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Abstract

The CP asymmetry and branching fraction of the CKM-suppressed decay
B+→ J/ψπ+ are precisely measured relative to the favoured decay B+→ J/ψK+,
using a sample of proton-proton collision data corresponding to an integrated lu-
minosity of 5.4 fb−1 recorded at center-of-mass energy of 13TeV during 2016–2018.
The results of the CP asymmetry difference and branching fraction ratio are

∆ACP ≡ ACP (B+→ J/ψπ+)−ACP (B+→ J/ψK+) = (1.29± 0.49± 0.08)× 10−2,

Rπ/K ≡ B(B+→ J/ψπ+)

B(B+→ J/ψK+)
= (3.852± 0.022± 0.018)× 10−2,

where the first uncertainties are statistical and the second systematic. A
combination with previous LHCb results based on data collected at 7
and 8TeV in 2011 and 2012 yields ∆ACP = (1.42± 0.43± 0.08)× 10−2 and
Rπ/K = (3.846± 0.018± 0.018)× 10−2. The combined ∆ACP value deviates from
zero by 3.2 standard deviations, providing the first evidence for direct CP violation
in the amplitudes of beauty decays to charmonium final states.
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Violation of the charge-parity (CP ) symmetry is one of the conditions necessary1

to generate the matter-antimatter asymmetry in the Universe [1]. Beauty decays to2

charmonium final states, governed by b→ ccq quark-level transitions (where q = s, d),3

play a pivotal role in the study of CP violation. In general, CP violation can arise4

directly from the interference of the leading-order W -emission (tree) amplitude and the5

loop (penguin) amplitudes of such decays, manifesting as a small decay-rate asymmetry6

between two CP -conjugated processes, referred to as direct CP violation. For neutral7

B mesons, CP violation can also arise from the interference of the direct decay and8

the decay after flavor mixing, manifesting as a time-dependent decay-rate asymmetry.9

Precision measurements of the weak phases 2β = 2ϕ1 ≡ 2 arg[−(VcdV
∗
cb)/(VtdV

∗
tb)] and10

2βs ≡ 2 arg[−(VtsV
∗
tb)/(VcsV

∗
cb)], where Vij are elements of the CKM matrix [2, 3], from11

the time-dependent CP asymmetries in the the golden channels B0→ J/ψK0 [4–6] and12

B0
s→ J/ψK+K− [7–10], respectively, have provided stringent tests of the Standard Model13

(SM). An open issue in the 2β(s) determination is related to the effects of the subleading14

contributions from highly suppressed penguin diagrams in b→ ccs transitions, which need15

to be fully understood for more precise tests of the SM, but are difficult to calculate16

reliably in theory. Such effects can be eventually controlled with measurements of penguin-17

enhanced b→ ccd transitions, such as B+→ J/ψπ+ decays,1 as detailed in Refs. [11–14].18

Specifically, measurements of the direct CP violation and decay rate of the B+→ J/ψπ+
19

process, together with time-dependent CP asymmetries measured in both B0→ J/ψπ0
20

and B0
s→ J/ψK0 decays, allow the penguin effects in B0→ J/ψK0 to be included in the21

determination of the phase 2β, using approximate SU(3) flavor symmetry [11–14].22

Unlike the case of b→ ccs transitions, the penguin contributions in B+→ J/ψπ+ are23

not CKM-suppressed with respect to the leading-order tree diagram. Thus, sizable direct24

CP violation up to the percent level could arise from interference between the tree and25

penguin contributions [15, 16], which is within reach of the LHCb experiment, though26

unobserved to date. In order to subtract the small difference between the production27

cross-sections of B− and B+ mesons, the asymmetry is measured with respect to that of28

the B+→ J/ψK+ decay, where direct CP violation is expected to be negligible due to the29

dominance of the tree diagram, namely30

∆ACP ≡ ACP (B+→ J/ψπ+) −ACP (B+→ J/ψK+). (1)

Here ACP is the decay rate asymmetry between B− and B+ mesons. In addition, in-31

formation on the penguin contributions can be obtained from the ratio of branching32

fractions [17],33

Rπ/K ≡ B(B+→ J/ψπ+)

