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−
s decays, using data collected by the LHCb detector in

proton-proton collisions at a centre-of-mass energy of 13 TeV corresponding to an integrated
luminosity of 6 fb−1. In B0 → D+D− decays the CP -violation parameters are measured to be

SD+D− = −0.552± 0.100 (stat)± 0.010 (syst),
CD+D− = 0.128± 0.103 (stat)± 0.010 (syst).

In B0
s → D+

s D
−
s decays the CP -violating parameter formulation in terms of ϕs and |λ|

results in

ϕs = −0.086± 0.106 (stat)± 0.028 (syst) rad,
|λD+

s D−
s
| = 1.145± 0.126 (stat)± 0.031 (syst).

These results represent the most precise single measurement of the CP -violation parameters in
their respective channels. For the first time in a single measurement, CP symmetry is observed
to be violated in B0 → D+D− decays with a significance exceeding six standard deviations.
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1 Introduction

Measurements of CP violation in B0
(s) mesons play a crucial role in the search for physics

beyond the Standard Model (SM). With the increase in experimental precision, control over
hadronic matrix elements becomes more important, which is a major challenge in most decay
modes. In decays of beauty mesons to two charmed mesons B → DD, this can be achieved by
employing U-spin flavour symmetry and constraining the hadronic contributions by relating
different CP -violation and branching fraction measurements [1–5].

The B → DD system gives access to a variety of interesting observables that probe ele-
ments of the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing matrix [6, 7]. InB0 → D+D−

and B0
s → D+

s D
−
s decays, the CP -violating weak phases β and βs can be measured, respec-

tively. The phases arise in the interference between the B0–B0 (B0
s –B0

s) mixing and the
tree-level decay amplitudes to the D+D− (D+

s D
−
s ) final state, leading to time-dependent CP

asymmetries. The decays can also proceed through several other diagrams, as shown in figure 1.
The CP asymmetries may arise from both SM contributions and new physics effects, if present.

In B0 → D+D− and B0
s → D+

s D
−
s decays, the same final state is accessible from both

B0
(s) and B0

(s) states. The partial decay rate as a function of the decay time t is given by

dΓ(t, d)
dt ∝ e

−t/τ
B0

(s)

(
cosh ∆Γqt

2 +Df sinh
∆Γqt

2 + dCf cos∆mqt− dSf sin∆mqt

)
,

(1.1)
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Figure 1. Dominant Feynman diagrams contributing to the B0 → D+D− and B0
s → D+

s D
−
s decays.

The (top left) tree-level, (bottom left) exchange, (top right) penguin and (bottom right) penguin
annihilation diagrams are shown.

where ∆Γq = ΓqL − ΓqH and ∆mq = mqH −mqL are the decay-width difference and mass
difference of the heavy and light B0 (q = d) or B0

s (q = s) mass eigenstates, τB0
(s)

is the mean
lifetime of the B0

(s) meson and the tag d represents the flavour at production taking the value
+1 for a B0

(s) meson and −1 for a B0
(s) meson. The CP -violation parameters are defined as

Df = −2|λf | cosϕq

1 + |λf |2
, Cf = 1− |λf |2

1 + |λf |2
, Sf = −2|λf | sinϕq

1 + |λf |2
,

λf = q

p

Āf

Af
and ϕq = − arg λf ,

(1.2)

where Af and Āf are the decay amplitudes of B0
(s) and B0

(s) to the common final state f and
the ratio q/p describes mixing of the B0

(s) mesons. The parameter Df cannot be measured
in B0 decays because, at the current experimental precision, ∆Γd is compatible with zero.
Thus, the decay rates for B0 → D+D− can be simplified to

dΓ(t, d)
dt ∝ e−t/τB0 (1 + dCD+D− cos∆mdt− dSD+D− sin∆mdt) . (1.3)

If only tree-level contributions in B0 → D+D− decays are considered, direct CP violation
vanishes resulting in CD+D− = 0 and SD+D− = − sinϕd = − sin 2β. This assumption is
valid within the current experimental precision for B0 → J/ψK0

S decays, where β can be
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measured with high precision as recently reported by LHCb [8]. However, in B0 → D+D−

measurements the loop-mediated penguin contributions shown in figure 1 cannot be neglected
and an additional phase shift is measured via sin (2β +∆ϕd) = −SD+D−

/ √
1− C2

D+D− .
This measurement enables higher-order corrections to the measurement of ϕs in B0

s → D+
s D

−
s

decays to be constrained, under the assumption of U-spin flavour symmetry.
Due to the similarities of the two decay channels, a parallel measurement of the CP -

violation parameters in B0 → D+D− and B0
s → D+

s D
−
s decays is performed. Both decays

have been previously studied by LHCb [9, 10], while measurements of the CP -violation
parameters in B0 → D+D− decays have been performed by BaBar [11] and Belle [12]. The
Belle result lies outside the physically allowed region and shows a small tension with the
other measurements.

