candidate can also be identified as a proton by a165

dedicated neural network [39] to suppress any possible contamination from Λ0
b→ J/ψpK−166

decays. The remaining misidentified background contribution is estimated using simulated167

samples and amounts to 1% of the expected signal yield for Λ0
b decays and is negligible168

for B0 decays.169

Figure 2 shows the distribution of m(e+e−K+K−) for the selected B0
s→ J/ψφ can-170

didates. In order to describe better the left tail of the m(e+e−K+K−) distribution, the171

sample is split into three categories by the number of electron candidates: zero, one172

or both electrons of the pair that received bremsstrahlung corrections. An extended173

maximum-likelihood fit is made to the unbinned m(e+e−K+K−) distribution.174

In the fit the signal component is described by the sum of two Crystal Ball (CB)175

functions [40] and the combinatorial background by an exponential function. The partially176

reconstructed background components from B0
s → χc1(1P )φ and B0

s → ψ(2S)φ decays177

are modelled using a Gaussian function and the sum of two Gaussian functions, respec-178

tively. The parameters that describe the shape of the signal candidates and the partially179

reconstructed background are fixed to values obtained from simulation. The core widths180

and the common mean of the CB functions are left free in the fit. The fit to the three181

categories gives a yield of (1.27± 0.05)× 104 signal candidates where the uncertainty is182

statistical only.183

The fit results are used to assign per-candidate weights via the sPlot technique with184

m(e+e−K+K−) as the discriminating variable [41]. This is used to subtract the background185

2The symbol X stands for unreconstructed particles.
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Figure 2: Distribution of m(e+e−K+K−) for selected B0
s→ J/ψφ candidates divided into three

categories: (a) zero, (b) one and (c) both electrons with bremsstrahlung correction. The blue
solid line shows the total fit which is composed of (red short-dashed line) the signal and the
background contributions. The combinatorial background is indicated by the green long-dashed
line while the partially reconstructed background from the B0

s→ ψ(2S)φ and B0
s→ χc1(1P )φ

decays are indicated by pink and purple dash-dotted lines, respectively.

contribution in the maximum-likelihood fit described in Sec. 6. As the three categories186

are statistically independent further steps of the analysis are performed on the combined187

sample.188

4 Detector resolution and efficiency189

The finite decay-time resolution is a diluting factor that will affect the relative precision of190

φs and has to be accounted for. The way this is introduced into the analysis is described191

in Sec. 6. The assumed decay-time resolution model, R, consists of a sum of two Gaussian192

distributions with their widths depending on the per-candidate decay-time uncertainty193

determined by the vertex fit as detailed in Ref. [16]. The parameters of this model are194

loosely constrained in the fit of the B0
s→ J/ψ(e+e−)K+K− decay to the values determined195

using an identical model from a sample of J/ψ → µ+µ− candidates produced at the196

PV. They are allowed to vary within a Gaussian constraint of twice the difference of197

their values between the electron and muon modes as extracted from simulation. The198

parameters are determined from the unbinned maximum-likelihood fit, as described in199

Sec. 6. Taking into account the σt distribution of the B0
s signal, the resulting effective200

resolution is 45.6± 0.5 fs.201

Due to the displacement requirements made on signal tracks in the trigger and offline202

selections, the reconstruction efficiency depends on the decay time of the B0
s candidate.203
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Figure 3: Distribution of m(e+e−K+π−) for selected B0→ J/ψK∗(892)0 candidates divided
into three categories: (a) zero, (b) one and (c) both electrons with bremsstrahlung correction.
The blue solid line shows the total fit which is composed of (red short-dashed line) the signal
and the background contributions. The combinatorial background is indicated by the green
long-dashed line while the partially reconstructed background from the B0→ ψ(2S)K∗(892)0,
B0→ χc1(1P )K∗(892)0 and B0→ J/ψK1(1270)0 decays are indicated by pink, purple and yellow
dash-dotted lines, respectively.