B(B+→ J/ψK+)
, (2)

where the systematic uncertainties related to the trigger, reconstruction and selec-34

tion efficiencies largely cancel out. The LHCb collaboration has previously measured35

∆ACP = (1.82 ± 0.86 (stat) ± 0.14 (syst)) × 10−2, consistent with CP conservation, and36

Rπ/K = (3.83 ± 0.03 (stat) ± 0.03 (syst)) × 10−2 [18], using proton-proton (pp) collision37

data collected at center-of-mass energies of 7 and 8 TeV from 2011–2012 (Run 1), corre-38

sponding to an integrated luminosity of 3 fb−1.39

Many efforts have also been made to search for direct CP violation in other40

b→ ccd processes, such as B0→ J/ψπ0 [19, 20], B0
s→ J/ψK0 [21], B0→ J/ψρ0 [22, 23],41

1Unless otherwise stated, the inclusion of charge-conjugate processes is implied throughout.
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B0
s→ J/ψK∗0 [24], B+→ ψ(2S)π+ [25, 26], B+→ J/ψρ+ [23, 27], B+→ χc1(1P )π+ [28],42

and Λ0
b→ J/ψpπ− [29] decays. However, due to the limited sensitivity, no evidence for43

direct CP violation has been found in beauty hadron to charmonium decays so far. This44

Letter presents updated measurements of ∆ACP and Rπ/K using data recorded by LHCb45

at 13 TeV in 2016–2018 (Run 2), corresponding to an integrated luminosity of 6 fb−1.46

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity47

range 2 < η < 5, described in detail in Refs. [30, 31]. The magnetic-field polarity is48

reversed periodically during data taking to mitigate the differences of reconstruction49

efficiencies of particles with opposite charges. Data sets corresponding to about half of50

the total integrated luminosity are recorded with each magnetic-field configuration.51

Samples of simulated events are used to study the properties of the signal mode52

B+→ J/ψ(→µ+µ−)π+ and the control mode B+→ J/ψ(→µ+µ−)K+. These simulated53

events are produced with the software described in Refs. [32–36]. The momentum and54

transverse momentum (pT) spectra of the B+ mesons as well as the track multiplicity in55

simulation are corrected to match those in data. Additionally, the particle identification56

(PID) performance of the simulation is also calibrated to match that in data evaluated57

with large control samples [37, 38]. The corrections are determined in the initial phase of58

the analysis and are included in all subsequent steps.59

The online event selection used in this study is performed by a trigger system [38]60

consisting of a hardware stage that selects events containing at least one muon candidate,61

and two software trigger stages in which events with two tracks identified as muons with62

pT > 500 MeV/c are selected. The muon pair is required to have an invariant mass within63

±150 MeV/c2 of the known J/ψ mass [39].64

In the offline selection, the B+→ J/ψh+ candidates (where h = π,K) are formed65

by combining a J/ψ with a hadron candidate with pT above 1 GeV/c. The selection66

criteria for the B+→ J/ψπ+ and B+→ J/ψK+ decays are similar except those related to67

the identification of the kaon and pion hadrons in the final states. The accompanying68

hadron is mutually exclusively identified as a pion or kaon using information from the69

ring-imaging Cherenkov detectors [40], and required to be inconsistent with originating70

from any primary pp collision vertex (PV) and consistent with originating from the J/ψ71

decay vertex. The particle identification criteria achieve a signal efficiency of 96% (92%)72

for the B+→ J/ψπ+ (B+→ J/ψK+) decay, while rejecting 97% (99%) of the misidentified73

cross-feed background coming from the B+→ J/ψK+ (B+→ J/ψπ+) decay.74

Each B+ candidate must be consistent with originating from a PV. A kinematic75

fit [41] to the signal decay, where the J/ψ mass is constrained to its known value [39], is76

performed to achieve a better resolution of the reconstructed B mass. The remaining B+
77

candidates with cos θh < 0 are rejected to ensure a clear separation of the B+→ J/ψπ+
78

and B+→ J/ψK+ mass peaks in the J/ψπ+ mass spectrum, where θh is the angle between79

the momentum of the accompanying hadron in the B+ rest frame and the B+ momentum80

in the laboratory frame. Fiducial-volume requirements are also imposed to exclude those81

