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1 Introduction

A precise determination of the Cabibbo-Kobayashi-Maskawa (CKM) [1, 2] angle γ is essential
to test the description of CP violation in the Standard Model (SM). This SM parameter
is determined in the interference between processes involving the transitions b→ cūs and
b→ uc̄s. The decay channels most sensitive to these interference effects are B±→ DK±

decays, where the D meson is a superposition of D0 and D0 mesons that decay to the same
final state. These tree-level decays provide a direct measurement of γ that is unaffected by
the presence of physics beyond the SM (BSM), except in models where BSM enters as a
charged current in tree-level decays. Direct measurements can be compared to an indirect
determination of γ, which is calculated from the assumption of unitarity and measurements
of other parameters in the CKM matrix.

The world average value determined by the HFLAV group is γ = (66.4+2.8
−3.0)◦ [3], which

is dominated by inputs from LHCb [4]. Global fits performed by the CKMfitter and UTfit
groups, where all the direct determinations are excluded, return the value γ = (66.29+0.72

−1.86)◦ [5]
and γ = (64.9± 1.4)◦ [6], respectively. The current uncertainty on the direct measurement
remains larger than that of the indirect determination. This is due to the small branching
fraction of decays sensitive to γ. This paper presents a measurement of γ using B±→ DK∗±

decays, where K∗± refers to the K∗(892)± resonance. This decay has a similar branching
fraction and sensitivity to γ as B±→ DK± channel which is the leading component in the
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world average [7–9]. At the LHCb experiment, the observed yields of B±→ DK∗± decays are
lower than those of B±→ DK± due to the differences in reconstruction efficiency between a
K∗± and K± meson. The former is reconstructed through the decay K∗±→ K0

S(→ π+π−)π±

which requires the reconstruction of an additional K0
S meson. Nonetheless, the extremely low

level of backgrounds makes this decay attractive for further study. It has been previously
analysed by the B factories with two- and three-body D final states. The Belle collaboration
has studied the decay D → K0

Sπ
+π− [10], whereas the BaBar collaboration has analysed

a range of D decays [11, 12]. A set of two- and four-body D decays have already been
investigated at LHCb [13] with a dataset corresponding to an integrated luminosity of 4.8 fb−1

at centre-of-mass energies
√
s = 7, 8 and 13 TeV.

This paper makes use of a mixture of D-decay final states that can be grouped into
three categories: CP eigenstates K+K−, π+π− and quasi-CP eigenstate π+π−π+π−, the
self-conjugate states K0

Sπ
+π− and K0

SK
+K−, collectively referred to as K0

Sh
+h−, and states

that are of definite strangeness, K−π+, π−K+, K−π+π−π+ and π−K+π−π+. Quasi-CP
eigenstates refer to D-decay modes which are not pure CP eigenstates, but can be treated
as though they were as long as the CP -even fraction is known and accounted for. For the
D-decay modes with definite strangeness, where the charge of the kaon is the same as the
B-meson charge, the decay modes are referred to as same sign (SS) and denoted as D → Kπ

or D → Kπππ. When the kaon and B-meson charges are opposite, the decay modes are
referred to as opposite sign (OS) and denoted as D → πK or D → πKππ. The OS decay
modes are suppressed with respect to SS modes. The CP -violation-sensitive observables are
measured independently for each decay channel. Then they are combined to obtain the value
of the angle γ. This measurement uses the LHCb dataset of proton-proton (pp) collisions
collected during Run 1 (2011–2012) and Run 2 (2015–2018), corresponding to an integrated
luminosity of 9 fb−1 at centre-of-mass energies

√
s = 7, 8 and 13 TeV.

The measurement strategies for the different decay channels are given in section 2. The
LHCb detector is described in section 3 and the selection of B±→ DK∗± candidates is
detailed in section 4. Section 5 elaborates the backgrounds that are present after selection
followed by the details of signal yields for each mode in section 6. The determination of
CP -violating observables is described in section 7. Systematic uncertainties are discussed in
section 8. The results and their interpretation are shown in section 9.