This analysis uses proton-proton (pp) collision data collected by the LHCb experiment
during the years 2015 to 2018 corresponding to an integrated luminosity of 6 fb−1. The
B0 → D+D− candidates are reconstructed through the decays D+ → K−π+π+ and D+ →
K−K+π+.1 These decays have the highest branching fractions into charged kaons and
pions. Candidates where both D± mesons decay via D+ → K−K+π+ are not considered
due to the smaller branching fraction of this mode. Similarly, one of the D±

s mesons from
the B0

s → D+
s D

−
s candidates is always reconstructed through the decay D+

s → K−K+π+

and the other is reconstructed through the decays D+
s → K−K+π+, D+

s → π−K+π+

or D+
s → π−π+π+.

Both signal channels and a dedicated B0 → D+
s D

− control channel are selected by
similar criteria with only minor differences as described in section 3. A mass fit is performed
separately for each final state to statistically subtract the remaining background as described
in section 4. The knowledge of the initial flavour of the candidates is crucial for measurements
of time-dependent asymmetries in neutral B-meson decays. In section 5 the algorithms used to
determine the initial flavour of the B0

(s) mesons are described. The decay-time fit to measure
the CP -violation parameters is described in section 6 and the systematic uncertainties are
discussed in section 7. In section 8 the results are presented from both this analysis and
in combination with previous LHCb measurements.

2 Detector and simulation

The LHCb detector [13, 14] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector
includes a high-precision tracking system consisting of a silicon-strip vertex detector sur-
rounding the pp interaction region [15], a large-area silicon-strip detector located upstream
of a dipole magnet with a bending power of about 4Tm, and three stations of silicon-strip
detectors and straw drift tubes [16] placed downstream of the magnet. The tracking system
provides a measurement of the momentum, p, of charged particles with a relative uncertainty
that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. The minimum distance of a
track to a primary pp collision vertex (PV), the impact parameter (IP), is measured with a
resolution of (15+29/pT)µm, where pT is the component of the momentum transverse to the

1If not stated otherwise, charge-conjugated decays are implied.
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beam, in GeV/c. Different types of charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [17]. Photons, electrons and hadrons are identified by a
calorimeter system consisting of scintillating-pad and preshower detectors, an electromagnetic
and a hadronic calorimeter. Muons are identified by a system composed of alternating layers
of iron and multiwire proportional chambers [18].

Simulation is required to model the effects of the detector acceptance and the imposed
selection requirements. Samples of signal decays are used to determine the parameterisation of
the signal mass distributions and decay-time resolution model. In the simulation, pp collisions
are generated using Pythia [19] with a specific LHCb configuration [21]. Decays of unstable
particles are described by EvtGen [22], in which final-state radiation is generated using
Photos [23]. The interaction of the generated particles with the detector, and its response,
are implemented using the Geant4 toolkit [24] as described in ref. [26]. The underlying
pp interaction is reused multiple times, with an independently generated signal decay for
each [27]. To account for differences between the distributions of particle identification
(PID) variables in simulation and data, the PIDCalib package [28] is used to reweight the
distributions in the simulation.

3 Selection

The online event selection is performed by a trigger [29], which consists of a hardware stage
based on information from the calorimeter and muon systems, followed by a software stage
which applies a full event reconstruction. At the hardware trigger stage, events are required
to have a muon with high pT or a hadron, photon or electron with high transverse energy
in the calorimeters. The software trigger requires a two-, three- or four-track secondary
vertex with a significant displacement from any primary pp interaction vertex. At least one
charged particle must have a transverse momentum pT > 1.6GeV/c and be inconsistent with
originating from a PV. A multivariate algorithm [30, 31] is used for the identification of
secondary vertices consistent with the decay of a b hadron.

