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CPV in Interference of Mixing/Decay

‣ interference between direct decay and decay after oscillation  
➡ phase difference 𝜙q = 𝜙mix – 2 𝜙dec 

‣ phases related to CKM angles 
• “golden modes” (dominant b➞cc̅s tree decay) 

- Bs → J/𝜓 h+h– (𝜙s = –2𝛽s) 

- B0 → J/𝜓 KS (𝜙d = 2𝛽) 

• precise constraints from other measurements 

- sin 𝜙d = 0.771 +0.017
–0.041 

- sin 𝜙s = –0.0365 +0.0013
–0.0012 

• excellent probe for NP contributions
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CPV in Interference of Mixing/Decay

‣ CPV leads to a decay-time dependent asymmetry 

‣ observables 
• CP observables S, C, A𝚫𝛤 

• mixing parameters Δm=mH–mL  and Δ𝛤=𝛤H – 𝛤L 
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Asymmetry measurement
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𝜙s from Bs → J/𝜓 K+K–

‣ ≈96000 signal candidates in 3 fb–1 

‣ analysis 
• decay-time dependent (resolution ≈46 fs) 

• flavour tagged (tagging power ≈3.7%) 

• angular analysis in 6 bins of mKK 

- describe three P-wave and an S-wave state 

- disentangle CP-even and -odd P-wave contributions 

‣ results (polarization-independent)
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𝜙s from LHCb (Bs → J/𝜓 K+K–/𝜋+𝜋–)
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‣ measure an effective phase 
• separate higher-order SM contributions (penguins) 

• SU(3) flavour symmetry: constrain 𝚫𝜙s in B0 → J/𝜓𝜌 

‣ B0 → J/𝜓 𝜋+𝜋–  

• 17500 candidates in dataset of 3 fb–1 
(20 MeV around the B0 mass) 

• angular + mass analysis to identify resonant 𝜋+𝜋– 
contributions 

• expected phase shift of  

• small compared to current exp. uncertainties

Penguin Control for 𝜙s
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Fig. 3. Fit projection of m(π+π−) showing the different resonant contributions in 
the “Best model” [5]. The K 0

S veto causes the absence of events near 500 MeV. 
The shape variation near 780 MeV is due to interference between the ρ(770) and 
ω(782) states. The total fit is the sum of the individual components plus their in-
terferences.

Knowledge of the 
(—)

B 0 flavor at production, called “tagging”, 
is necessary to measure CP violation. We use both opposite-side 
(OS) [28] and same-side pion (SSπ ) tagging information; here we 
use the same procedure as for same-side kaon tagging used in 
the 

(—)

B 0
s → J/ψπ+π− and J/ψφ analyses [27], but identify the 

tag from a pion rather than a kaon. The wrong-tag probability η
is estimated based on the output of a neural network trained on 
simulated data. It is calibrated with data using flavor-specific de-
cay modes in order to predict the true wrong-tag probability of 
the event 

(—)
ω(η) for an initial flavor

(—)

B 0 meson, which has a lin-
ear dependence on η. The calibration is performed separately for 
the OS and the SSπ taggers. If events are tagged by both OS and 
SSπ algorithms, a combined tag decision and wrong-tag probabil-
ity are given by the algorithm defined in Ref. [28]. This combined 
algorithm is implemented in the overall fit. The effective tagging 
power obtained is characterized by εtag D2 = (3.26 ± 0.17)%, where 
D ≡ (1 −2ωavg) is the dilution, ωavg is the average wrong-tag prob-
ability for ω and ω̄, and εtag = (42.1 ± 0.6)% is the signal tagging 
efficiency.

The signal decay time distribution including flavor tagging is

R(t̂,mhh,Ω,q|η) = 1
1 + |q|

[[
1 + q

(
1 − 2ω(η)

)]
Γ (t̂,mhh,Ω)

+
[
1 − q

(
1 − 2ω̄(η)

)]1 + AP

1 − AP
Γ̄ (t̂,mhh,Ω)

]
,

(8)

where t̂ is the true decay time, 
(—)

Γ is defined in Eq. (1), and AP =
−0.0035 ± 0.0081 [29] is the B0–B0 production asymmetry in the 
LHCb acceptance. The flavor tag parameter q takes values of −1
or +1 if the signal meson is tagged as B0, B0 respectively, or 0 if 
untagged.

The signal function is convolved with the decay time resolution 
and multiplied by the acceptance:

F sig(t,mhh,Ω,q|η, δt) =
[

R(t̂,mhh,Ω,q|η) ⊗ T (t − t̂; δt)
]

· Et(t) · ε(mhh,Ω), (9)

where ε(mhh, Ω) is the efficiency as a function of the h+h− mass 
and angles, obtained from the simulation as described in Ref. [5], 
T (t − t̂; δt) is the decay time resolution function which depends 
upon the estimated decay time error for each event δt , and Et(t)

is the decay time acceptance function. The decay time resolution 
function T (t − t̂; δt) is described by a sum of three Gaussian func-
tions with a common mean. Studies using simulated data show 
that J/ψπ+π− combinations produced directly in the pp inter-
action (prompt) have nearly identical resolution to signal events. 
Specifically, the time resolution is determined using prompt J/ψ
decays into a dimuon pair, using a dedicated trigger for calibra-
tion purposes, plus two oppositely charged tracks from the primary 
vertex with the similar selection criteria as for J/ψπ+π− and an 
invariant mass within ±20 MeV of the B0 mass. The effective res-
olution is found to be about 40 fs by using the weighted average 
widths of the three Gaussians. This is negligibly small compared to 
the B0–B0 oscillation time.

The decay time distribution is influenced by acceptance effects 
that are introduced by track reconstruction, trigger and event se-
lection. The decay time acceptance is obtained using control sam-
ples of 

(—)

B 0 → J/ψ
(—)

K ∗0(→ K ∓π±) decays, corrected by the ac-
ceptance ratio between J/ψ K ∓π± and J/ψπ+π− derived from 
simulation.

The acceptance function for the control sample is defined as

A(t;a,n, t0,β1,β2) = [a(t − t0)]n

1 + [a(t − t0)]n ×
(
1 + β1t + β2t2), (10)

where a, n, t0, β1, β2 are parameters determined by the fit. The de-

cay time distribution of 
(—)

B 0 → J/ψ K ∓π± candidates is described 
by the function

P 0(t) =
(

f0 A(t;a,n, t0,β1,β2)
e−t̂/τB0

τB0NB0

+ (1 − f0)A
(
t;a0

bkg,n0
bkg,0,0,0

) e−t̂/τ 0
bkg

τ 0
bkgN

0
bkg

)

⊗ T (t − t̂; δt), (11)

where f0 is the signal fraction, and NB0 and N 0
bkg are normal-

izations necessary to construct PDFs of signal and background, 
respectively. The background acceptance function in Eq. (11) uses 
the same form as the signal and its parameters a0

bkg, n0
bkg and τ 0

bkg
are obtained from mass sideband regions of 5180–5205 MeV and 
5400–5425 MeV. The lifetime is constrained to τB0 = 1.519 ±0.007
ps [10].

We use the product of the acceptance A(a, n, t0, β1, β2) deter-
mined from 

(—)

B 0 → J/ψ
(—)

K ∗0 and the correction ratio found from 
simulation as the time acceptance function for 

(—)

B 0 → J/ψπ+π−

events,

Et(t;a,n, t0,β1,β2, p1, p2)

= [a(t − t0)]n

1 + [a(t − t0)]n ×
(
1 + β1t + β2t2) ×

(
1 − p2e−p1t), (12)

with parameter values and correlations given in Table 1.

5. Measurements of 2βeff

The CP-violating parameters are determined from a fit that uses 
the amplitude model with six final state π+π− resonances. In our 
previous amplitude analysis [5] we used two parameterizations 
of the f0(500) resonance, “default” and “alternate”. The default 
used a Breit–Wigner resonance shape, with relatively poorly mea-
sured parameters, while the alternate used a function suggested 
by Bugg [30], with more theoretically motivated shape parameters. 
In this analysis we choose to switch to the shape suggested by 
Bugg, while the Breit–Wigner shape of the previous default param-
eterization is used to assess systematic uncertainties. A Gaussian 

40 LHCb Collaboration / Physics Letters B 742 (2015) 38–49

from the primary vertex. In the simulation, pp collisions are gener-
ated using Pythia [18] with a specific LHCb configuration [19]. De-
cays of hadronic particles are described by EvtGen [20], in which 
final state radiation is generated using Photos [21]. The interac-
tion of the generated particles with the detector and its response 
are implemented using the Geant4 toolkit [22] as described in 
Ref. [23].

A 
(—)

B 0 → J/ψπ+π− candidate is reconstructed by combining a 
J/ψ → µ+µ− candidate with two pions of opposite charge. The 
like-sign combinations J/ψπ±π± are also reconstructed for back-
ground studies. The event selection is described in detail in the 
time-integrated amplitude analysis [5]. The only difference here is 
that we reject K 0

S → π+π− candidates by excluding the events in 
the region within ±20 MeV of the K 0

S mass peak.
Only candidates with dimuon invariant mass between −48 MeV 

and +43 MeV relative to the observed J/ψ mass peak are selected, 
corresponding a window of about ±3σ . The two muons subse-
quently are kinematically constrained to the known J/ψ mass. 
Other requirements are imposed to isolate B0 candidates with high 
signal yield and minimum background. This is accomplished by 
combining the J/ψ → µ+µ− candidate with a pair of pion candi-
dates of opposite charge, and then testing if all four tracks form a 
common decay vertex. Pion candidates are each required to have 
pT greater than 250 MeV, and the scalar sum of the two transverse 
momenta, pT(π+) + pT(π−), must be larger than 900 MeV. To test 
for inconsistency with production at the PV, the IP χ2 is com-
puted as the difference between the χ2 of the PV reconstructed 
with and without the considered track. Each pion must have an IP 
χ2 greater than 9. Pion and kaon candidates are positively identi-
fied using the RICH system. The four-track B0 candidate must have 
a flight distance of more than 1.5 mm, where the average decay 
length resolution is 0.17 mm. The angle between the combined 
momentum vector of the decay products and the vector formed 
from the positions of the PV and the decay vertex (pointing angle) 
is required to be less than 2.5◦ . Events satisfying this preselection 
are then further filtered using a multivariate analyzer based on a 
Boosted Decision Tree (BDT) technique [24]. The BDT uses eight 
variables that are chosen to provide separation between signal and 
background. These are the minimum of DLL(µ −π ) of the µ+ and 
µ− , pT(π+) + pT(π−), the minimum of IP χ2 of the π+ and π− , 
and the B0 properties of vertex χ2, pointing angle, flight distance, 
pT and IP χ2, where DLL(µ − π ) is a logarithm of the likelihood 
ratio between µ and π hypotheses for the muon candidates.