2 Analysis overview

The amplitude of a B− decay to D0K∗− decay is defined as

A(B− → D0K∗−) ≡ AB, (2.1)

and that of a B− decay to D0K∗− decay is given as

A(B− → D0K∗−) = AB · rB · ei(δB−γ), (2.2)

where rB is the ratio of the magnitudes of the amplitudes of B− → D0K∗− and B− → D0K∗−

and δB is the corresponding strong-phase difference between them. When the D meson
decays to a state that is accessible from both the D0 and D0 meson, there is interference
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between the two decay paths. This interference gives access to the CKM angle γ. Analogous
expressions can be formed for the charge-conjugate B+ decay where the sign of the γ angle
is flipped (γ ↔ −γ). The measurement strategies for the various types of D decays are
described in detail in this section.

The amplitudes for the D0 and the D0 mesons decaying to CP eigenstates are the same.1

Hence, the difference in the two overall amplitudes is driven by the difference in the two
B-meson amplitudes. This leads to a relatively small amount of CP violation that is of the
order of rB. A coherence factor κ is defined, satisfying 0 ≤ κ ≤ 1, which quantifies the
dilution of the interference effects of interest due to selected B± → DK0

Sπ
± decays that do

not proceed through the intermediate K∗(892)± resonance. The value of κ is estimated in
ref. [13] to be 0.95± 0.06. A coherence value of one would represent a pure resonant sample.

Measurements with CP eigenstates are performed according to the formalism presented
in refs. [14, 15]. This includes obtaining the asymmetries between the rates of B+ and B−

decays and ratios with SS decays that are directly related to the physics parameters of interest.
The technique can be extended to quasi-CP eigenstates provided the CP -even fraction of
the final state, FCP , is known [16] and accounted for, as given in eqs. (2.3) and (2.4). For
B±→ DK∗±, when the D meson decays to a final state X, the ratio RX

CP is defined as

RX
CP = Γ(B− → [X]DK∗−) + Γ(B+ → [X]DK∗+)

Γ(B− → [SS]DK∗−) + Γ(B+ → [SS]DK∗+) ×
B(D0 → SS)
B(D0 → X)

= 1 + r2
B + 2κ(2FX

CP − 1)rB cos δB cos γ,
(2.3)

and the asymmetry AX
CP as

AX
CP = Γ(B− → [X]DK∗−)− Γ(B+ → [X]DK∗+)

Γ(B− → [X]DK∗−) + Γ(B+ → [X]DK∗+)

= 2κ(2FX
CP − 1)rB sin δB sin γ

RX
CP

.

(2.4)

For D → KK and D → ππ, the CP -even fraction is one. For D → ππππ, the CP -even
fraction has been measured at the BESIII experiment to be 0.735 ± 0.016 [17]. The ratio
RX

CP and asymmetry AX
CP are measured for each D-meson decay mode that is a (quasi)-CP

eigenstate, and the SS decay chosen for the normalisation in the denominator of eqs. (2.3)
and (2.4) is the one with the same multiplicity as the (quasi-)CP eigenstate.

The formalism for measuring γ using the OS and SS D-meson decays is given in
refs. [18, 19]. For the OS decay channels, the two amplitudes from the B decay to the
final state are of similar size, resulting in maximum interference. In this formalism, the
hadronic properties of the D decay become relevant to the interpretation of the ratios with SS
decays and asymmetries between B+ and B− decays. The hadronic parameters are defined
as rX

D , δX
D , and κX , where X is the final state, rX

D is the ratio of the suppressed and favoured
D-decay amplitudes, δX

D is the average strong-phase difference between them and κX
D takes

into account the variation of δX
D over the phase space which dilutes the interference. Since

1Violation of CP symmetry in D decays is neglected. This effect is much smaller compared to CP violation
in the B-meson decay.
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D → Kπ is a two-body decay, the value of κX is unity. The ratios and asymmetries between
the OS and SS decay modes are given by

RX
OS = Γ(B− → [OS]DK∗−) + Γ(B+ → [OS]DK∗+)

Γ(B− → [SS]DK∗−) + Γ(B+ → [SS]DK∗+) (2.5)