In the offline selection, D± and D±
s candidates are reconstructed through their decays into

the selected final-state particles, which are required to satisfy loose selection criteria on their
momentum, transverse momentum and PID variables, and be inconsistent with originating
from any PV. The D± and D±

s candidates should form vertices with a good fit quality and
the scalar sum of transverse momenta of their three final-state particles should be greater
than 1800MeV/c. All possible combinations of tracks forming a common vertex should have
a distance of closest approach smaller than 0.5mm. The B0

(s) candidates are reconstructed
from two D± or D±

s candidates with opposite charges that form a good-quality vertex. The
momentum vector of the B0

(s) candidates should point from the PV to the secondary vertex.
The scalar sum of the transverse momenta of all six final-state particles is required to be
greater than 5000MeV/c. The invariant masses of the D± and D±

s candidates are required to
be within a window of ±45MeV/c2 around their known values [32]. This requirement, of about
±4 times the mass resolution, retains almost all candidates while separating the D± from the
D±

s mass region. To suppress single-charm decays of the form B0
(s) → D+

(s)h
+h−h−, both D+

(s)
candidates are required to have a significant flight distance from the B0

(s) decay vertex (> 5σ).
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In the reconstruction of the D+
(s) candidates, background contributions can arise from the

misidentification of the final-state particles. Misidentification from a pion, kaon or proton is
considered. The three-body invariant masses are recomputed to identify background decays
from D+, D+

s and Λ+
c states. The masses for potential two-body background contributions

arising from intermediate ϕ and D0 decays are similarly computed. These background sources
are suppressed by PID requirements within the mass windows of the known particle masses.

A particularly challenging background arises from the misidentification between
D+ → K−π+π+ and D+

s → K−K+π+ decays. The π+ ↔ K+ misidentification shifts
the mass region of the reconstructed D+ candidates to that of the D+

s or vice versa. In this
case, a simple PID requirement does not provide the necessary rejection of the particularly
large background contribution from B0 → D+

s D
− decays. To distinguish between the two

decays a boosted decision tree (BDT) algorithm is trained utilising the xgboost module
from the scikit-learn package [33]. Simulated D+ and D+

s decays from the B0 → D+D−,
B0 → D+

s D
− and B0

s → D+
s D

−
s samples are used to train the BDT classifier. A k-folding

procedure with k = 5 is used to avoid overtraining [34]. Various two- and three-body in-
variant masses, recomputed with different final-state particle hypotheses, are used in the
training. Additionally, the flight distance of the D+

(s) candidates, and the PID variables
of those particles that are potentially misidentified, are used. The requirements on the
BDT-classifier output are chosen to suppress the D+

s candidates in the B0 → D+D− channel
and D+ candidates in the B0

s → D+
s D

−
s channel to negligible levels. This is verified by

applying the requirements to the simulated samples, which results in the rejection of more
than 99% of the respective candidates.

A second BDT classifier is trained to suppress combinatorial background. As a signal
proxy, all available simulated B0 → D+D−, B0 → D+

s D
− and B0

s → D+
s D

−
s samples are

used while the background proxy is taken from the upper-mass sideband of the data, which is
defined as mD+

(s)D−
(s)
> 5600MeV/c2, beyond the B0

(s)-candidate mass fit region. The variables
used in the training are all transverse momenta of intermediate and final-state particles; the
flight distance and the difference in invariant mass from the known value [32] of the D+

(s)
candidates; the angle between the D+

(s) flight direction and each of the decay products; the
χ2

IP of the B0
(s) and D+

(s) candidates, which is the difference in the χ2 value of the PV fit
with and without the particle being considered in the calculation. Similar to the strategy
used in ref. [35], the requirement on the BDT-classifier output is chosen to minimise the
uncertainties on the CP -violation parameters.

The invariant mass used in the mass fits is computed from a kinematic fit to the decay
chain with constraints on all charm-meson masses to improve the invariant-mass resolution
of the B0

(s) candidates [36]. For calculation of the decay time, a constraint on the PV is
used in the kinematic fit. To avoid correlations between the decay time and the invariant
mass, no constraints on the charm-masses are used.

Contributions from partially reconstructed backgrounds are reduced to negligible levels by
restricting the invariant mass of the B0 candidates to lie within the range 5240–5540 MeV/c2.
The decay-time range is chosen to be 0.3–10.3 ps, where the lower boundary is set to reduce
background originating from the PV. For B0

s candidates the same decay-time range is chosen,
but the invariant-mass range is 5300–5600 MeV/c2.