The BDT is trained on a simulated sample of two million B0 →
J/ψπ+π− signal events generated uniformly in phase space with 
unpolarized J/ψ → µ+µ− decays, and a background data sample 
from the sideband 5566 < m( J/ψπ+π−) < 5616 MeV. Then sepa-
rate samples are used to train and test the BDT.

The invariant mass of the selected J/ψπ+π− combinations, 
where the dimuon pair is constrained to have the J/ψ mass, is 
shown in Fig. 2. There is a large peak at the B0

s mass and a 
smaller one at the B0 mass on top of the background. A double 
Crystal Ball function with common means models the radiative 
tails and is used to fit each of the signals [25]. Other compo-
nents in the fit model take into account background contributions 
from B− → J/ψ K − and B− → J/ψπ− decays combined with a 
random π+ , B0

s → J/ψη(′) with η(′) → π+π−γ , B0
s → J/ψφ

with φ → π+π−π0, B0 → J/ψ K −π+ and Λ0
b → J/ψ K −p reflec-

tions, and combinatorial backgrounds. The exponential combinato-
rial background shape is taken from like-sign combinations, that 
are the sum of π+π+ and π−π− candidates. The shapes of the 
other components are taken from the simulation with their nor-
malizations allowed to vary. Only the candidates within ±20 MeV
of the B0 mass peak are retained for CP violation measurements; 

Fig. 2. Invariant mass of J/ψπ+π− combinations with K 0
S veto. The data have been 

fitted with double-Crystal ball signal and several background functions. The (purple) 
solid line shows the B0 signal, the (brown) dotted line shows the combinatorial 
background, the (green) short-dashed shows the B− background, the (red) dot-
dashed is B0

s → J/ψπ+π− , the (light blue) long-dashed is the sum of B0
s → J/ψη′ , 

B0
s → J/ψφ when φ → π+π−π0 backgrounds and the Λ0

b → J/ψ K − p reflection, 
the (black) dot-long dashed is the B0 → J/ψ K −π+ reflection and the (blue) solid 
line is the total. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)

the fit gives 17 650 ± 200 signal and 9840 ± 160 background can-
didates.

4. The signal likelihood

We fit the entire π+π− mass spectrum, by including the res-
onance contributions found in the amplitude analysis [5], in order 
to measure the CP-violating parameters of all the states, the most 
important being 

(—)

B 0 → J/ψρ0 as it has the largest fit fraction 
of approximately 65%. The same likelihood construction as was 
used to determine the CP-violating quantities φs and |λ| in 

(—)

B 0
s →

J/ψπ+π− decays [6] is employed. Here the value of +Γd ≈ 0
simplifies some terms, and the smaller value of +md makes the 
decay time resolution function less important. In addition, a differ-
ent same-sign flavor tagging algorithm is used.

The determination of the CP violation parameters relies upon 
the formalism developed in Ref. [26]. For J/ψ decays to µ+µ−

final states the amplitudes are themselves functions of four vari-
ables: the π+π− invariant mass mhh = m(π+π−), and three an-
gles Ω , defined in the helicity basis. These consist of: θ J/ψ , the 
angle between the µ+ direction in the J/ψ rest frame with re-
spect to the J/ψ direction in the 

(—)

B 0 rest frame; θhh , the angle 
between the h+ direction in the h+h− rest frame with respect to 
the h+h− direction in the 

(—)

B 0 rest frame; and χ , the angle between 
the J/ψ and h+h− decay planes in the 

(—)

B 0 rest frame [26,27].
We perform a simultaneous unbinned maximum likelihood fit 

to the decay time t , mhh , and the three helicity angles Ω , along 
with information on the initial flavor of the decaying hadron, i.e. 
whether it was produced as a B0 or a B0 meson. The probabil-
ity density function (PDF) used in the fit consists of signal and 
background components that include detector resolution and ac-
ceptance effects. The predicted decay time error for each event 
is used for the decay time resolution model, and similarly the 
measured per-event misidentification probability is used for de-
termining the initial flavor of the neutral B meson. The π+π−

invariant mass distribution is shown in Fig. 3 along with the fitted 
components of the different resonances using the “Best model” [5]
for the π+π− resonance content.

Phys. Lett. B
 742 (2015), 38–

49
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sin2𝛽 from B0 → J/𝜓 KS

‣ time-dependent asymmetry (𝚫𝛤≈0) 

‣ “golden channel” 
• CPV in the decay negligible  

•   

‣ precisely measured at B factories 
➡ benchmark for TD CPV 
➡ interesting prospects for LHCb

8
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Figure 1: Distribution of (a) the reconstructed mass and (b) logarithmic distribution of the decay
time of tagged B0 ! J/ K0

S candidates. The solid black lines show the fit projections, while the
dashed (dotted) lines show the projections for the signal (background) components only.

2! = (28.75± 0.24)%, which corresponds to an e↵ective mistag probability of ! =124

(35.62± 0.12)%. Compared to the previous LHCb analysis [13] the e↵ective tagging125

e�ciency "e↵ = "tagD2 increases from 2.38% to 3.02%, mainly due to the inclusion of the126

SS⇡ tagger.127

The values of the CP violation observables S and C are estimated by maximizing the128

likelihood of a probability density function (PDF) describing the unbinned distributions of129

the following observables: the reconstructed mass m, the decay time t and its uncertainty130

estimate �
t

, the OS and SS⇡ flavor tag decisions dOS and dSS⇡, and the corresponding per-131

candidate mistag probability estimates ⌘OS and ⌘SS⇡. The fit is performed simultaneously132

in 24 independent subsamples, chosen according to data-taking conditions (7TeV, 8TeV),133

K0
S type (downstream, long), flavor tagging algorithm (OS only, SS⇡ only, OS and SS⇡),134

and two trigger requirements. In each category the data distribution is modeled using135

a sum of two individual PDFs, one for the B0 signal and one for the combinatorial136

background.137

The reconstructed mass of the signal component is parametrized with a double-sided138

Hypatia PDF [29] with tail parameters determined from simulation. An exponential139

function is used to model the background component, with independent parameters for the140

downstream and long K0
S subsamples. The fit to the mass distributions yields 41 560± 270141

B0! J/ K0
S tagged signal decays. The mass distribution and projections of the PDFs142

are shown in Fig. 1 (a).143

The decay-time resolution is modeled by a sum of three Gaussian functions with144

common mean, but di↵erent widths, which are convolved with the PDFs describing the145

decay-time distributions. Two of the widths are given by the per-candidate resolution146

estimate �
t

, each calibrated with independent linear calibration functions. The third147

Gaussian describes the resolution for candidates associated to a wrong PV. The scale and148

width parameters are obtained in a fit to the decay-time distribution of a control sample of149
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the following observables: the reconstructed mass m, the decay time t and its uncertainty130

estimate �
t

, the OS and SS⇡ flavor tag decisions dOS and dSS⇡, and the corresponding per-131

candidate mistag probability estimates ⌘OS and ⌘SS⇡. The fit is performed simultaneously132

in 24 independent subsamples, chosen according to data-taking conditions (7TeV, 8TeV),133

K0
S type (downstream, long), flavor tagging algorithm (OS only, SS⇡ only, OS and SS⇡),134

and two trigger requirements. In each category the data distribution is modeled using135

a sum of two individual PDFs, one for the B0 signal and one for the combinatorial136

background.137

The reconstructed mass of the signal component is parametrized with a double-sided138

Hypatia PDF [29] with tail parameters determined from simulation. An exponential139

function is used to model the background component, with independent parameters for the140

downstream and long K0
S subsamples. The fit to the mass distributions yields 41 560± 270141

B0! J/ K0
S tagged signal decays. The mass distribution and projections of the PDFs142

are shown in Fig. 1 (a).143

The decay-time resolution is modeled by a sum of three Gaussian functions with144

common mean, but di↵erent widths, which are convolved with the PDFs describing the145

decay-time distributions. Two of the widths are given by the per-candidate resolution146

estimate �
t

, each calibrated with independent linear calibration functions. The third147

Gaussian describes the resolution for candidates associated to a wrong PV. The scale and148

width parameters are obtained in a fit to the decay-time distribution of a control sample of149

4

sin2𝛽 from B0 → J/𝜓 KS

‣ Run I dataset of 3 fb–1 

‣ ≈114000 B0 → J/𝜓 KS decays 

‣ decay time resolution 
• negligible dilution (slow B0 oscillation) 

‣ improved flavour tagging 
• tagging power (3.02 ± 0.05)% 

• 41560 tagged decays 

‣ analysis 
• account for production and tagging 

asymmetries 

• correct for K0 effects

9
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sin2𝛽 from B0 → J/𝜓 KS – Results

‣ preliminary results

10
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Figure 2: Time-dependent signal-yield asymmetry (N
B

0�N
B

0)/(N
B

0 +N
B

0). Here, N
B

0(N
B

0) is
the number of B0! J/ K0

S decays with a B0 (B0) flavor tag. The data points are obtained with
the sPlot technique [33], assigning signal weights to the events based on a fit to the reconstructed
mass distribution. The solid curve is the projection of the signal PDF.

and �0.005 for C are applied to account for CP violation in K0–K0 mixing and for the184

di↵erence in the nuclear cross-sections in material between K0 and K0 states [32]. The185

correction is negligible for the result for S with C = 0.186

Various sources of systematic uncertainties on the CP observables are examined,187

in particular from mismodeling PDFs and from systematic uncertainties on the input188

parameters. In each study, a large set of pseudoexperiments is simulated using a PDF189

modified such as to include the systematic e↵ect of interest; the relevant distributions190

from these pseudoexperiments are then fitted with the nominal PDF. Significant average191

deviations of the fit results from the input values are used as estimates of systematic192

uncertainties. The largest systematic uncertainty on S, ±0.018, accounts for possible tag193

asymmetries in the background; for C the largest uncertainty, ±0.0034, results from the194

systematic uncertainty on �m. Systematic uncertainties on the flavor tagging calibration195

account for the second largest systematic uncertainty on S, ±0.006, and on C, ±0.0024.196