= r2
B + (rX

D )2 + 2κrBκ
X
Dr

X
D cos (δB + δX

D ) cos γ, (2.6)

AX
OS = Γ(B− → [OS]DK∗−)− Γ(B+ → [OS]DK∗+)

Γ(B− → [OS]DK∗−) + Γ(B+ → [OS]DK∗+)

= 2κrBκ
X
Dr

X
D sin (δB + δX

D ) sin γ
RX

OS

, (2.7)

AX
SS = Γ(B− → [SS]DK∗−)− Γ(B+ → [SS]DK∗+)

Γ(B− → [SS]DK∗−) + Γ(B+ → [SS]DK∗+)

= 2κrBκ
X
Dr

X
D sin (δB − δX

D ) sin γ
1 + r2

B(rX
D )2 + 2κrBκX

Dr
X
D cos (δB − δX

D ) cos γ
. (2.8)

Taking expected values for rB and rD [5], it is clear that AX
SS is small in comparison to AX

OS .
Hence, the sensitivity to CP violation in the SS decay modes is expected to be very small.

For the three-body decay modes, the variation of the strong phase δD over the phase
space of the decay is large. This leads to values of FCP close to 0.5 which maximally dilutes
the interference term, and hence, measuring RK0

Sh+h−

CP and A
K0

Sh+h−

CP will result in very little
sensitivity to γ. Instead, these decays are analysed in regions of phase space to exploit regions
where the coherence is high. The formalism is developed in refs. [20–22]. The final state is
dependent on the kinematics of the decay products which can be visualised using the Dalitz
plot method. The strong phase varies over the phase space, and the strong-phase difference
at a point in phase space between the D0 and D0 decay is given by ∆δD. The density of the
B− decay, PB, at a specific point in the D phase space is expressed as

PB = |A|2 + r2
B|A|2 + rB(A∗Aei(δB−γ) +AA

∗
e−i(δB−γ))

= |A|2 + r2
B|A|2 + 2κrB|A||A|(cos∆δD cos(δB − γ)− sin∆δD sin(δB − γ))

= |A|2 + r2
B|A|2 + 2κ

√
|A|2||A|2(C x− − S y−),

(2.9)

where A and A are the amplitudes of the D0 and D0 decays to the K0
Sh

+h− final state,
x− = rB cos(δB − γ), y− = rB sin(δB − γ), C = cos∆δD and S = sin∆δD. For the charge-
conjugate mode, B+ → DK∗+, the density is given by the same expression with A↔ A,
γ ↔ −γ, x− ↔ x+ and y− ↔ y+, where x+ = rB cos(δB + γ) and y+ = rB sin(δB + γ).

The D-meson decay Dalitz plot is split into bin pairs, symmetric with respect to the
m2

K0
Sh+ = m2

K0
Sh− axis. Bins with m2

K0
Sh− > m2

K0
Sh+ are given positive indices 1 to N . Those

with m2
K0

Sh− < m2
K0

Sh+ are given negative indices such that bins i and −i are CP conjugates.
The partial decay rate in the ith bin of the D-decay phase space for B− and B+ modes, Γ∓

i ,
can be found by integrating eq. (2.9) and written as

Γ∓
i = N±

(
F±i + (rB)2F∓i + 2κ

√
FiF−i(cix∓ ± siy∓)

)
. (2.10)

Here, F±i is the fraction of observed D0-meson decays in each bin given the experimental
reconstruction and selection efficiency, and migration effects and N± is the normalisation
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parameter. Neglecting CP violation in these charm decays, the charge conjugate decays satisfy
Fi = F−i, where F i is the fraction of observed D0 decays in the bin with index i. The ci and
si parameters are the amplitude-weighted averages of the functions C and S over the bin.

The values of ci and si have been measured by the CLEO [23] and BESIII [24, 25]
collaborations. Both have followed the same partition of the phase space. There are multiple
options presented in ref. [23]. The ones used in this analysis are named the “optimal”
and “2-bins” binning schemes for D → K0

Sπ
+π− and D → K0

SK
+K− decays, respectively.