– 5 –
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After the selection, multiple candidates are found in about 1% of the events. Usually,
these candidates differ in just one track or PID assignment. Since it is very unlikely to find
two genuine candidates in one event, only one of the candidates is chosen in a reproducible
random way.

4 Mass fit

An extended unbinned maximum-likelihood fit to the invariant mass of the B0
(s) candidates

is performed to extract per-event weights via the sPlot technique [37]. These weights are
used in the decay-time fit to statistically subtract the background. Pseudoexperiment studies
indicate that any residual correlation between the decay time and the mass introduces no
meaningful bias into the CP -violation measurement.

The mass model in the B0 → D+D− channel consists of a signal component and two
background components to model B0

s → D+D− decays and the combinatorial background.
A double-sided Hypatia probability density function (PDF) [38] is used to model the signal
component. The shape parameters are determined by a fit to simulated B0 → D+D− decays
and fixed in the fit to data, while the peak position and width of the distribution are allowed
to vary. The same model is used for the B0

s → D+D− component with a shift of the peak
position by the known mass difference between the B0 and B0

s mesons [32]. An exponential
PDF is used to model the combinatorial background.

The mass model in the B0
s → D+

s D
−
s channel consists only of a signal component and a

combinatorial background component, which are parameterised as in the B0 → D+D− fit.
Mass fits are performed separately for each final state. Figures 2 and 3 show the results of
the fits to all B0 → D+D− and B0

s → D+
s D

−
s final states, respectively. The fits yield an

overall number of 5 695± 100 B0 → D+D− and 13 313± 135 B0
s → D+

s D
−
s signal decays.

5 Flavour tagging

For time-dependent CP violation measurements of neutral B mesons, the flavour of the
meson at production is required. At LHCb the method used to determine the initial flavour
is called flavour tagging. These algorithms exploit the fact that in pp collisions, b and b

quarks are almost exclusively produced in pairs. When the b quark forms a B meson (and
similarly the b quark forms a B meson), additional particles are produced in the fragmentation
process. From the charges and types of these particles, the flavour of the signal B meson at
production can be inferred. The tagging algorithm that uses charged pions or protons from
the fragmentation process of the b quark that leads to the B0 signal is called the same-side
(SS) tagger [39]. In the case of signal B0

s mesons, charged kaons are used by the SS tagger [40].
The opposite-side (OS) tagger uses information from electrons and muons from semileptonic
b decays, kaons from the b→ c→ s decay chain, secondary charm hadrons and the charges
of tracks from the secondary vertex of the other b-hadron decay [41, 42]. Each algorithm
i provides individual tag decisions, di, and a predicted mistag, ηi, which is an estimate of
the probability that the tag decision is wrong. The tag decision takes the values −1 for
a B meson, 1 for a B meson and 0 if no tag decision can be made. The predicted mistag
ranges from 0 to 0.5 and takes the value of 0.5 for untagged events. Each predicted mistag

– 6 –
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Figure 2. Invariant-mass distribution of B0 → D+D− decays. The data are shown as points and the
full PDF is shown as a solid-blue line for (left) both D± candidates decaying through D+ → K−π+π+

and (right) one D± candidate decaying through D+ → K−K+π+.
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Figure 3. Invariant-mass distribution of B0
s → D+

s D
−
s decays. The data are shown as points and the

full PDF is shown as a solid-blue line for (left) both D±
s candidates decaying through D+

s → K−K+π+,
(right) one D±

s candidate decaying through D+
s → π−K+π+ and (bottom) one D±

s candidate decaying
through D+

s → π−π+π+.

distribution is given by the output of a BDT that is trained on flavour-specific decays [43]
and has to be calibrated to represent the mistag probability, ωi(ηi), in the signal decay.
Flavour-specific control channels with kinematics similar to the signal are used to obtain
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a calibration curve. This is found to be well-described by a linear function. Following
calibration, the individual taggers are combined separately for OS and SS cases, and the
resulting mistag distributions are recalibrated. These calibrations are used in the decay-time
fit to determine the CP -violation parameters to which the uncertainties on the calibration
parameters are propagated through means of a Gaussian constraint.

