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1. CP violation in the B0
s − B̄0

s system

The CP-violating phase φs arises in the interference between the b→ ccs decay amplitudes of
B0

s meson1 transitioning directly to its final state or after it has first oscillated to its anti-particle, a B̄0
s

meson. In the Standard Model (SM), ignoring subleading penguin contributions, φs =−2βs, where
the value of βs is inferred from global fits to experimental data to be −0.0370+0.0008

−0.0007 rad [1, 2].
Such a precise prediction for the φs value in the SM makes its measurement particularly inter-
esting because new physics processes, if new particles were to contribute to the B0

s − B̄0
s mixing

diagram [3, 4], could potentially modify the phase. Penguin-dominated b→ sss and b→ sdd tran-
sitions are described by a phase which is referred to as φ sss

s and φ sdd
s . Unlike φs from b→ ccs

transition, penguin phases are expected at first order to be exactly zero in the SM. If φs is measured
to be significantly different from the value predicted by the SM, then it would be a clear sign for
new physics.

2. Measurement of φs at LHCb

The LHCb detector [5, 6] is a general purpose detector in the forward region, situated at the
Large Hadron Collider at CERN. The broad physics program of the LHCb experiment covers var-
ious topics including study of the CP violation (CPV) in B mesons. The measurements covered in
this manuscript are measurements of the CP-violating phases of the following four decay modes:
B0

s → J/ψK+K− [7], B0
s → J/ψπ+π− [8], B0

s → (K+π−)(K−π+) [9] and B0
s → φφ [10]. The

results obtained with B0
s → J/ψK+K− and B0

s → J/ψπ+π− modes were first presented at the 54th

Rencontres de Moriond conference [11].

2.1 Measurement of φs in b→ ccs transition

Two recent measurements of the CP-violating phase φs using B0
s mesons at the LHCb exper-

iment are presented. One analysis explores the B0
s → J/ψK+K− decay mode [7], while the other

studies the B0
s → J/ψπ+π− decay [8]. Since the analysis strategies are very similar, the baseline

strategy adopted by both is covered and relevant differences between the two are highlighted.
Both analyses use proton-proton collision data collected with the LHCb detector in 2015 and

2016, corresponding to a total integrated luminosity of 1.9 fb−1. A B0
s (B̄0

s ) meson after being
produced in a proton-proton collision in the LHCb detector (so-called primary vertex), flies ap-
proximately 1 cm before decaying inside the vertex locator, VELO, of the LHCb detector. The
excellent decay time resolution of the VELO detector, which is approximately 45.5 (41.5) fs for the
B0

s → J/ψK+K− (B0
s → J/ψπ+π−) mode, allows to resolve oscillations in the B0

s− B̄0
s system. The

decay products of a B0
s (B̄0

s ) meson, J/ψK+K− or J/ψπ+π− where J/ψ decays to a µ+µ− pair,
fly from the decay point of B0

s (so-called secondary vertex) through the rest of the detector, travers-
ing the magnet, where tracks of charge particles are bent; tracking stations; Cherenkov detectors,
which allows to identify hadron type; calorimeter system and muon stations. The distance between
the secondary and primary vertices is translated to the B0

s meson decay time using an estimate of
its momentum.

1The inclusion of charge-conjugate processes is implied throughout this manuscript, unless otherwise noted.
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The CP-violating parameters φs and |λ | are measured, where |λ | is defined as |λ | =
∣∣∣ q

p

∣∣∣ ∣∣∣ Ā
A

∣∣∣.
The B0

s → J/ψK+K− channel allows measuring the lifetime parameters of the B0
s meson: the

decay-width difference between the light and heavy B0
s meson eigenstates, ∆Γs = ΓL−ΓH, and

the average decay-width of the states, Γs =
ΓL+ΓH

2 . However, since the J/ψπ+π− final state is
almost entirely CP-odd [12], only decays of the heavy B0

s meson eigenstate are possible, therefore
one can measure ΓH with B0

s → J/ψπ+π−. In order to disentangle the CP-even from the CP-odd
component in B0

s → J/ψK+K−, an angular analysis is required. For a four-body final state, three
independent angles are needed to describe the system.