The third largest uncertainty on S, ±0.005, arises from assuming �� = 0 and is evaluated197

by generating pseudoexperiments with �� set to the value of its current uncertainty,198

0.007 ps�1 [9], and then neglecting it in the fit. Remaining uncertainties due to neglecting199

correlations between the reconstructed mass and decay time of the candidates, mismodeling200

of the decay-time resolution and e�ciency, the systematic uncertainty of the production201

asymmetry, and the uncertainty on the length scale of the vertex detector are small and202

are given in Ref. [34]. Adding all contributions in quadrature results in total systematic203

uncertainties of ±0.020 on S and ±0.005 on C.204

Several consistency checks on the robustness of the results are performed by splitting205

the data set according to di↵erent data-taking conditions, tagging algorithms, and di↵erent206

reconstruction and trigger requirements. All results show good agreement with the nominal207

results.208
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𝛽 from B0 → J/𝜓 KS
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𝛽 from B0 → J/𝜓 KS
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see Alexis’ talk

see William’s talk
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Penguin control for B0 → J/𝜓 KS

13

‣ measurement of 𝛽 in B0 → J/𝜓 KS 

• precision on 𝛽  

- current world avg. ≈0.8° 

- LHCb upgrade ≈0.2° (see LHCb-PUB-2012-006) 

• “penguin contributions negligible”? 

‣ controlling SM penguins mandatory 
• U-spin symmetry: B0 → J/𝜓 KS ↔ Bs → J/𝜓 KS 

• same decay topologies

sin 2�B0!J/ K0
S
=

Sp
1� C2

= sin(2� +��d + �NP
d )

𝑏
𝑐

𝑐
𝑠

𝑊+

𝑑

𝑑
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CPV in Bs → J/𝜓 KS

‣ analysis of 3 fb–1 dataset 
• 100x fewer Bs than B0 decays 

• multivariate selection trained on B0 
proxy 

• ≈900 selected Bs decays (≈80k B0) 

‣ tagging 
• different treatment of B0 and Bs comp. 

• tagging power in Bs 3.8% (2.6% in B0) 

‣ likelihood fit for Bs, B0, comb. bkg.

14
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‣ preliminary results 

‣ theory prediction (see arXiv:1412.6834) 

‣ successful proof of concept

CPV in Bs → J/𝜓 KS

15
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Summary

‣ time-dependent, tagged CP analyses with Run I 
• precise measurements of CPV observables 

• unique access to the Bs meson system 

• starting to reach the precision of the B factories 

‣ good agreement with the Standard Model, so far… 
• still large room for improvement in experimental sensitivity 

• further precision with more data and improved measurements 

• control of penguin contributions will become mandatory 

‣ a lot of interesting prospects for Run II & the upgrade! 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Backup

D. Brady, “Life ring”, CC BY 2.0
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LHCb Detector

18

Vertex 
Detector 
reconstruct vertices 
decay time resolution: 45 fs 
IP resolution: 20 µm

RICH detectors 
K/π/p separation

Tracking system 
momentum resolution  
Δp/p = 0.4%–0.6%

Calorimeters 
energy measurement 
particle identification

Muon 
System

Dipole Magnet 
normal conducting 
bending power: 4 Tm 
regular polarity switches
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Prospects for Run II & Upgrade

19

Table 16: Statistical sensitivities of the LHCb upgrade to key observables. For each observable the current sensitivity is compared to
that which will be achieved by LHCb before the upgrade, and that which will be achieved with 50 fb�1 by the upgraded experiment.
Systematic uncertainties are expected to be non-negligible for the most precisely measured quantities. Note that the current
sensitivities do not include new results presented at ICHEP 2012 or CKM2012.

Type Observable Current LHCb Upgrade Theory
precision 2018 (50 fb�1) uncertainty

B0
s mixing 2�s (B0

s ! J/ �) 0.10 [138] 0.025 0.008 ⇠ 0.003
2�s (B0

s ! J/ f0(980)) 0.17 [214] 0.045 0.014 ⇠ 0.01
as
sl 6.4 ⇥ 10�3 [43] 0.6 ⇥ 10�3 0.2 ⇥ 10�3 0.03 ⇥ 10�3

Gluonic 2�e↵
s (B0

s ! ��) – 0.17 0.03 0.02
penguins 2�e↵

s (B0
s ! K⇤0K̄⇤0) – 0.13 0.02 < 0.02

2�e↵(B0 ! �K0
S) 0.17 [43] 0.30 0.05 0.02

Right-handed 2�e↵
s (B0

s ! ��) – 0.09 0.02 < 0.01
currents ⌧ e↵(B0

s ! ��)/⌧B0
s

– 5% 1% 0.2%
Electroweak S3(B0 ! K⇤0µ+µ�; 1 < q2 < 6GeV2/c4) 0.08 [67] 0.025 0.008 0.02
penguins s0 AFB(B0 ! K⇤0µ+µ�) 25% [67] 6% 2% 7%

AI(Kµ+µ�; 1 < q2 < 6GeV2/c4) 0.25 [76] 0.08 0.025 ⇠ 0.02
B(B+ ! ⇡+µ+µ�)/B(B+ ! K+µ+µ�) 25% [85] 8% 2.5% ⇠ 10%

Higgs B(B0
s ! µ+µ�) 1.5 ⇥ 10�9 [13] 0.5 ⇥ 10�9 0.15 ⇥ 10�9 0.3 ⇥ 10�9

penguins B(B0 ! µ+µ�)/B(B0
s ! µ+µ�) – ⇠ 100% ⇠ 35% ⇠ 5%

Unitarity � (B ! D(⇤)K(⇤)) ⇠ 10–12� [244,258] 4� 0.9� negligible
triangle � (B0

s ! DsK) – 11� 2.0� negligible
angles � (B0 ! J/ K0

S ) 0.8� [43] 0.6� 0.2� negligible
Charm A� 2.3 ⇥ 10�3 [43] 0.40 ⇥ 10�3 0.07 ⇥ 10�3 –

CP violation �ACP 2.1 ⇥ 10�3 [18] 0.65 ⇥ 10�3 0.12 ⇥ 10�3 –

122

 LH
Cb-PU

B
-2012-006
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𝜙s from Bs → J/𝜓 K+K–

‣ analysis 
• decay-time dependent (resolution ≈46 fs) 

• flavour tagged (tagging power ≈3.7%) 

• angular analysis in 6 bins of mKK 

- disentangle CP-even and -odd contributions 

- describe three P-wave and an S-wave state 

‣ results (polarization-independent)

20
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𝜙s from Bs → J/𝜓 K+K–

‣ select ≈96000 signal candidates in 3 fb–1

21

which gives a better description of the tails compared to the
sum of two Gaussian distributions used in Ref. [6].
The fitted signal yield is 95 690! 350. In addition to
the combinatorial background, studies of the data in side-
bands of the mðJ=ψKþK−Þ spectrum show contributions
from approximately 1700 B0 → J=ψKþπ− (4800 Λ0

b →
J=ψpK−) decays where the pion (proton) is misidentified
as a kaon. These background events have complicated
correlations between the angular variables and
mðJ=ψKþK−Þ. In order to avoid the need to describe
explicitly such correlations in the analysis, the contributions
from these backgrounds are statistically subtracted by
adding to the data simulated events of these decays with
negative weight. Prior to injection, the simulated events
are weighted such that the distributions of the relevant
variables used in the fit, and their correlations, match those
of data.
The principal physics parameters of interest are Γs, ΔΓs,

ϕs, jλj, the B0
s mass difference, Δms, and the polarization

amplitudes Ak ¼ jAkje−iδk , where the indices k ∈
f0; ∥;⊥; Sg refer to the different polarization states of
the KþK− system. The sum jA∥j2 þ jA0j2 þ jA⊥j2 equals
unity and by convention δ0 is zero. The parameter λ
describes CP violation in the interference between mixing
and decay and is defined by ηkðq=pÞðĀk=AkÞ, where it is
assumed to be the same for all polarization states. The
complex parameters p ¼ hB0

s jBLi and q ¼ hB̄0
s jBLi

describe the relation between mass and flavor eigenstates
and ηk is the CP eigenvalue of the polarization state k. The
CP-violating phase is defined by ϕs ≡ − arg λ. In the
absence of CP violation in decay, jλj ¼ 1. CP violation
in B0

s-meson mixing is negligible, following measurements
in Ref. [18]. Measurements of the above parameters are
obtained from a weighted maximum likelihood fit [19] to
the decay-time and angle distributions of the 7 and 8 TeV
data, as described in Ref. [6].