To calibrate the SS and OS taggers of the B0 → D+D− channel, as well as the OS
tagger of the B0

s → D+
s D

−
s channel, B0 → D+

s D
− decays are used. These have very similar

kinematics to the signal decays and the selection is very similar, as described in section 3.
The SS kaon tagger used for B0

s → D+
s D

−
s decays is calibrated with the B0

s → D−
s π

+ channel.
A reweighting process is applied to ensure the calibration sample matches the distributions
of the signal channel in the transverse momentum of the B0

s meson, the pseudorapidity, the
number of tracks and the number of PVs. Additionally, the compatibility of the calibration
between B0

s → D−
s π

+ and B0
s → D+

s D
−
s decays is verified by comparing the calibration

parameters determined using simulation.
The performance of the tagging algorithms is measured by the tagging power ϵtagD

2,
where ϵtag is the fraction of tagged candidates and D = 1−2ω is the dilution factor introduced
by the mistag probability, ω. The tagging power is a statistical dilution factor due to imperfect
tagging, equivalent to an efficiency with respect to a sample with perfect tagging. Overall
tagging powers of (6.28 ± 0.11)% in B0 → D+D− and (5.60 ± 0.07)% in B0

s → D+
s D

−
s

decays are achieved.

6 Decay-time fit

An unbinned maximum-likelihood fit to the signal-weighted decay-time distribution is per-
formed to determine the CP -violation parameters. In order to avoid experimenter bias,
the values of the CP -violation parameters were not examined until the full procedure had
been finalised.

The measured decay-time distribution of the B0
(s) candidates given the tag decisions

d⃗ = (dOS, dSS) and predicted mistags η⃗ = (ηOS, ηSS) is described by the PDF

P(t, d⃗ | η⃗ ) = ϵ(t) ·
(
B(t′, d⃗ | η⃗ )⊗R(t− t′)

)
, (6.1)

where B(t′, d⃗ | η⃗ ) describes the distribution of the true decay time t′, which is convolved
with the decay-time resolution function R(t− t′), and the acceptance function ϵ(t) describes
the total efficiency as a function of the reconstructed decay time. The PDF describing the
decay-time distribution can be deduced from eq. (1.1) and takes the general form

B(t′, d⃗ | η⃗ ) ∝ e−t′/τ
(
Ceff

cosh (d⃗ | η⃗ ) cosh
∆Γqt

′

2 + Ceff
sinh (d⃗ | η⃗ ) sinh

∆Γqt
′

2

− Ceff
cos (d⃗ | η⃗ ) cos∆mqt

′ + Ceff
sin (d⃗ | η⃗ ) sin∆mqt

′
)
.

(6.2)

The effective coefficients are given by

Ceff
cosh = Σ(d⃗ | η⃗ ) +Aprod∆(d⃗ | η⃗ ), Ceff

cos = Cf

(
∆(d⃗ | η⃗ ) +AprodΣ(d⃗ | η⃗ )

)
,

Ceff
sinh = Df

(
Σ(d⃗ | η⃗ ) +Aprod∆(d⃗ | η⃗ )

)
, Ceff

sin = Sf

(
∆(d⃗ | η⃗ ) +AprodΣ(d⃗ | η⃗ )

)
,

(6.3)
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where the production asymmetry Aprod = (NB0
(s)

− NB0
(s)
)/(NB0

(s)
+ NB0

(s)
) represents the

difference in the production rates of B0
(s) and B0

(s) mesons. The functions

Σ(d⃗, η⃗ ) = P (d⃗, η⃗ |B0
(s)) + P (d⃗, η⃗ |B0

(s)) and

∆(d⃗, η⃗ ) = P (d⃗, η⃗ |B0
(s))− P (d⃗, η⃗ |B0

(s))
(6.4)

are dependent on the tagging calibration parameters, where P (d⃗, η⃗ |B0
(s)) and P (d⃗, η⃗ |B0

(s))
are the probabilities of observing the tagging decisions d⃗ and the predicted mistags η⃗, given
the true flavour B0

(s) or B0
(s), respectively.

B0 → D+D−

The decay-time fit of B0 → D+D− decays is insensitive to Ceff
sinh under the assumption that

∆Γd is zero. Moreover, due to the long oscillation period of the B0 mesons, the decay-time
resolution of around 52 fs has a very small impact on the CP -violation parameters. The
decay-time resolution model consists of three Gaussian functions that have a common mean
and different widths. The parameters of the model are determined from simulation and
fixed in the fit to data.