The efficiency is determined with the same method as described in Ref. [6], by using the204

control channel B0→ J/ψK∗(892)0, with J/ψ→ e+e− and K∗(892)0→ K+π− decays.205

The decay-time dependence of the signal efficiency is determined as206

ε
B0

s
data(t) = εB

0

data(t)× ε
B0

s
sim(t)

εB
0

sim(t)
, (5)

where εB
0

data(t) is the efficiency of the control channel, determined on data, and ε
B0

s
sim(t)/εB

0

sim(t)207

is the ratio of efficiencies of the simulated signal and control modes after the selection. The208

efficiencies are extracted by normalisation to the known lifetimes of τB0
s

= 1.527± 0.011 ps209

and τB0 = 1.520± 0.004 ps [13]. The second term accounts for the small differences in210

the decay time and kinematics between the signal and the control modes. The control211

channel efficiency is defined as εB
0

data(t) = NB0

data(t)/NB0

gen(t) where NB0

data(t) is the number of212

the B0→ J/ψK∗(892)0 decays in a given time bin as determined using sPlot technique [41]213

with m(e+e−K+π−) as discriminating variable. The NB0

gen(t) is the number of events214

generated from an exponential distribution with lifetime τB0 [13]. The analysis is not215

sensitive to the absolute scale of the efficiency.216

The B0→ J/ψK∗(892)0 decay is selected using trigger, selection and BDT requirements217

similar to those used for the signal, adapted to the different final states. The background218

contribution to the control sample from the misidentification of final-state particles from219
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the Λ0
b→ J/ψpπ− decay is estimated to be 0.06% of the expected signal yield, while the220

background contribution from B0
s→ J/ψφ decays is negligible.221

The m(e+e−K+π−) invariant-mass distribution is shown in Fig. 3 divided into222

the three bremsstrahlung categories, as for the signal sample. The contribution223

from B0→ J/ψK∗(892)0 decays is described by the sum of two CB functions while224

an exponential function is used to describe the combinatorial background. Simi-225

larly to the signal sample, partially reconstructed background arises from B0 decays226

where one or more particles are not reconstructed; background components stem-227

ming from B0 → χc1(1P )(→ J/ψγ)K∗(892)0, B0 → ψ(2S)(→ J/ψ X)K∗(892)0 and228

B0→ J/ψK1(1270)0(→ K∗(892)0π0) decays2 are described using a single Gaussian func-229

tion, the sum of two Gaussian functions and the sum of two CB functions, respectively.230

The B0→ J/ψK∗(892)0 yield is found to be (5.45± 0.05)× 104 signal candidates.231

The decay-time efficiency for the B0
s→ J/ψφ signal is shown in Fig. 4. The efficiency232

is relatively uniform at high values of decay time but decreases at low decay times due to233

the selection criteria that require displaced tracks.234

The efficiency as a function of the B0
s→ J/ψφ helicity angles is not uniform due to the235

forward geometry of the LHCb detector and the requirements imposed on the final-state236

particle momenta. Projections of the three-dimensional efficiency, ε(Ω), to the three237

helicity angles are shown in Fig. 5. The angular efficiency correction is introduced in the238

analysis through normalisation integrals in the probability density function describing the239

signal decays in the fit described in Sec. 6. The integrals given in Table 2 are calculated240

using simulated candidates that are subject to the same trigger and selection criteria as241

the data, following the same technique as in Ref. [20]. The relative efficiency is constant for242

the azimuthal angle φh. A dependence of up to 15% is observed for cos θe and cos θK . The243

finite angular resolution has small impact on the results of the analysis and is neglected.244

A systematic uncertainty is assigned to account for this effect.245

5 Flavour tagging246

The Bs candidate flavour at production is determined by two independent categories of247

flavour tagging algorithms, the opposite-side (OS) taggers [42] and the same-side kaon248