B+ candidates with accompanying hadrons at the boundaries of the detector acceptance,82

where the detection asymmetry is particularly large. Such requirements retain more than83

95% of the B+→ J/ψh+ signals.84

In order to further suppress the background from random combinations of tracks (com-85

binatorial background), a boosted decision tree (BDT) classifier [42,43] is trained for each86

of the B+→ J/ψπ+ and B+→ J/ψK+ decay modes and each year of data taking. The87

BDT classifier is trained using simulated B+→ J/ψh+ decays as a signal proxy and a88
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Table 1: Signal yields and raw charge asymmetries for B+→ J/ψπ+ and B+→ J/ψK+ decays
determined from the mass fits, where the uncertainties are statistical only.

2016 2017 2018
NJ/ψπ 15 500 ± 140 15 140 ± 140 18 130 ± 150
NJ/ψK 371 700 ± 600 367 300 ± 600 454 100 ± 700
arawJ/ψπ [10−2] 0.91 ± 0.85 0.50 ± 0.85 1.42 ± 0.78

arawJ/ψK [10−2] −1.35 ± 0.17 −1.12 ± 0.17 −1.07 ± 0.15

sample of data candidates in the upper mass sideband [5500, 5700] MeV/c2 above the fit89

range as a background proxy. The kinematic and geometrical variables used as inputs90

to the BDT classifier include: measures of the likelihood that the h+, µ±, J/ψ or B+
91

candidate comes from the PV; transverse momentum of the h+, J/ψ and B+ candidates;92

flight distance and vertex fit quality of the B+ candidate. The B+ candidates with a BDT93

response below a certain threshold are rejected. This threshold for the B+→ J/ψπ+ mode94

is chosen to optimize the signal significance. For B+→ J/ψK+ decays, the threshold is95

chosen to obtain the same BDT selection efficiency as that for the B+→ J/ψπ+ mode.96

The optimized BDT selection retains about 95% of both signals, while rejecting more97

than 90% of the combinatorial backgrounds.98

An unbinned extended maximum-likelihood fit is performed simultaneously to the mass99

distributions of the selected B+ and B− candidates in the mass range [5050, 5500] MeV/c2,100

for each decay mode and each year. For both decay modes, the signal shape is described101

by a Hypatia function [44]; the combinatorial background is modeled by an exponential102

function; partially reconstructed B-meson decays, such as B→ J/ψhπ with the π meson103

missing, which contribute in the low-mass region, are described by an ARGUS function [45]104

convolved with a Gaussian function. For the CKM-suppressed B+→ J/ψπ+ mode, a105

cross-feed background from the favored B+→ J/ψK+ decays with the kaon misidentified106

as a pion is described by a double-sided Crystal Ball (DSCB) [46] function. The cross-feed107

background from B+→ J/ψπ+ decays is conversely negligible for the B+→ J/ψK+ mass108

fit. All shape and position parameters are shared between the B+ and B− decays in the109

baseline fit. The tail parameters of the Hypatia and DSCB functions are fixed to the110

values obtained from simulation.111

Denoting the signal yields for B±→ J/ψh± decays as NJ/ψh± , their sum NJ/ψh, and raw112

charge asymmetries, arawJ/ψh ≡ (NJ/ψh− −NJ/ψh+)/(NJ/ψh− +NJ/ψh+), are obtained from the113

mass fits and reported in Table 1. Figure 1 shows the mass distributions of the selected114

B±→ J/ψπ± and B±→ J/ψK± candidates, together with the fit projections.115

The ratio of the branching fractions of B+→ J/ψπ+ and B+→ J/ψK+ decays is116

determined according to117

Rπ/K =
NJ/ψπ

NJ/ψK

× εJ/ψK
εJ/ψπ

, (3)

where εJ/ψK and εJ/ψπ stand for the total efficiencies, including those of the detector118

acceptance, trigger and offline selection. All efficiencies are estimated from simulation119

after corrections are applied, except the PID efficiency. The latter is obtained for the120

accompanying hadron using dedicated control samples where pions and kaons are selected121

without PID requirements and weighted to match the hadron kinematic spectra and122

event multiplicity in the calibrated signal simulation. The ratio of the total efficiencies,123
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Figure 1: Mass distributions of the (top left) B+→ J/ψπ+, (top right) B−→ J/ψπ−, (bottom
left) B+→ J/ψK+ and (bottom right) B−→ J/ψK− candidates in the combined data sample
collected in 2016–2018, with the fit projections also shown.