These represent the schemes that are expected to give the best sensitivity for γ under the
experimental conditions for this analysis. There are in total 2× 8 = 16 and 2× 2 = 4 bins
in the D → K0

Sπ
+π− and D → K0

SK
+K− modes, respectively. These schemes are followed

in this analysis so that the values ci and si can be directly used as external inputs. The
F±i values are taken from the B± → D(→ K0

Sh
±h∓)h± analysis [7]. This assumes that the

relative efficiency between two points on the Dalitz plot of the D decay is the same for
B± → Dh± and B± → DK∗± modes, which is verified in simulation. The use of external
inputs for the strong-phase difference, rather than reliance on a model of the D-meson decay,
ensures that the measurement is amplitude-model independent and does not incur systematic
uncertainties due to the model, which are hard to quantify.

The SS decay modes are used as a control channel in this analysis. Their high signal yield
benefits the reconstructed-mass parametrisation, which is used to model the small background
contributions from B±→ D∗K∗± decays in the other D-decay modes. The CP observables
are measured in the CP fit, consisting of a simultaneous maximum-likelihood fit performed
in the different categories of the two- and four-body decays defined by the B charge and
D-decay mode. The ratios and asymmetries in eqs. (2.3)–(2.8) are measured. Another fit is
performed simultaneously for the three-body decays in the categories of B charge, D-decay
mode and Dalitz plot bin. The CP observables x± and y± are extracted from this fit. The
results from all sets of modes are combined to obtain a precise single solution for γ.

3 Detector and simulation

The LHCb detector [26, 27] 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 [28], 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 [29, 30] 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 beam, in GeV/c. Different types of charged hadrons are distinguished using
information from two ring-imaging Cherenkov detectors [31]. 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 [32].
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The online event selection is performed by a trigger [33], 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. The events for the analysis that satisfy the
hardware trigger are selected through two routes. Either they have an energy deposit in the
calorimeter associated to the signal decay, or a particle not associated to the signal candidate
fulfills any requirement. At the software stage, at least one particle is required to have high
pT and high χ2

IP, where χ2
IP is defined as the difference in the primary vertex fit χ2 with

and without the inclusion of that particle. A multivariate algorithm [34] is used to select
secondary vertices consistent with being a two-, three-, or four-track b-hadron decay.

Simulation is required to model the effects of the detector acceptance and the imposed
selection requirements. In the simulation, pp collisions are generated using Pythia [35]
with a specific LHCb configuration [36]. Decays of unstable particles are described by
EvtGen [37], in which final-state radiation is generated using Photos [38]. The interaction
of the generated particles with the detector, and its response, are implemented using the
Geant4 toolkit [39] as described in ref. [40].

4 Candidate selection

All tracks and decay vertices are required to be of good quality, and the reconstructed
mass of the K0

S, D and K∗± candidates must be close to their known values [41]. The K0
S

candidates are formed from two oppositely charged pion tracks that are reconstructed either
using hits in the vertex detector and downstream tracking stations, or only the latter. These
track types are referred to as long and downstream, respectively. Requirements are placed
on the reconstructed K0

S mass to be within ±15(20) MeV/c2 of the known mass for long
(downstream) candidates. The D-meson candidates are reconstructed in two-, four- and
three-body final-state categories, labelled D → hh, D → 4h, and D → K0

Shh.
In the case of D → hh decays, the D-meson candidate is formed by combining two

oppositely charged tracks. Particle identification (PID) requirements are placed on the kaons
and pions in such a way that each pair of tracks can only appear in one D-meson decay sample.
The particle selection does not sufficiently suppress the double misidentification of K−π+ as
π−K+, which peaks at the D-meson mass. Candidates in the OS sample are removed if the
measured D-meson mass, when reconstructed under the double misidentification hypothesis,
falls within ±15 MeV/c2 of the known D-meson mass [41]. The corresponding selection is not
made in the SS sample since here the contamination rate is very low.