The selection and reconstruction efficiency depends on the B0 decay time due to dis-
placement requirements made on the final-state particles and a decrease in the reconstruction
efficiency for tracks with large impact parameter with respect to the beamline [44]. The
decay-time dependent efficiency is modeled by cubic-spline functions [45] with five knots
at (0.3, 0.5, 2.7, 6.3, 10.3) ps, whose positions were determined using simulation. The spline
coefficients are free to vary in the fit.

Gaussian constraints are used to account for the uncertainties on the tagging calibration
parameters, the B0 lifetime, the oscillation frequency, ∆md, and the production asymmetry.
The world-average values are used for the external parameters [46], while the production
asymmetry is taken from a similar time-dependent analysis of B0 → D∗±D∓ decays [47].
The tagging efficiencies are free to vary in the decay-time fit. Figure 4 (left) shows the
results of the decay-time fit for this channel.

– 9 –



J
H
E
P
0
1
(
2
0
2
5
)
0
6
1

B0
s → D+

s D−
s

In the decay-time fit of B0
s → D+

s D
−
s decays, the hyperbolic terms of eq. (6.2) can be measured

provided that ∆Γs is not zero. Moreover, the definitions from eq. (1.2) are used to directly
determine the parameters ϕs and |λ|. The acceptance function, the tagging parameters
and external parameters are treated in the same way as for the B0 → D+D− decays. In
addition to the lifetime and the oscillation frequency, ∆ms, the decay-width difference ∆Γs is
constrained in the fit to the world-average value [46]. The value of the production asymmetry
is taken from the control channel B0

s → D−
s π

+ as described in ref. [48].
Due to the high oscillation frequency of the B0

s meson, the decay-time resolution plays
an important role. A per-event decay-time resolution is determined based on the per-event
decay-time uncertainty estimated from the vertex fit, which is calibrated using a sample
of D−

s π
+ candidates, with D−

s → ϕ(K+K−)π−, and additional requirements imposed to
suppress candidates produced in B decays to negligible levels. The measured decay time of
the remaining candidates, which originate from the PV, is consistent with zero, and their
distribution is used to assess resolution and bias effects. A linear fit to the measured and
predicted decay-time resolution is performed. A scale factor is then applied to translate
the resulting calibration to the signal B0

s → D+
s D

−
s mode. It is determined by comparing

the decay-time resolution of B0
s → D−

s π
+ and B0

s → D+
s D

−
s decays in simulation. Figure 4

(right) shows the results of the decay-time fit for this channel.
The decay-time-dependent CP asymmetry and the projection of the PDF are shown in

figure 5 for (left) B0 → D+D− and (right) B0
s → D+

s D
−
s decays. The CP asymmetry in each

decay-time bin is given by ACP = −
(∑

j wjdjDj

)/ (∑
j wjD

2
j

)
with the tagging decision

dj , the tagging dilution Dj and the signal weight wj obtained by the sPlot method [8],
for each candidate j.

7 Systematic uncertainties and cross-checks

A variety of cross-checks are performed and potential sources of systematic uncertainties
are considered.

The decay-time fit is performed on a simulated B0 → D+D− sample using the same
strategy for the tagging calibration as for the fit to data. A second fit is performed where
instead of the reconstructed tagging, the truth information of the initial flavour of the B0

mesons is used. Both results of the CP -violation parameters agree with the generated values.
The decay-time fit is performed on several subsets of the data to test the consistency

of the results. The data subdivision is done according to the final state, magnet polarity,
years of data taking and tagging information (OS only or SS only). Consistent results are
found in all cases.

A bootstrapping procedure [49] is used to cross-check the statistical uncertainty from
the decay-time fit to data. A data set is created by randomly drawing candidates from the
original sample until a certain number of candidates is reached that itself is drawn from
a Poisson distribution with the expected number of candidates matching the original data
sample. This entails that the same candidate can be drawn multiple times. The mass and
decay-time fits are performed on this data set to first statistically subtract the background
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Figure 5. Decay-time-dependent CP asymmetry of (left) B0 → D+D− and (right) B0
s → D+

s D
−
s

candidates. The asymmetry in the background-subtracted data is shown as points and the projection
of the PDF is shown as a solid blue line. Due to the high oscillation frequency of the B0

s mesons, the
corresponding distribution is folded onto one oscillation period.

and then determine the CP -violation parameters. The residual of the fit result with respect
to the baseline fit is stored and the whole procedure is repeated until the distribution of the
residuals is not significantly affected by statistical fluctuations. The statistical uncertainties
from the fits to data are shown to be accurate as they are consistent with the standard
deviations of the residuals, and the correlation coefficients lie within expectations.