The B0
s decay-time distribution is distorted by the trigger

selection requirements and by the track reconstruction
algorithms. Corrections for both 7 and 8 TeV samples
are determined from data using the methods described in
Ref. [20] and are incorporated in the maximum likelihood
fit by a parameterized function, in the case of the trigger,
and by per-candidate weights, in the case of the track
reconstruction. Both corrections are validated using a
sample of 106 simulated B0

s → J=ψϕ events.
To account for the experimental decay-time resolution,

the signal probability density function (PDF) is defined per
candidate and is convolved with the sum of two Gaussian
functions with a common mean, μ, and independent widths.
The widths are given by the per candidate decay-time
uncertainty, estimated by the kinematic fit used to calculate
the decay time, multiplied by separate scale factors. The
scale factors are determined from the decay-time distribu-
tion of a control sample of prompt J=ψKþK− candidates
that are selected as for signal except for decay-time
requirements. The average value of the σ distribution in
the sample of prompt candidates is approximately 35 fs and
the effective average resolution is 46 fs.
The flavor of the B0

s candidate at production is inferred
using two independent classes of flavor tagging algorithms,
the opposite-side (OS) tagger and the same-side kaon (SSK)
tagger, which exploit specific features of the production of
bb̄ quark pairs in pp collisions. The OS tagger algorithm
is described in Ref. [6] but is recalibrated using data sets of
flavor-specific decays, yielding a tagging power of
ð2.55! 0.14Þ%. The SSK algorithm deduces the signal
production flavor by exploiting charge-flavor correlations
of the kaons produced during the hadronization process of
the b̄quark forming the signalB0

s meson.The taggingkaon is
identified using a selection based on a neural network that
gives an effective tagging power of ð1.26! 0.17Þ%, corre-
sponding approximately to a 40% improvement in tagging
power with respect to that in Refs. [6]. The SSK algorithm is
calibrated using a sample of B0

s → D−
s πþ decays [21]. For

events that have both OS and SSK tagging decisions,
corresponding to 26% of the tagged sample, the effective
tagging power is ð1.70! 0.08Þ%. The combined tagging
power of the three overlapping tagging categories defined
above is ð3.73! 0.15Þ%.
Due to different mðKþK−Þ line shapes of the S- and

P-wave contributions, their interferences are suppressed by
an effective coupling factor after integrating over a finite
mðKþK−Þ region. The fit is carried out in six bins of
mðKþK−Þ, as shown in Fig. 1(a), to allow measurement of
the small S-wave amplitude in each bin and to minimize
correction factors in the interference terms of the PDF.
The results of the fit are consistent with the measure-

ments reported in Ref. [6] and are reported in Table I where
the first uncertainty is statistical and the second, systematic.
The correlation matrix is given in Ref. [22]. In contrast to
Ref. [6], the value of Δms is unconstrained in this fit,
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FIG. 1 (color online). (a) Background-subtracted invariant mass
distributions of the KþK− system in the selected B0

s →
J=ψKþK− candidates (black points). The vertical red lines
denote the boundaries of the six bins used in the maximum
likelihood fit. (b) Distribution of mðJ=ψKþK−Þ for the data
sample (black points) and projection of the maximum likelihood
fit (blue line). The B0

s signal component is shown by the red
dashed line and the combinatorial background by the green long-
dashed line. Background from misidentified B0 and Λ0

b decays is
subtracted, as described in the text.
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𝜙s from Bs → J/𝜓 K+K–

‣ polarisation-independent results

22

Phys. R
ev. Lett. 114, 041801 (2015)

Phys. R
ev. Lett. 114, 041801 (2015)

thereby providing an independent measurement of this
quantity, which is consistent with the results of Ref. [23].
The projections of the decay time and angular distributions
are shown in Fig. 2.
The results reported in Table I are obtained with the

assumption that ϕs and jλj are independent of the final-state
polarization. This condition can be relaxed to allow the
measurement of ϕk

s and jλkj separately for each polariza-
tion, following the formalism in Ref. [24]. The results of
this fit are shown in Table II, and the statistical correlation
matrix is given in Ref. [22]. There is no evidence for a
polarization-dependent CP violation arising in B0

s →
J=ψKþK− decays.
A summary of systematic uncertainties is reported in

Tables III and IV in the Appendix. The tagging parameters
are constrained in the fit and therefore their associated
systematic uncertainties contribute to the statistical uncer-
tainty of each parameter in Table I. This contribution is
0.004 rad to the statistical uncertainty on ϕs, 0.004 ps−1 to

that of Δms, 0.01 rad to that of δ∥, and is negligible for all
other parameters.
The assumption that the mðJ=ψKþK−Þ distribution is

independent from the decay time and angles is tested by
reevaluating the signal weights in bins of the decay time
and angles and repeating the fit. The difference in fit results
is assigned as a systematic uncertainty. The systematic
effect from the statistical uncertainty on the signal weights
is determined by recomputing them after varying the
parameters of the mðJ=ψKþK−Þ fit model within their
statistical uncertainties and assigning the difference in fit
results as a systematic uncertainty.
The effect due to the b-hadron background contributions

is evaluated by varying the proportion of simulated back-
ground events included in the fit by one standard deviation
of their measured fractions. In addition, a further systematic
uncertainty is assigned as the difference between the results
of the fit to weighted or nonweighted data.
A small fraction of B0

s → J=ψKþK− decays come from
the decays of Bþ

c mesons [25]. The effect of ignoring this
component in the fit is evaluated using simulated pseu-
doexperiments where a 0.8% contribution [25,26] of B0

s-
from-Bþ

c decays is added from a simulated sample of Bþ
c →

B0
sð→ J=ψϕÞπþ decays. Neglecting the Bþ

c component
leads to a bias on Γs of 0.0005 ps−1, which is added as a
systematic uncertainty. Other parameters are unaffected.
The decay angle resolution is found to be of the order of

20 mrad in simulated events. The result of pseudoexperi-
ments shows that ignoring this effect in the fit only leads to
small biases in the polarization amplitudes, which are
assigned as systematic uncertainties.
The angular efficiency correction is determined from

simulated signal events weighted as in Ref. [6] such that the
kinematic distributions of the final state particles match
those in the data. A systematic uncertainty is assigned as
the difference between the fit results using angular correc-
tions from weighted or nonweighted simulated events. The
limited size of the simulated sample leads to an additional
systematic uncertainty.
The systematic uncertainty from the decay time reso-

lution parameters is not included in the statistical

TABLE I. Values of the principal physics parameters deter-
mined from the polarization-independent fit.

Parameter Value

Γs (ps−1) 0.6603$ 0.0027$ 0.0015
ΔΓs (ps−1) 0.0805$ 0.0091$ 0.0032
jA⊥j2 0.2504$ 0.0049$ 0.0036
jA0j2 0.5241$ 0.0034$ 0.0067
δ∥ (rad) 3.26þ0.10þ0.06

−0.17−0.07
δ⊥ (rad) 3.08þ0.14

−0.15 $ 0.06
ϕs (rad) −0.058$ 0.049$ 0.006
jλj 0.964$ 0.019$ 0.007
Δms (ps−1) 17.711þ0.055

−0.057 þ 0.011
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FIG. 2 (color online). Background subtracted decay-time and
angle distributions for B0

s → J=ψKþK− decays (data points)
with the one-dimensional fit projections overlaid. The solid blue
line shows the total signal contribution, which is composed
of CP-even (long-dashed red), CP-odd (short-dashed green), and
S-wave (dotted-dashed purple) contributions.

TABLE II. Values of the polarization-dependent parameters ϕk
s

and jλkj determined from the polarization-dependent fit.

Parameter Value

jλ0j 1.012$ 0.058$ 0.013
jλ∥=λ0j 1.02$ 0.12$ 0.05
jλ⊥=λ0j 0.97$ 0.16$ 0.01
jλS=λ0j 0.86$ 0.12$ 0.04
ϕs

0 (rad) −0.045$ 0.053$ 0.007
ϕs

∥ − ϕs
0 (rad) −0.018$ 0.043$ 0.009

ϕs
⊥ − ϕs

0 (rad) −0.014$ 0.035$ 0.006
ϕS
s − ϕ0

s (rad) 0.015$ 0.061$ 0.021
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uncertainty of each parameter and is now quoted explicitly.
It is assigned as the difference of fit parameters obtained
from the nominal fit and a fit where the resolution model
parameters are calibrated using a sample of simulated
prompt-J=ψ events.
The trigger decay-time efficiency model, described in

Ref. [6], introduces a systematic uncertainty that is deter-
mined by fixing the value of each model parameter in the fit
and subsequently repeating the fit with the parameter
values constrained within their statistical uncertainty.
The quadratic differences of the uncertainties returned
by each fit are then assigned as systematic uncertainties.
The systematic effect of the track reconstruction efficiency
is evaluated by applying the same techniques on a large
simulated sample of B0

s → J=ψϕ decays. The differences
between the generation and fitted values of each physics
parameter in this sample is assigned as the systematic
uncertainty. The limited size of the control sample used to
determine the track reconstruction efficiency parameter-
ization leads to an additional systematic uncertainty.
The uncertainty on the longitudinal coordinate of the

LHCb vertex detector is found from survey data and leads
to an uncertainty on Γs and ΔΓs of 0.020%, with other

parameters being unaffected. The momentum scale uncer-
tainty is at most 0.022% [23], which only affects Δms.
Different models of the S-wave line shape andmðKþK−Þ

resolution are used to evaluate the coupling factors in each
of the six mðKþK−Þ bins and the resulting variation of the
fit parameters are assigned as systematic uncertainties.
Possible biases of the fitting procedure are studied by
generating and fitting many simulated pseudoexperiments
of equivalent size to the data. The resulting biases are small,
and those that are significantly different from zero are
assigned as systematic uncertainties.
The systematic correlations between parameters are

evaluated by assuming that parameters are fully correlated
when the systematic uncertainty is determined by compar-
ing results obtained from the nominal and a modified fit.
Other sources of systematic uncertainty are assumed to
have negligible parameter correlations. The combined
statistical and systematic correlation matrix is given
in Ref. [22].
A measurement of ϕs and jλj by LHCb using B0

s →
J=ψπþπ− decays of ϕππ

s ¼ 0.070% 0.068% 0.008 rad and
jλππj ¼ 0.89% 0.05% 0.01, consistent with the measure-
ment reported here, was reported in Ref. [12]. The results

TABLE III. Statistical and systematic uncertainties for the polarization-independent result.