For the D → 4h decays, two positively and two negatively charged tracks are combined.
PID requirements are placed on the kaons. In the case of D → Kπππ, PID requirements are
only imposed on those pion candidates that have the opposite charge of the kaon. Additional
PID selection on the other pion would result in lower signal efficiency without any significant
reduction in misidentified backgrounds. A mass veto of ±15 MeV/c2 around the known
D-meson mass is placed on the OS samples to reduce doubly misidentified background. In the
case of the D → ππππ decay, only the two pions with opposite charge to the parent B meson
have PID requirements applied. This is sufficient to reduce misidentified decays to a negligible
level. Furthermore, candidates are vetoed if the reconstructed mass of any oppositely charged
pair of pions is within the range 480–505 MeV/c2 to remove background from D → K0

Sππ.
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For D → K0
Shh decays the candidate is formed by combining a K0

S candidate with two
oppositely charged tracks, where additionally the K0

S mass is constrained to its known
value in a kinematic fit [42]. For the two tracks originating from the D-meson vertex, PID
requirements are placed to reduce background from D → K0

SK
+π− decays, semileptonic D

decays, and decays in flight of hadrons to leptons. In all cases the reconstructed mass of the
D-meson candidate is required to be within ±25 MeV/c2 of the known mass [41].

A candidate K∗± meson is reconstructed by combining a K0
S and a companion pion. The

reconstructed mass is required to be within ±75 MeV/c2 of the known K∗± mass [41]. The
D-meson candidate is combined with the K∗± to form the B±-meson candidate. To suppress
background from B± → DK0

SK
± decays, PID requirements are placed on the companion

pion. Background from nonresonant B± → DK0
Sπ

± decays is reduced by using the properties
of the vector-particle decay. The helicity angle θ is defined as the angle between the vectors
of the companion K0

S meson and the B momentum in the K∗± rest frame. It is required
that |cos θ| > 0.3.

A requirement is placed on the displacement of the D-meson vertex from the B-meson
vertex to reduce background from B decays to the final-state particles without the intermediate
D meson. A displacement requirement from their parent meson is also applied to any long
K0

S meson vertex. This removes background from B± → Dπ±π∓π± decays and suppresses
the reconstruction of D → π±π∓h±h∓ as D → K0

Sh
±h∓. Finally, the reconstructed B-meson

mass is computed applying mass constraints to the D and the K0
S mesons in each decay chain,

and constraining the B meson to originate from the primary vertex.

A separate boosted decision tree (BDT) classifier [43, 44] is trained for each multiplicity
of D-meson decay to separate signal from background. The BDTs are trained using simulation
to provide the signal distributions and candidates in the upper sideband of reconstructed B

mass in data are used to provide the background distributions. The upper sideband is defined
with reconstructed B mass in the range 5800− 6100 MeV/c2 for three-body D decays and
5400− 5800 MeV/c2 for two- and four-body D decays. For D → K0

Shh decays the variables
used in the training are those in ref. [7] with the addition of kinematic variables p and pT
for the companion K0

S meson. Studies on simulations have shown that a similar relative
efficiency over the D-meson phase space, which allows the use of the Fi parameters measured
in ref. [7]. Similar variables are used for the two- and four-body D-meson decays. A k-fold
of two is used to avoid any sculpting of the final upper sideband distribution [45] since the
training sample and fit sample are not mutually exclusive.

Selection requirements on the BDT classifiers are placed based on the optimisation of
the sensitivity to the CP observables. Pseudoexperiments are generated with total yields
corresponding to different selection values for the output of the BDT classifier and CP

observables are determined in each of them as described in section 7. The criterion that gives
the best precision on CP observables is chosen. The resulting BDT selection requirement
is different for the OS and (quasi-)CP eigenstates, the SS decay modes and the D → K0

Shh

decays. The signal selection efficiency is higher than 90% for each BDT classifier.
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5 Background determination

For each decay channel, data from the long and downstream K0
S categories are combined. Due

to the impact of the mass constraints, the effect of the different resolutions of the reconstructed
K0

S mass in these decays is reduced, and the differences in the reconstructed-mass distributions
of signal decays are negligible. A notable background for B±→ DK± decays is B±→ Dπ±

with a pion misidentified as a kaon. The corresponding background in B±→ DK∗± decays
is B± →Dρ±, but since the subsequent decay is different, it does not enter the sample.