(SSK) tagger [43], which exploit specific features of the production of bb quark pairs in249
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Table 2: Angular acceptance integrals for the simulated sample. The Ik integrals are normalised
with respect to the I0 integral.

k Ik/I0

1 (00) 0.9801± 0.0014
2 (‖‖) 1.0200± 0.0017
3 (⊥⊥) 1.0209± 0.0016
4 (‖⊥) 0.0003± 0.0018
5 (0 ‖) 0.0008± 0.0012
6 (0 ⊥) 0.0015± 0.0012
7 (SS) 0.9983± 0.0011
8 (S‖) 0.0004± 0.0016
9 (S⊥) 0.0012± 0.0016
10 (S0) −0.0067± 0.0036
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Figure 5: Efficiency projected onto (left) cos θK , (middle) cos θe and (right) φh obtained from a
simulated B0

s→ J/ψφ sample, scaled by the average efficiency.

pp collisions, and their subsequent hadronisation. Each tagging algorithm assigns a tag250

decision and a mistag probability. The tag decision, q, takes values +1, −1, or 0, if the251

signal candidate is tagged as B0
s , B

0
s, or is untagged, respectively. The fraction of events252

in the sample with a nonzero tagging decision gives the efficiency of the tagger, εtag. The253

mistag probability, η, is estimated event-by-event, and represents the probability that254

the algorithm assigns a wrong tag decision. It is calibrated using data samples of two255

flavour specific decays, B±→ J/ψ(e+e−)K± for the OS taggers and B0
s→ D−s π

+ for the256

SSK tagger, resulting in a corrected mistag probability, ω (ω̄), for a candidate with initial257

flavour B0
s (B0

s). In case of the SSK algorithm, the calibrated sample of B0
s → D−s π

+
258

decays is weighted to match the kinematics of the B0
s → J/ψφ signal decays. A linear259

relationship between η and ω is used for the calibration. The effective tagging power260

is given by εtag(1 − 2ω)2 and for the combined taggers in the B0
s→ J/ψ(e+e−)φ signal261

sample a value of (5.07± 0.16)% is obtained.262

6 Maximum-likelihood fit and results263

The CP observables are determined by an unbinned maximum-likelihood fit to the264

background-subtracted candidates in four-dimensions, namely the B0
s decay time and265
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the three helicity angles, with a probability density function (PDF) describing B0
s →266

J/ψ(e+e−)φ signal decay. The negative log-likelihood function to be minimised is given by267

− lnL = −α
N∑
i=1

wi lnP , (6)

where N is the total number of candidates. The wi coefficients are the sPlot268

weights [41] computed using m(e+e−K+K−) as discriminating variable, and the fac-269

tor α =
∑
wi/

∑
w2
i is used to account for the correct signal yield in the sample. The270

PDF, P = S/
∫
Sdt dΩ, is normalised over the four-dimensional space where271

S(t,Ω, qOS, qSSK|ηOS, ηSSK) = T (t′,Ω, qOS, qSSK|ηOS, ηSSK)⊗R(t− t′|σt)× εB
0
s

data(t), (7)

with the decay-time resolution function, R, defined in Sec. 4 and272

T (t′,Ω, qOS, qSSK|ηOS, ηSSK) =
(
1 + qOS(1− 2ωOS)

) (
1 + qSSK(1− 2ωSSK)

)
G(t,Ω)

+
(
1− qOS(1− 2ω̄OS)

) (
1− qSSK(1− 2ω̄SSK)