Source Γs (ps−1) ΔΓs (ps−1) jA⊥j2 jA0j2 δ∥ (rad) δ⊥ (rad) ϕs (rad) jλj Δms (ps−1)

Total statistical uncertainty 0.0027 0.0091 0.0049 0.0034 þ0.10
−0.17

þ0.14
−0.15 0.049 0.019 þ0.055

−0.057
Mass factorization & & & 0.0007 0.0031 0.0064 0.05 0.05 0.002 0.001 0.004
Signal weights (statistical) 0.0001 0.0001 & & & 0.0001 & & & & & & & & & & & & & & &
b-hadron background 0.0001 0.0004 0.0004 0.0002 0.02 0.02 0.002 0.003 0.001
Bþ
c feed down 0.0005 & & & & & & & & & & & & & & & & & & & & & & & &

Angular resolution bias & & & & & & 0.0006 0.0001 þ0.02
−0.03 0.01 & & & & & & & & &

Angular efficiency (reweighting) 0.0001 & & & 0.0011 0.0020 0.01 & & & 0.001 0.005 0.002
Angular efficiency (statistical) 0.0001 0.0002 0.0011 0.0004 0.02 0.01 0.004 0.002 0.001
Decay-time resolution & & & & & & & & & & & & & & & 0.01 0.002 0.001 0.005
Trigger efficiency (statistical) 0.0011 0.0009 & & & & & & & & & & & & & & & & & & & & &
Track reconstruction (simulation) 0.0007 0.0029 0.0005 0.0006 þ0.01

−0.02 0.002 0.001 0.001 0.006
Track reconstruction (statistical) 0.0005 0.0002 & & & & & & & & & & & & & & & & & & 0.001
Length and momentum scales 0.0002 & & & & & & & & & & & & & & & & & & & & & 0.005
S-P coupling factors & & & & & & & & & & & & 0.01 0.01 & & & 0.001 0.002
Fit bias & & & & & & 0.0005 & & & & & & 0.01 & & & 0.001 & & &
Quadratic sum of systematics 0.0015 0.0032 0.0036 0.0067 þ0.06

−0.07 0.06 0.006 0.007 0.011

TABLE IV. Statistical and systematic uncertainties for the polarization-dependent result.

Source jλ0j jλjj=λ0j jλ⊥=λ0j jλS=λ0j ϕ0
s (rad) ϕjj

s − ϕ0
s (rad) ϕ⊥

s − ϕ0
s (rad) ϕS

s − ϕ0
s (rad)

Total statistical uncertainty 0.058 0.12 0.16 0.12 0.053 0.043 0.035 0.061
Mass factorization 0.010 0.04 0.01 0.03 0.003 0.005 0.003 0.016
b-hadron background 0.002 0.01 & & & 0.01 0.003 0.001 0.001 0.009
Angular efficiency (reweighting) & & & & & & & & & 0.02 0.001 0.002 0.001 0.007
Angular efficiency (statistical) 0.004 0.02 0.01 0.01 0.004 0.007 0.005 0.004
Decay-time resolution 0.006 0.01 & & & 0.01 0.003 0.002 0.001 0.002
S-P coupling factors & & & & & & & & & & & & & & & & & & & & & 0.006

Quadratic sum of systematics 0.013 0.05 0.01 0.04 0.007 0.009 0.006 0.021
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thereby providing an independent measurement of this
quantity, which is consistent with the results of Ref. [23].
The projections of the decay time and angular distributions
are shown in Fig. 2.
The results reported in Table I are obtained with the

assumption that ϕs and jλj are independent of the final-state
polarization. This condition can be relaxed to allow the
measurement of ϕk

s and jλkj separately for each polariza-
tion, following the formalism in Ref. [24]. The results of
this fit are shown in Table II, and the statistical correlation
matrix is given in Ref. [22]. There is no evidence for a
polarization-dependent CP violation arising in B0

s →
J=ψKþK− decays.
A summary of systematic uncertainties is reported in

Tables III and IV in the Appendix. The tagging parameters
are constrained in the fit and therefore their associated
systematic uncertainties contribute to the statistical uncer-
tainty of each parameter in Table I. This contribution is
0.004 rad to the statistical uncertainty on ϕs, 0.004 ps−1 to

that of Δms, 0.01 rad to that of δ∥, and is negligible for all
other parameters.
The assumption that the mðJ=ψKþK−Þ distribution is

independent from the decay time and angles is tested by
reevaluating the signal weights in bins of the decay time
and angles and repeating the fit. The difference in fit results
is assigned as a systematic uncertainty. The systematic
effect from the statistical uncertainty on the signal weights
is determined by recomputing them after varying the
parameters of the mðJ=ψKþK−Þ fit model within their
statistical uncertainties and assigning the difference in fit
results as a systematic uncertainty.
The effect due to the b-hadron background contributions

is evaluated by varying the proportion of simulated back-
ground events included in the fit by one standard deviation
of their measured fractions. In addition, a further systematic
uncertainty is assigned as the difference between the results
of the fit to weighted or nonweighted data.
A small fraction of B0

s → J=ψKþK− decays come from
the decays of Bþ

c mesons [25]. The effect of ignoring this
component in the fit is evaluated using simulated pseu-
doexperiments where a 0.8% contribution [25,26] of B0

s-
from-Bþ

c decays is added from a simulated sample of Bþ
c →

B0
sð→ J=ψϕÞπþ decays. Neglecting the Bþ

c component
leads to a bias on Γs of 0.0005 ps−1, which is added as a
systematic uncertainty. Other parameters are unaffected.
The decay angle resolution is found to be of the order of

20 mrad in simulated events. The result of pseudoexperi-
ments shows that ignoring this effect in the fit only leads to
small biases in the polarization amplitudes, which are
assigned as systematic uncertainties.
The angular efficiency correction is determined from

simulated signal events weighted as in Ref. [6] such that the
kinematic distributions of the final state particles match
those in the data. A systematic uncertainty is assigned as
the difference between the fit results using angular correc-
tions from weighted or nonweighted simulated events. The
limited size of the simulated sample leads to an additional
systematic uncertainty.
The systematic uncertainty from the decay time reso-

lution parameters is not included in the statistical

TABLE I. Values of the principal physics parameters deter-
mined from the polarization-independent fit.

Parameter Value

Γs (ps−1) 0.6603$ 0.0027$ 0.0015
ΔΓs (ps−1) 0.0805$ 0.0091$ 0.0032
jA⊥j2 0.2504$ 0.0049$ 0.0036
jA0j2 0.5241$ 0.0034$ 0.0067
δ∥ (rad) 3.26þ0.10þ0.06

−0.17−0.07
δ⊥ (rad) 3.08þ0.14

−0.15 $ 0.06
ϕs (rad) −0.058$ 0.049$ 0.006
jλj 0.964$ 0.019$ 0.007
Δms (ps−1) 17.711þ0.055

−0.057 þ 0.011
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FIG. 2 (color online). Background subtracted decay-time and
angle distributions for B0

s → J=ψKþK− decays (data points)
with the one-dimensional fit projections overlaid. The solid blue
line shows the total signal contribution, which is composed
of CP-even (long-dashed red), CP-odd (short-dashed green), and
S-wave (dotted-dashed purple) contributions.

TABLE II. Values of the polarization-dependent parameters ϕk
s

and jλkj determined from the polarization-dependent fit.

Parameter Value

jλ0j 1.012$ 0.058$ 0.013
jλ∥=λ0j 1.02$ 0.12$ 0.05
jλ⊥=λ0j 0.97$ 0.16$ 0.01
jλS=λ0j 0.86$ 0.12$ 0.04
ϕs

0 (rad) −0.045$ 0.053$ 0.007
ϕs

∥ − ϕs
0 (rad) −0.018$ 0.043$ 0.009

ϕs
⊥ − ϕs

0 (rad) −0.014$ 0.035$ 0.006
ϕS
s − ϕ0

s (rad) 0.015$ 0.061$ 0.021
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uncertainty of each parameter and is now quoted explicitly.
It is assigned as the difference of fit parameters obtained
from the nominal fit and a fit where the resolution model
parameters are calibrated using a sample of simulated
prompt-J=ψ events.
The trigger decay-time efficiency model, described in

Ref. [6], introduces a systematic uncertainty that is deter-
mined by fixing the value of each model parameter in the fit
and subsequently repeating the fit with the parameter
values constrained within their statistical uncertainty.
The quadratic differences of the uncertainties returned
by each fit are then assigned as systematic uncertainties.
The systematic effect of the track reconstruction efficiency
is evaluated by applying the same techniques on a large
simulated sample of B0

s → J=ψϕ decays. The differences
between the generation and fitted values of each physics
parameter in this sample is assigned as the systematic
uncertainty. The limited size of the control sample used to
determine the track reconstruction efficiency parameter-
ization leads to an additional systematic uncertainty.
The uncertainty on the longitudinal coordinate of the

LHCb vertex detector is found from survey data and leads
to an uncertainty on Γs and ΔΓs of 0.020%, with other

parameters being unaffected. The momentum scale uncer-
tainty is at most 0.022% [23], which only affects Δms.
Different models of the S-wave line shape andmðKþK−Þ

resolution are used to evaluate the coupling factors in each
of the six mðKþK−Þ bins and the resulting variation of the
fit parameters are assigned as systematic uncertainties.
Possible biases of the fitting procedure are studied by
generating and fitting many simulated pseudoexperiments
of equivalent size to the data. The resulting biases are small,
and those that are significantly different from zero are
assigned as systematic uncertainties.
The systematic correlations between parameters are

evaluated by assuming that parameters are fully correlated
when the systematic uncertainty is determined by compar-
ing results obtained from the nominal and a modified fit.
Other sources of systematic uncertainty are assumed to
have negligible parameter correlations. The combined
statistical and systematic correlation matrix is given
in Ref. [22].
A measurement of ϕs and jλj by LHCb using B0

s →
J=ψπþπ− decays of ϕππ

s ¼ 0.070% 0.068% 0.008 rad and
jλππj ¼ 0.89% 0.05% 0.01, consistent with the measure-
ment reported here, was reported in Ref. [12]. The results

TABLE III. Statistical and systematic uncertainties for the polarization-independent result.