The two- and four-body SS decay channels have the highest signal yields. From the
distributions shown in figures 1 and 2, it is seen that the signal peak is well separated from
B → D∗K∗ decays that are found at lower reconstructed mass due to the missing pion or pho-
ton which is not reconstructed. These are called partially reconstructed backgrounds (PRB).
Therefore, the CP observables are determined using a fit to the B-meson reconstructed
mass distribution, mrec, in the range 5230–5600 MeV/c2. This removes most of the PRB
contribution. The combinatorial background level is also low. In order to determine the yield
of the PRB candidates that pass the selection, a fit of the SS decay channel is performed over
a wider fit range. The PRB decays have negligible CP violation in this channel, and therefore
their distributions can be fit reliably using simulation and two fit parameters to determine
the relative fractions of the different components that make up these decays. This is not the
case in decay modes with higher rates of CP violation as there are three amplitudes in the
B± → D∗0K∗± decays, each with its own strong phase difference. Two of these amplitudes
have identical distributions of mrec and hence it is not possible to separate them using this
fit, nor to measure the CP -violating parameters of the B± → D∗0K∗± decays. Instead, the
total yield of PRB contribution in the SS candidates is fit, and the fraction leaking above a
mrec value of 5230 MeV/c2 is determined. The PRB yield in other decay channels is estimated
by taking this yield and scaling by the branching fractions and selection efficiency ratios.
The effect of this assumption is assessed as a systematic uncertainty.

The fit of the mrec distribution of SS decay modes is performed as an unbinned extended
maximum-likelihood fit. The probability density function (PDF) for the signal shape is given
by the sum of a Gaussian and a modified Cruijff function [7] defined as

f(mrec) ∝


exp

[
−(mrec−µ)2(1+β(mrec−µ)2)

2σ2+αL(mrec−µ)2

]
ifmrec − µ < 0,

exp
[

−(mrec−µ)2(1+β(mrec−µ)2)
2σ2+αR(mrec−µ)2

]
ifmrec − µ > 0.

(5.1)

The parameters µ and σ are shared between these two components. The tail parameters αL,
αR and β of the modified Cruijff function are determined from simulation. In the fit to data
the mean, width, and signal yield are freely varied. Combinatorial background is modelled
by an exponential function and the slope and yield are determined in the fit to data. The
PRB candidates to the left of the signal peak are modelled as in ref. [46]. The results of the
fit for the two- and four-body SS decays are shown in figures 1 and 2, respectively. The yield
of the PRB candidates in the region above 5230 MeV/c2 is 25± 1 in the two-body SS decay
mode and 17± 1 in the four-body SS decay mode. The yield of the PRB candidates in the
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Figure 1. Reconstructed-mass (mrec) distribution of the two-body favoured (SS) mode Kπ with the
fit result superimposed, using the full Run 1 and Run 2 datasets. In the legend, missing particles
which are not reconstructed are shown inside square brackets.
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Figure 2. Reconstructed-mass (mrec) distribution of the four-body favoured (SS) mode Kπππ with
the fit result superimposed, using the full Run 1 and Run 2 dataset. In the legend, missing particles
which are not reconstructed are shown inside square brackets.

other decay channels is determined by scaling the yield in the SS decay by the appropriate
D decay branching-fraction ratio and selection efficiencies.

In certain channels, there are further peaking backgrounds under or near the signal peak
that need to be accounted for in the fit. One is the decay of a B meson to the same final
state as the signal, but with no intermediate charm meson. This charmless background
is reduced by the requirement that the D-meson vertex is displaced from that of the B
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meson. This background is studied by examining events in the region 1910–1960 MeV/c2 of
D-meson reconstructed mass. Significant yields of this background remain in the D → ππ

and D → ππππ channels. They are determined by fits to the distributions of reconstructed
B mass in the D-meson higher mass sidebands, separately for each B charge. The mean
and width in these fits are obtained from data. The shape of the background is similar
to, but wider than, the signal.