A decay-time fit with a different set of knots for the acceptance function is performed. The
difference in the results with respect to the baseline fit is assigned as a systematic uncertainty.

To test the fit strategy, pseudoexperiments are performed. In each pseudoexperiment,
the mass and decay time are generated using the results of the baseline fit to data. The
background contributions are generated with a specific time dependence, assuming CP

symmetry for the B0
s → D+D− background. Similar to the bootstrapping procedure, the

baseline fitting procedure is performed on the pseudoexperiments and the residuals are
collected. For B0 → D+D− decays, the mean values of the results are found to be consistent
with the input values within the statistical uncertainties, while the fits to the B0

s → D+
s D

−
s

pseudoexperiments show a small bias of −0.002 in ϕs and 0.008 in |λD+
s D−

s
|. This is of

the order of a few percent of the statistical uncertainty and is subtracted from the biases
found in the following studies.

The following systematic uncertainties are determined using the same procedure, with
the only difference being that an alternative model is used to generate pseudoexperiments in
each case. A bias in the distribution of the residuals is assigned as a systematic uncertainty.

The sum of two Crystal Ball functions [50], with parameters obtained from a fit to
simulation, is used in the pseudoexperiments to test the choice of the signal mass model.

Since ∆Γd is fixed to zero in the decay-time fit of B0 → D+D− decays, a systematic
uncertainty is assigned for this assumption. The value of ∆Γd is varied in the pseudo-
experiments from the assumed value of zero by ±1σ, where σ is the uncertainty of the
world average value of ∆Γd [32]. The value of DD+D− is calculated from the normalisation
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Source SD+D− CD+D− ϕs [rad] |λD+
s D−

s
|

Mass model 0.001 0.005 0.003 0.005
∆Γ 0.010 0.005 — —
Decay-time resolution 0.002 0.007 0.011 0.027
Decay-time bias — — 0.026 0.014
Acceptance function 0.001 0.001 < 0.001 0.001
Total 0.010 0.010 0.028 0.031

Table 1. Systematic uncertainties for the B0 → D+D− and B0
s → D+

s D
−
s channel. A dash (—) is

used to denote that a systematic has not been evaluated. The total systematic uncertainty is the
quadratic sum of the individual uncertainties.

condition DD+D− = ±
√
1− S2

D+D− − C2
D+D− and the largest deviation is assigned as the

systematic uncertainty.
In the B0 → D+D− channel the decay-time-resolution model is determined on simulation.

Due to differences between simulation and data the resolution could be underestimated. The
effect of underestimating the resolution is tested by increasing the width of the resolution
function by 10% in the pseudoexperiments, which corresponds to the level measured in the
B0

s system. It is found to be small and no further studies are considered.
In the B0

s → D+
s D

−
s channel, D−

s π
+ candidates originating from the PV are used to

determine a per-event resolution calibration. Only D−
s → ϕ(K+K−)π− decays are used and

assumed to represent the resolution of the whole sample. A second calibration is obtained
using a sample of D−

s → K+K−π− decays without specific requirements on the intermediate
decays and used in the pseudoexperiments to assign a systematic uncertainty.

A decay-time bias caused by the misalignment of the vertex detector was observed in
other LHCb analyses of data taken during the same period [8, 48] and confirmed in the
present analysis. Due to the low oscillation frequency of B0 mesons, this has a negligible
effect on the measurement of the CP -violation parameters, as shown in ref. [48] and so is
not evaluated here. However, in B0

s decays, this bias could have a significant impact on the
measurement. To evaluate the effect, the mean of the resolution function in the generation
of the pseudoexperiments is set to the largest observed bias.

The individual systematic uncertainties on the CP -violation parameters are reported
in table 1 and summed in quadrature. Compared to the previous LHCb results [9, 10],
the systematic uncertainties in the B0 → D+D− measurement are significantly reduced,
while they are comparable for the B0

s → D+
s D

−
s measurement. The reduction in the first

measurement is achieved by the improved suppression of backgrounds from single-charm,
misidentified and partially reconstructed decays. They are the leading sources of systematic
uncertainties in the previous measurement and are reduced to negligible levels in this analysis.