Source Γs (ps−1) ΔΓs (ps−1) jA⊥j2 jA0j2 δ∥ (rad) δ⊥ (rad) ϕs (rad) jλj Δms (ps−1)

Total statistical uncertainty 0.0027 0.0091 0.0049 0.0034 þ0.10
−0.17

þ0.14
−0.15 0.049 0.019 þ0.055

−0.057
Mass factorization & & & 0.0007 0.0031 0.0064 0.05 0.05 0.002 0.001 0.004
Signal weights (statistical) 0.0001 0.0001 & & & 0.0001 & & & & & & & & & & & & & & &
b-hadron background 0.0001 0.0004 0.0004 0.0002 0.02 0.02 0.002 0.003 0.001
Bþ
c feed down 0.0005 & & & & & & & & & & & & & & & & & & & & & & & &

Angular resolution bias & & & & & & 0.0006 0.0001 þ0.02
−0.03 0.01 & & & & & & & & &

Angular efficiency (reweighting) 0.0001 & & & 0.0011 0.0020 0.01 & & & 0.001 0.005 0.002
Angular efficiency (statistical) 0.0001 0.0002 0.0011 0.0004 0.02 0.01 0.004 0.002 0.001
Decay-time resolution & & & & & & & & & & & & & & & 0.01 0.002 0.001 0.005
Trigger efficiency (statistical) 0.0011 0.0009 & & & & & & & & & & & & & & & & & & & & &
Track reconstruction (simulation) 0.0007 0.0029 0.0005 0.0006 þ0.01

−0.02 0.002 0.001 0.001 0.006
Track reconstruction (statistical) 0.0005 0.0002 & & & & & & & & & & & & & & & & & & 0.001
Length and momentum scales 0.0002 & & & & & & & & & & & & & & & & & & & & & 0.005
S-P coupling factors & & & & & & & & & & & & 0.01 0.01 & & & 0.001 0.002
Fit bias & & & & & & 0.0005 & & & & & & 0.01 & & & 0.001 & & &
Quadratic sum of systematics 0.0015 0.0032 0.0036 0.0067 þ0.06

−0.07 0.06 0.006 0.007 0.011

TABLE IV. Statistical and systematic uncertainties for the polarization-dependent result.

Source jλ0j jλjj=λ0j jλ⊥=λ0j jλS=λ0j ϕ0
s (rad) ϕjj

s − ϕ0
s (rad) ϕ⊥

s − ϕ0
s (rad) ϕS

s − ϕ0
s (rad)

Total statistical uncertainty 0.058 0.12 0.16 0.12 0.053 0.043 0.035 0.061
Mass factorization 0.010 0.04 0.01 0.03 0.003 0.005 0.003 0.016
b-hadron background 0.002 0.01 & & & 0.01 0.003 0.001 0.001 0.009
Angular efficiency (reweighting) & & & & & & & & & 0.02 0.001 0.002 0.001 0.007
Angular efficiency (statistical) 0.004 0.02 0.01 0.01 0.004 0.007 0.005 0.004
Decay-time resolution 0.006 0.01 & & & 0.01 0.003 0.002 0.001 0.002
S-P coupling factors & & & & & & & & & & & & & & & & & & & & & 0.006

Quadratic sum of systematics 0.013 0.05 0.01 0.04 0.007 0.009 0.006 0.021
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Fig. 3. Fit projection of m(π+π−) showing the different resonant contributions in 
the “Best model” [5]. The K 0

S veto causes the absence of events near 500 MeV. 
The shape variation near 780 MeV is due to interference between the ρ(770) and 
ω(782) states. The total fit is the sum of the individual components plus their in-
terferences.

Knowledge of the 
(—)

B 0 flavor at production, called “tagging”, 
is necessary to measure CP violation. We use both opposite-side 
(OS) [28] and same-side pion (SSπ ) tagging information; here we 
use the same procedure as for same-side kaon tagging used in 
the 

(—)

B 0
s → J/ψπ+π− and J/ψφ analyses [27], but identify the 

tag from a pion rather than a kaon. The wrong-tag probability η
is estimated based on the output of a neural network trained on 
simulated data. It is calibrated with data using flavor-specific de-
cay modes in order to predict the true wrong-tag probability of 
the event 

(—)
ω(η) for an initial flavor

(—)

B 0 meson, which has a lin-
ear dependence on η. The calibration is performed separately for 
the OS and the SSπ taggers. If events are tagged by both OS and 
SSπ algorithms, a combined tag decision and wrong-tag probabil-
ity are given by the algorithm defined in Ref. [28]. This combined 
algorithm is implemented in the overall fit. The effective tagging 
power obtained is characterized by εtag D2 = (3.26 ± 0.17)%, where 
D ≡ (1 −2ωavg) is the dilution, ωavg is the average wrong-tag prob-
ability for ω and ω̄, and εtag = (42.1 ± 0.6)% is the signal tagging 
efficiency.

The signal decay time distribution including flavor tagging is

R(t̂,mhh,Ω,q|η) = 1
1 + |q|

[[
1 + q

(
1 − 2ω(η)

)]
Γ (t̂,mhh,Ω)

+
[
1 − q

(
1 − 2ω̄(η)

)]1 + AP

1 − AP
Γ̄ (t̂,mhh,Ω)

]
,

(8)

where t̂ is the true decay time, 
(—)

Γ is defined in Eq. (1), and AP =
−0.0035 ± 0.0081 [29] is the B0–B0 production asymmetry in the 
LHCb acceptance. The flavor tag parameter q takes values of −1
or +1 if the signal meson is tagged as B0, B0 respectively, or 0 if 
untagged.

The signal function is convolved with the decay time resolution 
and multiplied by the acceptance:

F sig(t,mhh,Ω,q|η, δt) =
[

R(t̂,mhh,Ω,q|η) ⊗ T (t − t̂; δt)
]

· Et(t) · ε(mhh,Ω), (9)

where ε(mhh, Ω) is the efficiency as a function of the h+h− mass 
and angles, obtained from the simulation as described in Ref. [5], 
T (t − t̂; δt) is the decay time resolution function which depends 
upon the estimated decay time error for each event δt , and Et(t)

is the decay time acceptance function. The decay time resolution 
function T (t − t̂; δt) is described by a sum of three Gaussian func-
tions with a common mean. Studies using simulated data show 
that J/ψπ+π− combinations produced directly in the pp inter-
action (prompt) have nearly identical resolution to signal events. 
Specifically, the time resolution is determined using prompt J/ψ
decays into a dimuon pair, using a dedicated trigger for calibra-
tion purposes, plus two oppositely charged tracks from the primary 
vertex with the similar selection criteria as for J/ψπ+π− and an 
invariant mass within ±20 MeV of the B0 mass. The effective res-
olution is found to be about 40 fs by using the weighted average 
widths of the three Gaussians. This is negligibly small compared to 
the B0–B0 oscillation time.

The decay time distribution is influenced by acceptance effects 
that are introduced by track reconstruction, trigger and event se-
lection. The decay time acceptance is obtained using control sam-
ples of 

(—)

B 0 → J/ψ
(—)

K ∗0(→ K ∓π±) decays, corrected by the ac-
ceptance ratio between J/ψ K ∓π± and J/ψπ+π− derived from 
simulation.

The acceptance function for the control sample is defined as

A(t;a,n, t0,β1,β2) = [a(t − t0)]n

1 + [a(t − t0)]n ×
(
1 + β1t + β2t2), (10)

where a, n, t0, β1, β2 are parameters determined by the fit. The de-

cay time distribution of 
(—)

B 0 → J/ψ K ∓π± candidates is described 
by the function

P 0(t) =
(

f0 A(t;a,n, t0,β1,β2)
e−t̂/τB0

τB0NB0

+ (1 − f0)A
(
t;a0

bkg,n0
bkg,0,0,0

) e−t̂/τ 0
bkg

τ 0
bkgN

0
bkg

)

⊗ T (t − t̂; δt), (11)

where f0 is the signal fraction, and NB0 and N 0
bkg are normal-

izations necessary to construct PDFs of signal and background, 
respectively. The background acceptance function in Eq. (11) uses 
the same form as the signal and its parameters a0

bkg, n0
bkg and τ 0

bkg
are obtained from mass sideband regions of 5180–5205 MeV and 
5400–5425 MeV. The lifetime is constrained to τB0 = 1.519 ±0.007
ps [10].

We use the product of the acceptance A(a, n, t0, β1, β2) deter-
mined from 

(—)

B 0 → J/ψ
(—)

K ∗0 and the correction ratio found from 
simulation as the time acceptance function for 

(—)

B 0 → J/ψπ+π−

events,

Et(t;a,n, t0,β1,β2, p1, p2)

= [a(t − t0)]n

1 + [a(t − t0)]n ×
(
1 + β1t + β2t2) ×

(
1 − p2e−p1t), (12)

with parameter values and correlations given in Table 1.

5. Measurements of 2βeff

The CP-violating parameters are determined from a fit that uses 
the amplitude model with six final state π+π− resonances. In our 
previous amplitude analysis [5] we used two parameterizations 
of the f0(500) resonance, “default” and “alternate”. The default 
used a Breit–Wigner resonance shape, with relatively poorly mea-
sured parameters, while the alternate used a function suggested 
by Bugg [30], with more theoretically motivated shape parameters. 
In this analysis we choose to switch to the shape suggested by 
Bugg, while the Breit–Wigner shape of the previous default param-
eterization is used to assess systematic uncertainties. A Gaussian 
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from the primary vertex. In the simulation, pp collisions are gener-
ated using Pythia [18] with a specific LHCb configuration [19]. De-
cays of hadronic particles are described by EvtGen [20], in which 
final state radiation is generated using Photos [21]. The interac-
tion of the generated particles with the detector and its response 
are implemented using the Geant4 toolkit [22] as described in 
Ref. [23].

A 
(—)

B 0 → J/ψπ+π− candidate is reconstructed by combining a 
J/ψ → µ+µ− candidate with two pions of opposite charge. The 
like-sign combinations J/ψπ±π± are also reconstructed for back-
ground studies. The event selection is described in detail in the 
time-integrated amplitude analysis [5]. The only difference here is 
that we reject K 0

S → π+π− candidates by excluding the events in 
the region within ±20 MeV of the K 0

S mass peak.
Only candidates with dimuon invariant mass between −48 MeV 

and +43 MeV relative to the observed J/ψ mass peak are selected, 
corresponding a window of about ±3σ . The two muons subse-
quently are kinematically constrained to the known J/ψ mass. 
Other requirements are imposed to isolate B0 candidates with high 
signal yield and minimum background. This is accomplished by 
combining the J/ψ → µ+µ− candidate with a pair of pion candi-
dates of opposite charge, and then testing if all four tracks form a 
common decay vertex. Pion candidates are each required to have 
pT greater than 250 MeV, and the scalar sum of the two transverse 
momenta, pT(π+) + pT(π−), must be larger than 900 MeV. To test 
for inconsistency with production at the PV, the IP χ2 is com-
puted as the difference between the χ2 of the PV reconstructed 
with and without the considered track. Each pion must have an IP 
χ2 greater than 9. Pion and kaon candidates are positively identi-
fied using the RICH system. The four-track B0 candidate must have 
a flight distance of more than 1.5 mm, where the average decay 
length resolution is 0.17 mm. The angle between the combined 
momentum vector of the decay products and the vector formed 
from the positions of the PV and the decay vertex (pointing angle) 
is required to be less than 2.5◦ . Events satisfying this preselection 
are then further filtered using a multivariate analyzer based on a 
Boosted Decision Tree (BDT) technique [24]. The BDT uses eight 
variables that are chosen to provide separation between signal and 
background. These are the minimum of DLL(µ −π ) of the µ+ and 
µ− , pT(π+) + pT(π−), the minimum of IP χ2 of the π+ and π− , 
and the B0 properties of vertex χ2, pointing angle, flight distance, 
pT and IP χ2, where DLL(µ − π ) is a logarithm of the likelihood 
ratio between µ and π hypotheses for the muon candidates.