εJ/ψπ/εJ/ψK , is found to be 0.935±0.004, 0.936±0.004 and 0.953±0.005 for the 2016, 2017124

and 2018 data samples, respectively. Here the uncertainties are due to the limited sizes of125

the simulation and control samples, and are propagated to the statistical uncertainties of126

the Rπ/K measurements.127

The difference in CP asymmetries between B+→ J/ψπ+ and B+→ J/ψK+ decays is128

obtained from the raw-charge asymmetries after correcting for the accompanying-hadron129

detection asymmetries, adetJ/ψh, and PID efficiency asymmetries, apidJ/ψh, following130

∆ACP =
(
arawJ/ψπ − arawJ/ψK

)
−
(
adetJ/ψπ − adetJ/ψK

)
−
(
apidJ/ψπ − apidJ/ψK

)
. (4)

The effects of different production cross-sections of B− and B+ mesons are largely canceled131

in the ∆ACP measurement, and further reduced by weighting the B+→ J/ψK+ sample to132

eliminate a small difference with the B+→ J/ψπ+ sample in the B+ kinematic distributions.133

The difference of the pion and kaon detection asymmetries as a function of the kaon134

momentum is determined from the raw asymmetries of the decays D+→ K−π+π+ and135

D+→ K0
Sπ

+ measured with Run 2 data, following the method described in Refs. [47,48].136

Using the kaon momentum spectrum in the selected B+→ J/ψK+ sample, the average137

detection asymmetry difference, common to all years of data taking, is computed to be138

adetJ/ψπ − adetJ/ψK = (0.84 ± 0.05) × 10−2, (5)

where the uncertainty also accounts for the difference between the pion momentum spectra139

in B+→ J/ψπ+ and D+→ K−π+π+ decays.140
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The hadron PID asymmetries are obtained by measuring separately the PID efficiencies141

for negative and positive hadrons using Run 2 control samples following the method142

described in Refs. [37,38]. Their values are143

apidJ/ψπ =


(−0.01 ± 0.02) × 10−2 (2016),

(+0.00 ± 0.05) × 10−2 (2017),

(+0.02 ± 0.06) × 10−2 (2018),

(6)

and144

apidJ/ψK =


(+0.00 ± 0.06) × 10−2 (2016),

(+0.03 ± 0.05) × 10−2 (2017),

(−0.05 ± 0.06) × 10−2 (2018),

(7)

The systematic uncertainties in the branching fraction ratio Rπ/K and CP asymmetry145

difference ∆ACP for each data-taking year are summarized in Table 2. Sources of systematic146

uncertainties associated with the mass fits, the efficiency evaluation, and the nuisance147

asymmetries are considered. Due to the inevitability of mass mismodeling whenever such148

sizable yields are present, associated systematic uncertainties are evaluated by increasing149

signal and background model sophistication. Mitigating changes include the use of150

alternative functions to describe the signal and background shapes and fit configurations151

that allow the position and width parameters of the B+ and B− signal decays to take152

separate values within the nominal model. The systematic uncertainty associated with153

the trigger efficiency is determined by comparing the trigger efficiency ratio between the154

B+→ J/ψπ+ and B+→ J/ψK+ modes obtained from simulation to that obtained from155

control samples consisting of events triggered independently of the signal decays using a156

data-driven method [49]. The systematic uncertainty due to imperfect description of the157

detector material, which affects the K/π tracking efficiency from simulation, is estimated158

by varying the amount of material in the relevant detector volumes by about ±10% [18].159

The systematic uncertainty associated with the corrections to the signal simulation is160

estimated by resampling the relevant simulation and data samples with replacement [50]161

and repeating the kinematic weighting and efficiency estimation procedure multiple times.162