)
Ḡ(t,Ω),

(8)

which allows for the inclusion of the information from both tagging algorithms in the273

computation of the decay rate. The function G(t,Ω) is defined in Eq. (1) and Ḡ(t,Ω)274

is the corresponding function for B0
s decays. The angular efficiency is included in the275

normalisation of the PDF via the ten integrals, Ik =
∫

dΩ ε(Ω)fk(Ω). The integrals are276

pre-calculated using simulation as described in Sec. 4.277

When using weights from the sPlot method, the standard uncertainty estimate based278

on the Hessian matrix will generally not give asymptotically correct confidence inter-279

vals [44]. A bootstrap method [45] is used to obtain a correct estimate of the statistical280

uncertainty. The weights are recalculated for each bootstrap sample. In the fit, Gaussian281

constraints are included for certain nuisance parameters, namely the mixing frequency282

∆ms = 17.757± 0.021 ps−1 [13], the tagging calibration parameters, and the time res-283

olution parameters. The fitting procedure is validated using pseudoexperiments and284

simulated B0
s→ J/ψ(e+e−)φ decays.285

The results of the fit to the data are shown in Table 3 while the projections of the286

fit results on the decay time and helicity-angle distributions are reported in Fig. 6. The287

correlation matrix of statistical uncertainties is reported in Table 5 of Appendix A. The288

results are consistent with previous measurements of these parameters [3, 8–12], and the289

SM predictions for φs [22–24]. They show no evidence of CP violation in the interference290

between B0
s meson mixing and decay, nor for direct CP violation in B0

s→ J/ψ(e+e−)φ291

decays, as the parameter |λ| is consistent with unity within uncertainties.292

7 Systematic uncertainties293

Systematic uncertainties for each of the measured parameters are reported in Table 4.294

They are evaluated by observing the change in the physics parameters after repeating the295

likelihood fit with a modified model assumption, or through pseudoexperiments, in case296

of uncertainties originating from the limited size of calibration samples.297

The decay-time and angular efficiencies obtained independently in the three298

bremsstrahlung categories are compatible within statistical uncertainties. While the299
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Table 3: Results of the maximum-likelihood fit, described in Sec. 6, to the B0
s→ J/ψ(e+e−)φ

decays including all acceptance and resolution effects. The first uncertainty is statistical and the
second is systematic.

Parameter Fit result and uncertainty

Γs [ ps−1 ] 0.608± 0.018± 0.011
∆Γs [ ps−1 ] 0.115± 0.045± 0.011
|A⊥|2 0.234± 0.034± 0.008
|A0|2 0.530± 0.029± 0.013
δ‖ [ rad] 3.11 + 0.08

− 0.07 ± 0.06
δ⊥ [ rad] 2.41 + 0.43

− 0.42 ± 0.10
φs [ rad] 0.00± 0.28± 0.05
|λ| 0.877 + 0.112

− 0.116 ± 0.031
FS 0.062 + 0.042

− 0.051 ± 0.022
δS [ rad] 0.01 + 0.25

− 0.27 ± 0.04

5 10
Decay time [ps]

1−10

1

10

210

310

C
an

di
da

te
s 

/ (
0.

27
4 

ps
)

LHCb
-13 fb

Data
Total
CP-even
CP-odd
S-wave

1− 0.5− 0 0.5 1

eθcos

0

200

400

600

800

1000

C
an

di
da

te
s 

/ 0
.1

LHCb
-13 fb

1− 0.5− 0 0.5 1

Kθcos

0

200

400

600

800

1000

C
an

di
da

te
s 

/ 0
.1

LHCb
-13 fb

2− 0 2
 [rad]

h
φ

0

200

400

600

800

1000

C
a
n
d
id

at
e
s 

/ 
(0

.3
1

4
 r

a
d
)

LHCb
­13 fb

Figure 6: Decay time and helicity-angle distributions for (data points) B0
s→ J/ψ(e+e−)φ decays

with the one-dimensional projections of the PDF extracted in the maximum-likelihood fit. The
solid blue line shows the total signal contribution, which is composed of (long-dashed red)
CP -even, (short-dashed green) CP -odd and (dash-dotted purple) S-wave contributions.

effective decay-time resolution differs for the three categories, it was verified with simula-300

tions that the result of a weighted average of three independent maximum-likelihood fits301

is consistent with the default one.302

Repeating the mass fit in bins of the decay time and helicity angles shows that the303

mass resolution depends on cos θe and cos θK . As the sPlot technique assumes that the304

discriminating variable is independent of the observables of interest, the effect of this305

11



Table 4: Statistical and systematic uncertainties. A dash corresponds to systematic uncertainties
that are negligible. Systematic uncertainties from different sources are added in quadrature.