Background from Λ0
b → Λ+

c (→ pK−[π+])K∗− decays can contribute under the signal peak
in mrec distribution for the D → K+K− decay mode when the pion from the Λ+

c is missed in
the reconstruction and the proton is misidentified as a kaon. The shape of this background
is determined from a fit to the reconstructed-mass distribution of simulated Λ0

b → Λ+
c K

∗−

decays, that are reconstructed in the same way as the signal decays, with an extended Cruijff
function used to model it. The yield of this background is determined relative to the signal
yield taking into account the relative production ratios of the Λ0

b and B± hadrons [47], the
ratio of branching fractions of the signal and background decays [41] and the relative efficiency
of selecting the background in comparison to the signal decay mode. As no large CP violation
is observed in baryons, this background is assumed to occur equally for B+ and B− decays
and is approximately 2% of the signal yield for the D → K+K− mode.

Decays of the type B0
s → D0K∗∗0, with K∗∗0 → K∗−[π+] and K∗− → K0

Sπ
−, where the

pion from the K∗∗0 decay is missed and not reconstructed, can appear in the region below
the signal peak in mrec distribution. These decays are favoured in the OS modes considered
in this measurement, where low signal yields are expected. These backgrounds are suppressed
in the SS decay modes and hence the yield of this B0

s background cannot be determined from
the SS sample. Instead the B0

s background is determined from the lower sideband of the OS
samples using candidates with mrec in the range 4900–5230 MeV/c2 with both B± charges
combined. The process is carried out separately for the two and four body channels. The
candidates in this sideband are assumed to be either combinatorial background, PRB, or the
B0

s background of interest. Using the technique of background subtraction, the combinatorial
background and PRB are removed from the sample. The mrec distribution and yield of the
combinatorial background to be subtracted is determined from a fit to candidates with mrec
above 5400 MeV/c2. The mrec distribution for the PRB candidates is taken from the fit in
figure 1. The PRB yield in the OS sample is determined by the multiplying the corresponding
yield in the SS sample by the ratio RX

OS in eq. (2.6), which is determined using physics
input values from ref. [4]. While values of rB and δB are not correct for the B → D∗K∗

decays, the final impact of these choices results in a small systematic uncertainty. After
subtraction, the remaining distribution in the OS sideband is assumed to be solely from
B0

s decays. Fast simulation [48] is used to generate samples of B0
s → D0K∗∗0 decays, where

K∗∗0 is one of the following resonances: K1(1270)0, K1(1400)0, K∗(1410)0, K∗(1430)0 and
K∗

2(1430)0. The resulting mrec shape is similar and averaged over the five resonances. This
shape is used to fit the OS sideband and determine the expected yield of the B0

s background
above 5230 MeV/c2. For the two-body OS channel this is 2.5 candidates summed over both
charges. Any CP violation in these B0

s decays is assumed to be negligible [46], and hence
1.25 candidates of this background are assigned to each charge. The corresponding yield of
the B0

s background in the four-body OS decay channel is 2. The size of the B0
s background
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in the other decay channels can be found by scaling 2.5 by the appropriate ratio of D-decay
branching fractions and selection efficiencies. In these other channels the B0

s background
yield is negligible and therefore are not considered further.

6 Signal yields and observation of decays

Signal yields are estimated from an unbinned simultaneous maximum-likelihood fit to mrec,
where the categories are the D-meson decay channel and B-meson charge. The mass range is
reduced to 5230–5600 MeV/c2 to remove the partially reconstructed B → D∗K∗ backgrounds.
The two main components of the fit are the signal and the combinatorial background. The
signal is modelled by the same function used in the fit with a wider mass range in figures 1
and 2, where the mean and width are freely varying. The two-body decay categories of the D
meson all share the same mean and width. The same is the case for the four-body D-decay
categories. For the three-body decay categories, the signal function is simplified and consists
only of the modified Cruijff PDF shown in eq. (5.1). The µ and σ parameters are freely varying
and shared across the three-body decay categories with the tail parameters determined from
simulation. The tail parameters are shared across both the K0

Shh mdoes. The combinatorial
background is modelled by an exponential PDF. The yield of this background is freely varying
in each category. The slope of the exponential PDF is shared between the two- and four-body
categories, which is valid as seen from the fits in figures 1 and 2. For the small residual PRB
contribution, the yield and shape are described in section 5. Backgrounds specific to certain
decay channels described in section 5 are also included.