8 Results and interpretation

A flavour-tagged time-dependent analysis of B0 → D+D− and B0
s → D+

s D
−
s decays is

performed using proton-proton collision data collected by the LHCb experiment during the
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years 2015 to 2018, corresponding to an integrated luminosity of 6 fb−1. Approximately 5 700
B0 → D+D− signal candidates are observed. A fit to their decay-time distribution, including
evaluation of systematic uncertainties, gives the final results

SD+D− = −0.552± 0.100 (stat) ± 0.010 (syst),
CD+D− = 0.128± 0.103 (stat) ± 0.010 (syst),

with a statistical correlation between the two parameters of ρ(SD+D− , CD+D−) = 0.472. The
results and correlations of the external parameters from the decay-time fit are presented
in appendix A. Wilks’ theorem [51] is used to determine the significance of the result,
excluding systematic uncertainties. The hypothesis of CP symmetry, corresponding to
SD+D− = CD+D− = 0, can be rejected by more than six standard deviations. The values are
consistent with previous results from LHCb and BaBar [11], which correspond to a small
contribution from higher-order SM corrections. Thus, this measurement will move the world
average further away from the Belle measurement, which lies outside the physical region [12].

The result is combined with the previous LHCb measurement in this channel [9] using
the GammaCombo package [52]. Due to the small effect of the external parameters on the result,
the two measurements are assumed to be uncorrelated and the combined values are

SD+D− = −0.549± 0.085 (stat) ± 0.015 (syst),
CD+D− = 0.162± 0.088 (stat) ± 0.009 (syst),

with a statistical correlation between the two parameters of ρ(SD+D− , CD+D−) = 0.474.
Approximately 13 000 B0

s → D+
s D

−
s signal candidates are observed and the final results

of the decay-time fit and the systematic uncertainties are

ϕs = −0.086± 0.106 (stat) ± 0.028 (syst) rad,
|λD+

s D−
s
| = 1.145± 0.126 (stat) ± 0.031 (syst),

with a statistical correlation between the two parameters of ρ(ϕs, |λD+
s D−

s
|) = −0.007. Further

information on the results of the decay-time fit is shown in appendix A. This result is consistent
with, and more precise than, the previous LHCb measurement [10]. The combination with
the previous LHCb measurement, following the same strategy as for the B0 → D+D−

decays, yields the values

ϕs = −0.055± 0.090 (stat) ± 0.021 (syst) rad,
|λD+

s D−
s
| = 1.054± 0.099 (stat) ± 0.020 (syst),

with a statistical correlation between the two parameters of ρ(ϕs, |λD+
s D−

s
|) = 0.005. The

values are consistent with CP symmetry in the B0
s → D+

s D
−
s channel.

These results can be used in combination with other B → DD measurements to perform
a global analysis and extract SM parameters as has previously been performed in ref. [5].
They represent the most precise single measurements of the CP -violation parameters in their
respective channels and the combined results supersede the previous LHCb measurements.
For the first time, CP symmetry can be excluded by more than six standard deviations in
a single measurement of B0 → D+D− decays.
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A Results and correlations of external parameters

Parameter Input value Fit result

∆md [ps−1] 0.5065± 0.0019 0.5065± 0.0019

τB0 [ps] 1.519± 0.004 1.519± 0.004

Table 2. Results of the external parameters from the decay-time fit to B0 → D+D− data.

SD+D− CD+D− ∆md τB0

SD+D− 1.000 0.472 −0.014 < 0.001
CD+D− 1.000 −0.022 < 0.001
∆md 1.000 < 0.001
τB0 1.000

Table 3. Correlation matrix of the CP parameters and the external parameters from the decay-time
fit to B0 → D+D− data.
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Parameter Input value Fit result

∆Γs [ps−1] 0.083± 0.005 0.083± 0.005

∆ms [ps−1] 17.765± 0.006 17.765± 0.006

τB0
s
[ps] 1.521± 0.005 1.521± 0.005

Table 4. Results of the external parameters from the decay-time fit to B0
s → D+

s D
−
s data.

ϕs λD+
s D−

s
∆ms ∆Γs τB0

s

ϕs 1.000 −0.007 −0.010 0.001 < 0.001
λD+

s D−
s

1.000 −0.018 −0.010 < 0.001

∆ms 1.000 < 0.001 < 0.001
∆Γs 1.000 < 0.001
τB0

s
1.000

Table 5. Correlation matrix of the CP parameters and the external parameters from the decay-time
fit to B0

s → D+
s D

−
s .
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