The standard deviation of the efficiency ratio εJ/ψπ/εJ/ψK is propagated to the Rπ/K163

measurement. A systematic uncertainty in Rπ/K related to the PID efficiency calibration164

is also evaluated by changing the hadron pT and η bin widths used to divide the control165

samples.166

The uncertainties of the estimated detection asymmetry difference in Eq. 5 and PID167

asymmetries in Eqs. 6 and 7 are propagated to ∆ACP as systematic uncertainties. For168

the baseline result of ∆ACP , the B+→ J/ψπ+ sample is weighted to match the kinematic169

distribution of the B+→ J/ψK+ sample in order to cancel the effect of the B+/B−
170

production asymmetry on the measurement. The difference of the ∆ACP values obtained171

with and without this weighting step is taken as a systematic uncertainty.172

Robustness of the fit procedure is tested by splitting the data samples according173

to magnet polarity and by tightening the BDT-output requirements. The results are174

consistent in all checks.175

Using the estimated signal yields, efficiency ratios, raw-charge and efficiency asymme-176

tries, the ratio of branching fractions and CP asymmetry difference between B+→ J/ψπ+
177
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Table 2: Relative systematic uncertainties on the branching fraction ratio Rπ/K and absolute

systematic uncertainties on the CP -asymmetry difference ∆ACP from each source and their
quadratic sum.

Branching fraction ratio CP -asymmetry difference
2016 2017 2018 2016 2017 2018
[%] [%] [%] [10−2] [10−2] [10−2]

Mass fit 0.22 0.16 0.21 0.04 0.06 0.04
Trigger efficiency 0.40 0.39 0.37 – – –
Material budget 0.30 0.30 0.30 – – –
Simulation correction 0.17 0.15 0.14 – – –
PID 0.29 0.22 0.29 0.06 0.07 0.08
Detection asymmetry – – – 0.05 0.05 0.05
Production asymmetry – – – 0.02 0.02 0.02
Total 0.64 0.58 0.61 0.09 0.11 0.11

and B+→ J/ψK+ decays are determined for each year to be178

Rπ/K =


(3.900 ± 0.040 ± 0.025) × 10−2 (2016),

(3.858 ± 0.039 ± 0.022) × 10−2 (2017),

(3.805 ± 0.037 ± 0.023) × 10−2 (2018),

∆ACP =


(1.43 ± 0.87 ± 0.09) × 10−2 (2016),

(0.81 ± 0.87 ± 0.11) × 10−2 (2017),

(1.58 ± 0.80 ± 0.11) × 10−2 (2018),

where the first uncertainties are statistical and the second systematic. The measurements179

for each year are combined using the Best Linear Unbiased Estimator method [51,52] to180

obtain181

Rπ/K = (3.852 ± 0.022 ± 0.018) × 10−2,

∆ACP = (1.29 ± 0.49 ± 0.08) × 10−2.

The Run 2 results are further combined with the LHCb Run 1 measurements [18] using182

the same method, yielding183

Rπ/K = (3.846 ± 0.018 ± 0.018) × 10−2,

∆ACP = (1.42 ± 0.43 ± 0.08) × 10−2.

In the above combinations, the systematic uncertainties related to the material budget184

and hadron detection asymmetries are considered to be fully correlated between different185

data-taking periods. The inputs and outcomes of the combination are displayed in Fig. 2.186

The significance of the nonzero ∆ACP value is evaluated to be 3.2 standard deviations (σ),187

representing the first evidence for direct CP violation in beauty to charmonium decays.188

Using the LHCb measurement of the CP asymmetry in the B+→ J/ψK+ decay [48]189

and taking into account its correlation with the ∆ACP measurement from this analysis due190
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3.7 3.8 3.9 4 4.1
]2−Branching fraction ratio [10

Run 1  0.030± 0.030 ±3.830 

2016  0.025± 0.040 ±3.900 

2017  0.022± 0.039 ±3.858 

2018  0.023± 0.037 ±3.805 

Average  0.018± 0.018 ±3.846 

0 2 4
]2− [10CPA∆

Run 1  0.14± 0.86 ±1.82 

2016  0.09± 0.87 ±1.43 

2017  0.11± 0.87 ±0.81 

2018  0.11± 0.80 ±1.58 

Average  0.08± 0.43 ±1.42 

Figure 2: Comparison of the Rπ/K and ∆ACP measurements from Run 1, 2016, 2017 and 2018
data, and the average values. The error bars correspond to the sum of the statistical and
systematic uncertainties in quadrature.