The experimental differential decay-time rate for an initial B0
s meson as a function of decay

time (t) and helicity angles (Ω) is given as [13]

d4Γ

dt dΩ
∝

10

∑
k=1

ε(t,Ω) fk(Ω)hk(t)⊗G(t|σt), (2.1)

where ε(t,Ω) is efficiency as a function of decay-time and angular observables, fk(Ω) are angular
functions, G(t|σt) is experimental decay-time resolution and the decay-time-dependent functions
hk(t) for the decay of B0

s meson produced as B0
s meson are given as

hk(t) =
3

4π
e−Γt

{
ak cosh

∆Γt
2

+bk sinh
∆Γt

2
+ ck cos(∆mt)+dk sin(∆mt)

}
. (2.2)

For an initial B̄0
s at production, the signs of ck and dk should be reversed. The end goal is to perform

a simultaneous maximum likelihood fit to the decay-time and three angles in order to extract the
CP-violating parameters. As can be seen from equation 2.1, there are several experimental inputs
that are required for the time-dependent fit to be performed: efficiency, decay-time resolution of
the detector and the knowledge of the flavour of the B0

s meson at production. The details on these
inputs are given in the following.

2.1.1 Selection and mass fit

The time-dependent angular fit is performed on background-subtracted data. For both decays
under study a corresponding boosted decision tree [14], BDT, is used to select signal and reject
background candidates. The BDTs are trained using data sidebands as background proxy and
simulated events as signal proxy. After the training, the optimal cut is found and applied on the
data sample.

The main peaking background is due to the Λ0
b→ J/ψ pK− decays. It can happen that the pro-

ton in the final state is mis-identified as a kaon and resulting J/ψK+K− wrong combination might
end up peaking under the signal peak. Since this contribution is significant for the B0

s → J/ψK+K−

mode it is subtracted by injecting negatively weighted simulated Λ0
b→ J/ψ pK− decays with a total

weight equal to the expected contribution of the Λ0
b background. Other peaking background contri-

butions coming from decays B0→ J/ψK+K−, B0→ J/ψπ+π− and B0→ J/ψK∗0(→ K+π−) are
either vetoed using particle identification requirements or accounted for directly in the mass fit.

In order to subtract the combinatorial background, signal weights are used. These weights
are obtained using the sPlot procedure [15], which assigns a weight to each event based on the
probability density function (PDF) that is used to describe the invariant mass spectra. The invariant

2
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Selection and mass fit 
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Figure 1: Distribution of the invariant mass of selected (a) Bs→ J/ψK+K− [7] and (b) Bs→ J/ψπ+π− [8]
decays.

mass distributions of J/ψK+K− and J/ψπ+π− are shown in Fig. 1 together with the analytical
shapes that are used to extract signal weights.

2.1.2 Decay time resolution

The decay-time resolution of the detector directly affects the precision of the measured CP-
violating parameters. Therefore, detailed understanding of the time resolution is required. The
decay-time error that is estimated on an event-by-event basis during the reconstruction step is un-
derestimated and therefore requires calibration. In order to perform the decay-time resolution cal-
ibration both analyses use a prompt data sample that consists of J/ψ → µ+µ− candidates that
originate from the primary vertex and therefore have zero lifetime. The selected J/ψ candidates
are combined with a pair of oppositely charged kaons to mimic the signal decay mode. The decay-
time distribution of prompt B0

s → J/ψK+K− candidates is shown in Fig. 2 (a). Events with negative
lifetime are present which can only be possible due to the resolution effect of the detector. This is
used to assess the effective decay-time resolution of the detector. In order to correct the decay-time
uncertainty estimation, a binned procedure is implemented where the prompt sample is divided in
several subsamples with different values of the per-event error. In each subsample the effective
resolution is assessed by fitting the decay-time distribution. The result of this procedure is shown
in Fig. 2 (b). The relation between the effective resolution and the per-event error is parametrised
with a linear dependency and the linear calibration parameters are extracted using a χ2 fit.

2.1.3 Reconstruction and selection efficiency

The geometry of the detector together with the selection requirements cause a non-uniform
efficiency as a function of the observables (three helicity angles and decay-time). In the case of
the B0

s → J/ψπ+π− decay, the invariant mass of the 2 pions system is also an observable in the fit
and the efficiency as a function of it is studied separately. For both decay modes, the efficiency as
a function of decay angles is evaluated using simulated samples and then taken into account in the
final fit.

The non-uniform shape of the efficiency as a function of decay-time is caused by a biasing
selection introduced already in the trigger stage and is described with cubic splines. A data-driven
method using the control channel B0 → J/ψK∗0 is adopted to model the decay-time efficiency.
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Figure 2: (a) Decay-time distribution of the prompt Bs→ J/ψK+K− calibration sample [7] with the result
of an unbinned maximum likelihood fit overlaid in blue. The overall resolution is represented by the dashed
red line. (b) Variation of the effective decay-time resolution, σeff, as a function of the estimated per-candidate
decay-time uncertainty, δt . The red line shows the result when fitting a linear function. The shaded histogram
shows the normalized distribution of δt .