The BDT is trained on a simulated sample of two million B0 →
J/ψπ+π− signal events generated uniformly in phase space with 
unpolarized J/ψ → µ+µ− decays, and a background data sample 
from the sideband 5566 < m( J/ψπ+π−) < 5616 MeV. Then sepa-
rate samples are used to train and test the BDT.

The invariant mass of the selected J/ψπ+π− combinations, 
where the dimuon pair is constrained to have the J/ψ mass, is 
shown in Fig. 2. There is a large peak at the B0

s mass and a 
smaller one at the B0 mass on top of the background. A double 
Crystal Ball function with common means models the radiative 
tails and is used to fit each of the signals [25]. Other compo-
nents in the fit model take into account background contributions 
from B− → J/ψ K − and B− → J/ψπ− decays combined with a 
random π+ , B0

s → J/ψη(′) with η(′) → π+π−γ , B0
s → J/ψφ

with φ → π+π−π0, B0 → J/ψ K −π+ and Λ0
b → J/ψ K −p reflec-

tions, and combinatorial backgrounds. The exponential combinato-
rial background shape is taken from like-sign combinations, that 
are the sum of π+π+ and π−π− candidates. The shapes of the 
other components are taken from the simulation with their nor-
malizations allowed to vary. Only the candidates within ±20 MeV
of the B0 mass peak are retained for CP violation measurements; 

Fig. 2. Invariant mass of J/ψπ+π− combinations with K 0
S veto. The data have been 

fitted with double-Crystal ball signal and several background functions. The (purple) 
solid line shows the B0 signal, the (brown) dotted line shows the combinatorial 
background, the (green) short-dashed shows the B− background, the (red) dot-
dashed is B0

s → J/ψπ+π− , the (light blue) long-dashed is the sum of B0
s → J/ψη′ , 

B0
s → J/ψφ when φ → π+π−π0 backgrounds and the Λ0

b → J/ψ K − p reflection, 
the (black) dot-long dashed is the B0 → J/ψ K −π+ reflection and the (blue) solid 
line is the total. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)

the fit gives 17 650 ± 200 signal and 9840 ± 160 background can-
didates.

4. The signal likelihood

We fit the entire π+π− mass spectrum, by including the res-
onance contributions found in the amplitude analysis [5], in order 
to measure the CP-violating parameters of all the states, the most 
important being 

(—)

B 0 → J/ψρ0 as it has the largest fit fraction 
of approximately 65%. The same likelihood construction as was 
used to determine the CP-violating quantities φs and |λ| in 

(—)

B 0
s →

J/ψπ+π− decays [6] is employed. Here the value of +Γd ≈ 0
simplifies some terms, and the smaller value of +md makes the 
decay time resolution function less important. In addition, a differ-
ent same-sign flavor tagging algorithm is used.

The determination of the CP violation parameters relies upon 
the formalism developed in Ref. [26]. For J/ψ decays to µ+µ−

final states the amplitudes are themselves functions of four vari-
ables: the π+π− invariant mass mhh = m(π+π−), and three an-
gles Ω , defined in the helicity basis. These consist of: θ J/ψ , the 
angle between the µ+ direction in the J/ψ rest frame with re-
spect to the J/ψ direction in the 

(—)

B 0 rest frame; θhh , the angle 
between the h+ direction in the h+h− rest frame with respect to 
the h+h− direction in the 

(—)

B 0 rest frame; and χ , the angle between 
the J/ψ and h+h− decay planes in the 

(—)

B 0 rest frame [26,27].
We perform a simultaneous unbinned maximum likelihood fit 

to the decay time t , mhh , and the three helicity angles Ω , along 
with information on the initial flavor of the decaying hadron, i.e. 
whether it was produced as a B0 or a B0 meson. The probabil-
ity density function (PDF) used in the fit consists of signal and 
background components that include detector resolution and ac-
ceptance effects. The predicted decay time error for each event 
is used for the decay time resolution model, and similarly the 
measured per-event misidentification probability is used for de-
termining the initial flavor of the neutral B meson. The π+π−

invariant mass distribution is shown in Fig. 3 along with the fitted 
components of the different resonances using the “Best model” [5]
for the π+π− resonance content.
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Table 1
Parameter values and correlations for the acceptance function εt(t) in Eq. (12).

P n a β1 β2 t0 p1 p2 Values

n 1.000 0.444 0.574 −0.536 −0.862 0.000 0.000 2.082 ± 0.036
a 1.000 0.739 −0.735 −0.050 0.000 0.000 1.981±0.024 ps−1

β1 1.000 −0.899 −0.374 0.000 0.000 0.077±0.009 ps−1

β2 1.000 0.343 0.000 0.000 −0.008±0.001 ps−2

t0 1.000 0.000 0.000 0.104 ± 0.003 ps
p1 1.000 −0.885 6.237±1.669 ps−1

p2 1.000 −0.739 ± 0.424

Table 2
Fit results for 2βeff

i and αi
CP .

Condition 2βeff
i (◦) αi

CP(×10−3)

Fit 1 ρ 41.7 ± 9.6+2.8
−6.3 ρ −32±28+9

−7

other − ρ 3.6 ± 3.6+0.9
−0.8 other −1±25+7

−14

Fit 2 ρ0 44.1 ± 10.2+3.0
−6.9 ρ0 −47±34+11

−10

ρ∥ − ρ0 −0.8 ± 6.5+1.9
−1.3 ρ∥ −61±60+8

−6

ρ⊥ − ρ0 −3.6 ± 7.2+2.0
−1.4 ρ⊥ 17±109+22

−15

other − ρ0 2.7 ± 3.9+1.0
−0.9 other 6±27+9

−14

constraint using %md = 0.510 ± 0.003 ps−1 [10] is applied in the 
fit. All other parameters, such as the time resolution, and those 
describing the tagging are fixed. In addition to the CP-violating pa-
rameters, the other free parameters are the amplitudes and phases 
of the resonances. To minimize correlations in the fitted results, we 
choose as free parameters the CP asymmetry αi

CP = 1−|λi |
1+|λi | , 2βeff

i of 
the largest polarization component, and %2βeff

i of the other com-
ponents with respect to the largest one.

As J/ψρ is the final state with the largest contribution, we 
treat it specially and perform two fits. In both cases all resonances 
other than the ρ share a common CP violation parameter λ′ . For 
Fit 1 the three ρ transversity states share the same CP violation 
parameter λ, while for Fit 2 each ρ transversity state has its own 
CP violation parameter λi . The results are shown in Table 2. The 
statistical uncertainties are within ±15% of the precision estimated 
using toy Monte Carlo simulation. To determine %2β f we use the 

measured value in b → ccs transitions of (42.8+1.6
−1.5)◦ found in 

(—)

B 0

decays [9]. Our measurement of 2βeff is consistent with this value 
for both Fit 1 and Fit 2. The correlation between αρ

CP and 2βeff
ρ

is −0.01 in Fit 1. Table 3 shows the correlation matrix for the 
CP-violating parameters in Fit 2.

Table 4 lists the fit fractions and three transversity fractions 
of contributing resonances from Fit 1, consistent with the re-
sults shown in the amplitude analysis [5]. For a P - or D-wave 
resonance, we report its total fit fraction by summing all three 
transversity components. This time-dependent analysis determines 
the phase difference between the CP-odd component of ρ(770)⊥
and the CP-even component of ρ(770)0 to be (167 ± 11)◦ in Fit 1. 

Table 4
Fit and transversity fractions of contributing resonances from Fit 1. Uncertainties are 
statistical only. These results are presented only as a cross-check.

Component Fit fraction (%) Transversity fractions (%)

0 ∥ ⊥
ρ(770) 65.6 ± 1.9 56.7 ± 1.8 23.5 ± 1.5 19.8 ± 1.7
f0(500) 20.1 ± 0.7 1 0 0
f2(1270) 7.8 ± 0.6 64 ± 4 9 ± 5 27 ± 5
ω(782) 0.64+0.19

−0.13 44 ± 14 53 ± 14 3+10
−3

ρ(1450) 9.0 ± 1.8 47 ± 11 39 ± 12 14 ± 8
ρ(1700) 3.1 ± 0.7 29 ± 12 42 ± 15 29 ± 15

Fig. 4. Decay time distribution of 
(—)

B 0 → J/ψπ+π− candidates. The signal compo-
nent is shown with a (red) dashed line, the background with a (black) dotted line, 
and the (blue) solid line represents the total. The lower plot shows the normal-
ized residual distribution. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)

This quantity is not accessible in the time-integrated amplitude 
analysis. Fig. 4 shows the decay time distribution superimposed 
with the fit projection.

The statistical significances of the CP measurements are ascer-
tained by fitting the data requiring that CP-violating components 

Table 3
The correlation matrix for the CP-violating parameters determined using Fit 2, where %2βeff

i = 2βeff
i − 2βeff

ρ0
.

αother
CP α

ρ0
CP α

ρ⊥
CP α

ρ∥
CP %2βeff

other %2βeff
ρ⊥ %2βeff

ρ∥ 2βeff
ρ0

αother
CP 1.00 −0.62 −0.28 −0.13 0.05 −0.42 −0.19 0.05

α
ρ0
CP 1.00 0.03 0.16 0.29 0.22 0.16 −0.11

α
ρ⊥
CP 1.00 −0.21 −0.19 0.59 −0.07 0.10

α
ρ∥
CP 1.00 0.01 −0.04 −0.25 −0.09

%2βeff
other 1.00 0.00 0.26 −0.16

%2βeff
ρ⊥ 1.00 0.39 −0.08

%2βeff
ρ∥ 1.00 −0.10

2βeff
ρ0

1.00
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Table 6
Systematic uncertainties on CP-violating phases 2βeff

i (◦). Statistical uncertainties are also shown.