Source Γs ∆Γs A2
⊥ A2

0 δ‖ δ⊥ φs |λ| FS δS
[ ps−1] [ ps−1] [ rad] [ rad] [ rad] [ rad]

Stat. uncertainty 0.018 0.045 0.034 0.029 + 0.08
− 0.07

+ 0.43
− 0.42 0.28 + 0.112

− 0.116
+ 0.042
− 0.051

+ 0.25
− 0.27

Mass factorisation 0.003 0.003 0.005 0.007 0.01 0.03 0.02 0.011 0.017 0.01
Mass model 0.009 0.005 0.004 0.005 0.01 0.09 0.03 0.011 0.007 0.03
Ang. acceptance − − 0.002 0.001 − 0.02 0.01 0.005 0.003 0.02
Time resolution 0.002 0.008 0.004 0.002 0.06 0.02 0.03 0.003 0.002 0.01
Time acceptance 0.003 0.003 0.001 0.001 − − − 0.001 − −
MC (time acc.) 0.001 0.001 0.001 − − − − − − −
MC (ang. acc.) − − 0.001 0.001 0.01 0.01 0.02 0.017 0.003 −
Λ0
b background 0.001 0.001 0.001 0.001 0.01 − 0.01 0.005 0.01 −

Ang. resolution − 0.002 0.002 0.003 − 0.01 − − 0.005 −
B+
c background 0.003 − − − − − − − − −

Fit bias − − − 0.009 − − − 0.020 − −

Syst. uncertainty 0.011 0.011 0.008 0.013 0.06 0.10 0.05 0.031 0.022 0.04

Total uncertainty 0.021 0.046 0.035 0.032 0.10 0.44 0.28 + 0.117
− 0.121

+ 0.047
− 0.056

+ 0.25
− 0.27

correlation is quantified. The data sample is divided in intervals of cos θe and cos θK and306

new weights are computed with fits to m(e+e−K+K−). The four-dimensional likelihood307

fit is evaluated with modified weights. The variation of each physics parameter is assigned308

as a systematic uncertainty. For the decay time and azimuthal φh angle the effect is309

negligible.310

The mass model is tested in two ways. For the first test a new set of weights using311

a sum of two Ipatia functions [46] is computed to describe the signal component of the312

m(e+e−K+K−) distribution. For the second test a set of pseudoexperiments is used by313

fluctuating the default mass model parameters within their uncertainties (accounting314

for correlations), providing a new set of weights. The width of the obtained physics315

parameters distributions from the pseudoexperiments or the difference between the default316

and Ipatia based result is assigned as systematic uncertainty, whichever is larger.317

The statistical uncertainty on the angular efficiency is propagated by repeating the fit318

using new sets of the ten integrals, Ik, systematically varied according to their covariance319

matrix. The width of the obtained distributions for each physics parameter is taken as the320

systematic uncertainty. The angular resolution is neglected in the maximum-likelihood321

fit. The effect of this assumption is studied using pseudoexperiments, where the helicity322

angles are smeared according to the experimental resolution. There is a small effect323

on the polarisation amplitudes, strong phase and decay width difference while all other324

parameters are unaffected.325

A systematic contribution is evaluated to take into account the effect of the finite326

decay-time resolution by comparing pseudoexperiments with fixed and constrained decay-327

time resolution parameters. A sample of pseudoexperiments with the four-dimensional328