The control channel B0→ J/ψK∗0 is used since it has a well-known lifetime and kinematics of the
decay is similar to the signal channels. Using this control channel, decay-width difference between
the B0

s (BH) and B0 meson to be determined. This allows the value of the Γs/H to be extracted using
the latest world average of the value of ΓB0 . Signal candidates of the control channel are selected
following the selection procedure used for the signal channel. Then the decay-time acceptance
is evaluated and corrected by the ratio of acceptances in simulated signal and control channels to
take into account differences between the two channels. The final efficiency is represented in the
following form:

ε
Bs
data(t) = ε

B0

data(t)×
ε

Bs
sim(t)

εB0

sim(t)
, (2.3)

The differential decay-time rate is then multiplied with evaluated efficiency as shown in equa-
tion 2.1.

2.1.4 Results

Taking into account all the inputs described above, a time-dependent maximum likelihood fit
is performed in order to extract the parameters of interest. Table 1 summarises parameter estimates
obtained by the both analyses.

Using a minimum χ2 fit, these results are combined with all the previous measurements of the
φs phase performed by the LHCb experiment [16–19]. The combined values are

φs = −0.040±0.025 [rad] ,

|λ | = 0.991±0.010 ,

Γs−ΓB0 = −0.0024±0.0018ps−1 ,

∆Γs = 0.0813±0.0048ps−1 . (2.4)
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Table 1: Parameters estimates obtained with Bs→ J/ψK+K− and Bs→ J/ψπ+π− decay modes. The first
uncertainty is statistical and the second one is systematic.

Bs→ J/ψK+K− Bs→ J/ψπ+π−

φs, [rad] −0.080±0.041±0.006 −0.057±0.060±0.011
|λ | 1.006±0.016±0.006 1.01+0.08

−0.06±0.03
Γs/H −ΓB0 , [ps−1] −0.0041±0.0024±0.0015 −0.050±0.004±0.004

∆Γs, [ps−1] 0.0772±0.0077±0.0026 -
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Measurement of !s sss(dd)

penguin b → sss(dd) transition 
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WB⁰s  → (K˖π˗)(K˗π˖)   
 JHEP 03 (2018) 140  
B⁰s  → φ φ  
 arXiv:1907.10003 

B⁰s  → φ γ  
 PHYS. REV. LETT. 123 (2019) 081802 s s

See talk on Tuesday 
by Pavel Krokovny

_ _
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Figure 3: Feynman diagram for b→ sss (b→ sdd) penguin transition.

The results are compatible with the SM expectations and with no CPV in the decay modes under
study.

2.2 The CP-violating phases φ sdd
s and φ sss

s

Two recent measurements performed by the LHCb Collaboration of the CP-violating phases
φ sdd

s and φ sss
s , arising in the penguin dominated decays, are presented. One analysis explores the

B0
s → (K+π−)(K−π+) decay mode [9], while the other studies the B0

s → φφ decay [10]. Both
decays can only proceed via penguin transition via either b→ sss or b→ sdd, with corresponding
Feynman diagram shown in Fig. 3. The CP-violating phases φ sdd

s and φ sss
s that arise in those

transitions are expected in the first order to be zero, according to the SM.

Table 2: Parameters estimates obtained with B0
s → (K+π−)(K−π+) and B0

s → φφ decay modes. The first
uncertainty is statistical and the second one is systematic.

B0
s → (K+π−)(K−π+) B0

s → φφ

φ
penguin
s , rad −0.10±0.13±0.14 −0.07±0.13±0.03
|λ | 1.035±0.034±0.089 1.02±0.05±0.03

Both analyses use proton-proton collision data collected with the LHCb detector in Run 1
period (2011-2012), which corresponds to a total integrated luminosity of 3 fb−1. And B0

s → φφ

analysis exploits in addition the 2015 and 2016 datasets, corresponding to a total integrated lu-
minosity of 1.9 fb−1. The invariant mass spectra for the both decay modes are shown in Fig. 4.
Table 2 summarises parameter estimates obtained by the both analyses. The obtained results are in
agreement with the SM expectations.
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!ssss =Ѳ0.07 ± 0.13 ± 0.03 [rad] 
|λ| = 1.02 ± 0.05 ± 0.03

B⁰s  → φ φ  
 arXiv:1907.10003

B⁰s → (K˖π˗)(K˗π˖)   
 JHEP 03 (2018) 140 

Nsig~6080

Based on Run1 (3 fb-1) dataset

!ssdd = Ѳ0.10 ± 0.13 ± 0.14 [rad] 
|λ| = 1.035 ± 0.034 ± 0.089

_ _
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Figure 4: Distribution of the invariant mass of selected (a) B0
s → (K+π−)(K−π+) [9] and (b) B0

s → φφ [10]
decays.
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