Fit 
Sources

Fit 1 Fit 2

ρ other − ρ ρ0 ρ∥ − ρ0 ρ⊥ − ρ0 other − ρ0

Resonance model +1.85
−5.94

+0.51
−0.33

+1.99
−6.56

+1.35
−0.05

+1.50
−0.59

+0.68
−0.52

Resonance parameters ±1.21 ±0.43 ±1.35 ±0.68 ±0.57 ±0.60
Mass and angular acceptance ±0.27 ±0.05 ±0.28 ±0.21 ±0.16 ±0.05
Angular acc. correlation ±0.22 ±0.03 ±0.22 ±0.21 ±0.08 ±0.03
Decay time acceptance ±0.05 ±0.02 ±0.06 ±0.04 ±0.04 ±0.03
Bkg. mass and angular PDF ±0.43 ±0.09 ±0.47 ±0.22 ±0.26 ±0.11
Bkg. decay time PDF ±0.14 ±0.05 ±0.12 ±0.06 ±0.08 ±0.07
Bkg. model ±0.49 ±0.23 ±0.15 ±0.97 ±0.38 ±0.13
Flavor Tagging ±1.46 ±0.03 ±1.66 ±0.44 ±0.86 ±0.01
Production asymmetry ±0.17 ±0.50 ±0.28 ±0.09 ±0.49 ±0.42

Total systematic uncertainty +2.8
−6.3

+0.9
−0.8

+3.0
−6.9

+1.9
−1.3

+2.0
−1.4

+1.0
−0.9

Statistical uncertainty ±9.6 ±3.6 ±10.2 ±6.5 ±7.2 ±3.9

Table 7
Systematic uncertainties for the magnitude of the asymmetries αi

CP (×10−3). Statistical uncertainties are also shown.

Fit 
Sources

Fit 1 Fit 2

ρ other − ρ ρ0 ρ∥ ρ⊥ other − ρ0

Resonance model +6.0
−0.0

+0.0
−11.4

+3.7
−0.0

+5.0
−2.7

+16.4
−0.0

+0.4
−11.0

Resonance parameters ±5.2 ±6.1 ±7.8 ±3.1 ±9.2 ±7.3
Mass and angular acceptance ±0.6 ±0.5 ±0.8 ±0.8 ±1.6 ±0.7
Angular acc. correlation ±0.2 ±0.9 ±0.2 ±0.9 ±0.6 ±0.9
Decay time acceptance ±0.1 ±0.1 ±0.2 ±0.3 ±1.1 ±0.1
Bkg. mass and angular PDF ±0.9 ±1.5 ±0.8 ±2.5 ±4.6 ±1.2
Bkg. decay time PDF ±0.5 ±0.4 ±0.6 ±0.5 ±1.7 ±0.4
Bkg. model ±2.6 ±2.9 ±5.2 ±3.5 ±0.9 ±4.6
Flavor Tagging ±2.8 ±2.5 ±0.5 ±1.0 ±10.7 ±1.6
Production asymmetry ±3.0 ±0.5 ±2.5 ±1.1 ±0.4 ±0.3

Total systematic uncertainty +9
−7

+7
−14

+11
−10

+8
−6

+22
−15

+9
−14

Statistical uncertainty ±28 ±25 ±34 ±60 ±109 ±27

95% CL, the penguin contribution in 
(—)

B 0
s → J/ψφ decay is within 

the interval from −1.05◦ to +1.18◦ . Relaxing these assumptions 
changes the limits on the possible penguin induced shift. Fig. 6
shows how δP varies as a function of θ − θ ′ , indicating that the 
95% CL limit on penguin pollution can increase to at most ±1.2◦ . 
The variation in δP is proportional to a/a′ . Thus, when changing 
a/a′ over the interval 0.5 to 1.5, the limit on the penguin shift at 
95% CL varies between ±0.9◦ to ±1.8◦ , even allowing for maxi-
mal breaking between θ ′ and θ . It may be expected that the effect 
of penguin contributions in other decays, such as 

(—)

B 0 → J/ψ K 0
S , 

should be limited to similar values, even if there is no strict flavor

symmetry relating the mode to 
(—)

B 0 → J/ψρ0. Our limit is consis-
tent with theoretical predictions [32].

We also set limits on the strong decay amplitude. Fig. 7 shows 
the 68% and 95% confidence levels contours for the penguin am-
plitude parameters of a′ and θ ′ with a −2 ln L change of 2.3 and 6 
units, for ndf equals two, including systematic uncertainties. They 
are obtained by converting the corresponding contours for α J/ψρ

CP
and (2β f using their relationship given in Eq. (5). The uncertainty 
on the angle γ = (70.0+7.7

−9.0)
◦ only introduces about a 0.2% increase 

in the mean contour radius of a′ versus θ ′ . The one-dimensional 
68% confidence level intervals are found by changing −2 ln L by 
one unit, giving a′ < 0.12 and θ ′ ∈ (190◦, 355◦), or a′ = 0.035+0.082

−0.035

and θ ′ = (285+69
−95)

◦ .

The decay 
(—)

B 0 → J/ψπ0 proceeds through a similar diagram 
to that shown in Fig. 1, and thus the CP-violating parameters S

and C should be similar to those we find in 
(—)

B 0 → J/ψρ0. These 
parameters are related to the parameter λ f via the relationships

Fig. 6. The limit on the penguin induced phase change δP as a function of the dif-
ference in the penguin amplitude strong phases in b → cc̄s and b → cc̄d transitions 
θ − θ ′ , for a = a′ .

S f ≡ 2Im(λ f )

1 + |λ f |2
= −2η f

|λ f | sin 2βeff
f

1 + |λ f |2
,

and C f ≡ 1 − |λ f |2
1 + |λ f |2

, (14)

where we set the CP eigenvalue η f = 1 to compare with the 

CP-even mode 
(—)

B 0 → J/ψπ0.
Using S f and C f as fit parameters, we obtain from Fit 1 

S J/ψρ = −0.66+0.13+0.09
−0.12−0.03 and C J/ψρ = −0.063 ± 0.056+0.019

−0.014, with 
a correlation of −0.01. Table 8 shows the comparison of S f and C f

Phys. Lett. B
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Appendices325

Supplemental material for PRL326

Summary of systematic uncertainties327

The systematic uncertainties are summarised in Table 1. The overall systematic uncertainty328

is calculated by summing the single uncertainties in quadrature. The relative systematic329

uncertainties compared to the central values of S and C are given in brackets. Here, we330

set S = 0.729 and C = �0.033 as reference.

Table 1: Systematic uncertainties �
S

and �
C

on S and C. Entries marked with a dash represent
studies where no significant e↵ect is observed.

Origin �
S

�
C

Background tagging asymmetry 0.0179 (2.5%) 0.0015 (4.5%)
Tagging calibration 0.0062 (0.9%) 0.0024 (7.2%)
�� 0.0047 (0.6%) —
Fraction of wrong PV component 0.0021 (0.3%) 0.0011 (3.3%)
z-scale 0.0012 (0.2%) 0.0023 (7.0%)
�m — 0.0034 (10.3%)
Upper decay time acceptance — 0.0012 (3.6%)
Correlation between mass and decay time — —
Decay time resolution calibration — —
Decay time resolution o↵set — —
Low decay time acceptance — —
Production asymmetry — —

Sum 0.020 (2.7%) 0.005 (15.2%)

331

Overview of tagging calibration parameters332

The calibration functions of the mistag probability !(⌘) and the mistag probability333

di↵erence �!(⌘) = !B

0 � !B

0
are chosen as334

!(⌘) = p1(⌘ � h⌘i) + p0, �!(⌘) = �p1(⌘ � h⌘i) +�p0 . (A1)
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Table 4: Summary of systematic uncertainties.

Long Downstream
Source A�� Cdir Smix R⇥ 105 R⇥ 105

Mass modelling 0.045 0.009 0.009 15.5 17.2
Decay-time resolution 0.038 0.066 0.070 0.6 0.3
Decay-time acceptance 0.022 0.004 0.004 0.6 0.5
Tagging calibration 0.002 0.021 0.023 0.1 0.2
Mass resolution 0.010 0.005 0.006 12.6 8.0
Mass–time correlation 0.003 0.037 0.036 0.2 0.1

Total 0.064 0.079 0.083 20.0 19.0

time resolution of the long K0
S sample. This forms the dominant systematic uncertainty

to the B0
s

! J/ K0
S CP observables.

Systematic e↵ects due to the modelling of the decay time acceptance mainly a↵ect
A��, and are evaluated by varying the empirical model for E(t).

The systematic uncertainty associated with the tagging calibration is obtained by
comparing the nominal calibration with the largest and smallest e↵ective tagging e�ciency
that can be obtained through changes of the calibration parameters within their respective
uncertainties.

The mass resolution is assumed to be identical for the B0 and B0
s

signal modes, but
it could depend on the mass of the reconstructed B candidate. This e↵ect is studied
by multiplying the width of the B0

s

mass PDF by di↵erent scale factors, obtained by
comparing B0 and B0

s

signal shapes in simulation. These variations mainly a↵ect the ratio
of event yields.

Finally, a correlation between the reconstructed B mass and decay time resolution is
observed in simulated data. The impact of neglecting this correlation in the fit to data is
also evaluated with the simulated experiments.

The total systematic uncertainty and its sources are summarised in Table 4.

7 Branching ratio measurement

The measured ratio of branching fractions is calculated from the event yields using Eq. (7).
The selection e�ciencies and their ratio fsel are evaluated using simulated data. As
the simulated data are generated with di↵erent values for the lifetime ⌧

B

0
s
, decay width

di↵erence ��
s

and acceptance parameters compared to those measured in the collision
data, correction factors are applied. This leads to a ratio of total selection e�ciencies of
fsel = 0.972± 0.029 for the long K0

S sample and fsel = 0.987± 0.040 for the downstream
K0

S samples.
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