B0
s → J/ψ(e+e−)φ PDF including time and angular efficiencies is used. The procedure329

is evaluated for two scenarios: the former with decay-time resolution parameters fixed330
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to generated values, and the latter with parameters constrained to twice the difference331

between values obtained from signal simulation with J/ψ→ e+e− and J/ψ→ µ+µ− decays.332

The quadratic difference between the uncertainties of pseudoexperiments with fixed and333

constrained parameters is assigned as a systematic uncertainty. In addition tests with334

decay-time resolution parameters fixed in the fit to the data sample are performed. The335

parameters are fixed to values obtained from the time angle fit at φs value fixed to 0 or π/2,336

or to values from a sample of J/ψ→ µ+µ− candidates produced at the PV corrected for337

the difference between e+e− and µ+µ− simulation samples. The test results are compatible338

within statistical uncertainties to the default fit results.339

The decay-time efficiency introduces a systematic uncertainty from three different340

sources. First, the contribution due to the statistical uncertainty on the determination341

of the decay-time efficiency from the control channel is obtained by evaluating the fit342

multiple times after randomly varying the parameters of the time efficiency within their343

statistical uncertainties. The statistical uncertainty is dominated by the size of the344

B0→ J/ψK∗(892)0 control sample. Second, a sum of two Ipatia functions is used as an345

alternative mass model for the m(e+e−K+π−) distribution and a new decay-time efficiency346

function is produced. Finally, the efficiency function is computed with the B0 lifetime347

modified by ±1σ. In all cases the difference in the fit results arising from the use of the348

new efficiency function is taken as a systematic uncertainty.349

The sensitivity to the BDT selection is studied by adjusting the working point around350

the optimal position for the signal channel where the difference of the number of signal351

candidates is within 10% between the default and varied BDT criteria. The effect of352

applying the modified BDT requirement in the likelihood fit is studied using pseudoexper-353

iments. The mass model parameters for each BDT requirement are varied within their354

uncertainties (accounting for correlations) and the weights are re-evaluated based on the355

alternative model. The fit is repeated using a new set of weights and a new efficiency356

function. The observed variations in the physics parameters are compatible with statistical357

fluctuations. This is verified by pseudoexperiments with 10% of candidates removed at358

random.359

A systematic uncertainty is assigned to account for the differences in the final-state360

kinematics between data and simulated samples. The simulated signal events are weighted361

using a multidimensional BDT-based algorithm [47]. The procedure is repeated for the362

control sample B0 → J/ψ(e+e−)K∗(892)0. The reweighted simulation samples of both363

channels are used to obtain new angular and decay-time acceptances. The difference with364

the default fit result is assigned as a systematic uncertainty.365

The fraction of Λ0
b→ J/ψpK− candidates contributing to the signal sample is estimated366

to be 1% using simulation. The impact of neglecting this contribution is evaluated for the367

data sample by fitting the m(e+e−K+K−) distribution with an additional component to368

account for, namely the sum of two CB functions, the shape of which is fixed to a fit to369

simulated Λ0
b→ J/ψpK− candidates. In addition, the decay-time efficiency is redetermined370

including a component for background from Λ0
b→ J/ψpπ− decays. This component is371

modelled by the sum of two CB functions, the shape of which is fixed to a fit to simulated372

Λ0
b → J/ψpπ− candidates. The fraction of the Λ0

b → J/ψpπ− decays is estimated from373

the simulation to be at most 0.06% [48]. The differences of physics parameters obtained374

from the fit with modified weights and efficiency function is assigned as a systematic375

uncertainty.376

A small fraction of B0
s → J/ψφ decays comes from the decays of B+

c mesons. The377
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fraction is estimated as 0.8% in Ref. [49] and pseudoexperiments are used to assess the378

impact of ignoring such a contribution on the extraction of the physics parameters. Only379