to the overlap in data sets, the CP asymmetry in the B+→ J/ψπ+ decay is determined191

to be ACP (B+→ J/ψπ+) = (1.51 ± 0.50 ± 0.08) × 10−2.192

In summary, the most precise measurements of the CP -asymmetry difference between193

B+→ J/ψπ+ and B+→ J/ψK+ decays and their branching fraction ratio are obtained194

using LHCb data collected at 13 TeV during 2016–2018, corresponding to an integrated195

luminosity of 5.4 fb−1. These results are then combined with the previous LHCb Run 1196

measurements. The combined CP asymmetry difference shows a 3.2σ deviation from zero,197

providing the first evidence for direct CP violation in beauty decays to charmonium final198

states. This effect can be attributed to the enhanced penguin to tree ratio in B+→ J/ψπ+
199

decays compared to that in b→ ccs transitions. The ∆ACP and Rπ/K measurements serve200

to control the effects of the penguin contributions in the golden channel B0→ J/ψK0
201

affecting the determination of the CP -violating phase 2β, using approximate SU(3) flavor202

symmetry. Constraints on the size and strong phase of the penguin contribution relative203

to the tree obtained using the ∆ACP and Rπ/K measurements can be found in the204

Supplemental Material [53].205
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tion (Germany); ICSC (Italy); Severo Ochoa and Maŕıa de Maeztu Units of Excellence,224
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Supplemental material227

The B+→ J/ψπ+ and B+→ J/ψK+ decay amplitudes can be expressed in the following228

forms,229

A(B+→ J/ψπ+) = −λA(1 + aeiθeiγ), (1)

and230

A(B+→ J/ψK+) = (1 − λ2/2)A′(1 + ϵa′eiθ
′
eiγ), (2)

where λ = Vus, ϵ = λ2/(1 − λ2), A(′) is the hadronic matrix element for the tree topology,231

and a(′) and θ(′) are the relative size and strong-phase difference between the penguin and232

tree contributions, respectively. The weak phase difference is given by the CKM angle233

γ = ϕ3 ≡ arg[−(VudV
∗
ub)/(VcdV

∗
cb)]. Assuming SU(3) flavor symmetry, it follows that234

a = a′, θ = θ′. (3)

Using the value for the ratio of hadronic matrix elements A′/A = 1.32 ± 0.07 from235

Ref. [14] and the recent LHCb combination result of the angle γ = (64.6 ± 2.8)◦ [54], the236

two-dimensional 68% confidence-level contours determined from χ2 tests using the ∆ACP
237

and Rπ/K measurements are shown in Fig. S1. It can be seen that the ∆ACP measurement238

provides a strong constraint on the imaginary part of aeiθ. A complete study that takes239

into account the effects of SU(3) flavor-symmetry breaking is needed when using this240

constraint in the determination of the phase 2β in B0→ J/ψK0 decays.241
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Figure S1: The 68% confidence-level contours in the complex plane of aeiθ, derived from the
∆ACP measurement, the Rπ/K measurement and their combination. The solid lines correspond
to the central values of the measurements. The right figure shows a zoomed-in view of the
intersecting region in the left one.
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PRL Justification365

Decays of beauty mesons to charmonium final states play a central role in the study366

of CP violation. While CP violation in the interference between mixing and decay has367

been long established in such processes, direct CP violation remains to be observed.368

This paper presents high-precision measurements of the CP asymmetry difference and369

branching fraction ratio between B+ → J/ψπ+ and B+ → J/ψK+ decays obtained using370

LHCb Run 2 data, and reports the first evidence for direct CP violation in beauty to371

charmonium decays. These results provide important information to reduce theoretical372

uncertainty in the determination of the CP -violating parameter sin 2β from the golden373

channel B0 → J/ψK0, allowing for more stringent tests of the Standard Model.374
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sUniversità della Basilicata, Potenza, Italy715
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