Γs is observed to be affected, with a bias on its central value corresponding to 20% of the380

statistical uncertainty, which is assigned as a systematic uncertainty.381

A possible bias in the fitting procedure is investigated through many pseudoexperiments382

of equivalent size to the data sample. For each pseudoexperiment the physics parameters383

are fluctuated in the underlying PDF and then compared to the obtained fit results. The384

resulting deviations are small and those that are not compatible with zero within three385

standard deviations are quoted as systematic uncertainties.386

Inclusion of a result with a constraint on the ∆ms into a global analysis leads to trouble-387

some treatment of systematic effects introduced by choice of the constraint. Therefore we388

provide a result with the mixing frequency fixed to the PDG value, ∆ms = 17.757 ps−1 [13],389

as reported in Appendix B. No significant difference is observed with respect to the default390

result.391

The systematic uncertainties associated to the mass model and mass factorisation can392

be treated as uncorrelated between this result and that of Ref. [16]. More details on the393

systematic effects for the studied channel are given in Ref. [50].394

8 Conclusion395

Using a data set corresponding to an integrated luminosity of 3 fb−1 collected by the LHCb396

experiment in pp collisions at centre-of-mass energies of 7 and 8 TeV, a flavour-tagged397

decay-time-dependent angular analysis of (1.27± 0.05)× 104 B0
s→ J/ψ(e+e−)φ decays is398

performed. A number of physics parameters including the CP -violating phase φs, average399

decay width Γs and decay width difference ∆Γs as well as the polarisation amplitudes400

and strong phases of the decay are determined. The effective decay-time resolution401

and effective tagging power are 45.6 ± 0.1 fs and (5.07 ± 0.16)%, respectively. The CP402

parameters are measured to be403

φs = 0.00± 0.28± 0.05 rad,

∆Γs = 0.115± 0.045± 0.011 ps−1,

Γs = 0.608± 0.018± 0.011 ps−1

where the first uncertainty is statistical and the second is systematic. The dominant404

sources of the systematic uncertainty are the imperfect mass and decay-time resolution405

models. This is the first measurement of the CP content of the B0
s→ J/ψ(e+e−)φ decay406

and first time that φs has been measured in the final state containing electrons. These407

results constitute an important check for the results with muons in the final state because408

the systematic uncertainties of the measurements are independent, while the studied409

mechanism of the CP violation is the same. The results are consistent with previous410

measurements [3,8–12], the SM predictions [22–24], and show no evidence of CP violation411

in the interference between B0
s meson mixing and decay. In addition, no evidence for412

direct CP violation in B0
s→ J/ψ(e+e−)φ decays is observed.413
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Appendices435

A Correlation matrix436

The CP observables are determined by an unbinned maximum-likelihood fit to the437

background-subtracted candidates with a probability density function (PDF) describing438

B0
s→ J/ψ(e+e−)φ signal decay. The correlation matrix of their statistical uncertainties is439

presented in Table 5. It is obtained using the bootstrap method.440

B Fit results with fixed ∆ms441

The fit is repeated with a fixed value of the mixing frequency ∆ms = 17.757 ps−1 [13]442

instead of a Gaussian constraint. The fit results are presented in Table 6 and corresponding443

correlation matrix in Table 7.444
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rUniversità di Urbino, Urbino, Italy845

sMSU - Iligan Institute of Technology (MSU-IIT), Iligan, Philippines846

tAGH - University of Science and Technology, Faculty of Computer Science, Electronics and847

Telecommunications, Kraków, Poland848

uP.N. Lebedev Physical Institute, Russian Academy of Science (LPI RAS), Moscow, Russia849

vNovosibirsk State University, Novosibirsk, Russia850

wHanoi University of Science, Hanoi, Vietnam851

26


	Introduction
	Phenomenology
	Detector, data set and selection
	Detector resolution and efficiency
	Flavour tagging
	Maximum-likelihood fit and results
	Systematic uncertainties
	Conclusion
	Correlation matrix
	Fit results with fixed dms
	References