The results of this fit are given in table 1. As expected, there are large signal yields
in the SS two- and four-body decay modes, approximately 2.5 times larger than those in
ref. [13]. This is due to the inclusion of data collected in 2017 and 2018. The signal yield
of the B decay where D → K0

Sππ is an order of magnitude larger than that analysed at
Belle [10] and around three times that analysed at BaBar [11]. A further fit is performed
where the OS decay modes have both charges combined. Using Wilks’ theorem [49], it is
found that the statistical significance of an observation for πK and πKππ is above five
standard deviations. This is the first observation of the suppressed B± → [π±K∓]DK∗±

and B± → [π±K∓π±π∓]DK∗± decays.

7 Determination of CP -violating observables

The CP -violating observables are determined through simultaneous fits to the reconstructed-
mass distributions where the events are separated by category. For the two- and four-body
decays, the categories are each D-decay mode, separated into B+ and B− candidates. The
three-body decay modes are further separated into the defined bins on the Dalitz plot.

The signal yields in this simultaneous fit to the different mass distributions are expressed
in terms of the CP -violating parameters, which allows the direct determination of their statis-
tical correlations and eases the subsequent determination of common systematic uncertainties.
Corrections are included in the fit to take into account B± production asymmetries and detec-
tion asymmetries for K± and π±. The B± production asymmetry, AB+ = (+0.028± 0.068)%,
is taken from ref. [50]. The kaon detection asymmetry AK+ is mainly due to the nuclear
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D decay mode B− B+ Purity (%)

Kπ 2656± 55 2844± 57 94
KK 366± 20 274± 18 90
ππ 121± 13 63± 10 69
πK 5± 4 35± 7 58
Kπππ 1665± 44 1783± 45 93
ππππ 160± 14 149± 14 77
πKππ 13± 5 18± 5 58
K0

Sππ 279± 18 268± 18 85
K0

SKK 29± 6 40± 7 86

Table 1. Summary of the observed signal yields for each D-decay channel and for each B-meson
charge. The uncertainties are statistical only. The purity in the mass region 5230–5330 MeV/c2 is also
given for both the charges combined.

interaction length difference between K+ and K− coming from differences in the interaction
with the material as they pass through the LHCb detector. This is corrected using the
difference in detection asymmetries between kaons and pions, AK+π− = (−0.960± 0.134)%,
which is defined such that a higher K+π− detection efficiency leads to a positive asymmetry.
The pion detection asymmetry Aπ− is corrected using Aπ− = (−0.064± 0.019)%, where the
uncertainty includes systematic effects [51].

The raw asymmetry Araw from the signal yields of B+ and B− decays is made of the
CP asymmetry AX

CP and the asymmetry corrections Acorr as

Araw = AX
CP +Acorr. (7.1)

In the case of the two- and four-body decay modes the signal yield in each decay mode and
each charge is reparametrised in terms of the CP -violating observables, the production and
detection asymmetries, the signal yield of the SS decay that has the same D-decay final-state
multiplicity and efficiency ratios. These efficiency ratios take into account the differences
in selection between the signal channel and the relevant SS decay channel. The efficiency
is determined through simulation except for the efficiency of PID requirements which is
determined using a data-driven method [52].

In the case of the three-body decay modes, there are two separate free normalisation
parameters for the two B-meson charges. This means that the result is independent of
production and detection asymmetries. The signal yields in each bin are parametrised using
eq. (2.10), where the two normalisation parameters N± are set up to be the total B+ and
B− yield integrated over the phase space for each decay channel. The Fi parameters are
those determined in ref. [7]. The values of ci and si are determined by BESIII in refs. [24, 25]
which include a combination with the results from CLEO [23] and are fixed in the fit. The
PDF describing the mrec in each category is the same as for the data combined across phase
space. The tail parameters are the same in each Dalitz plot bin and fixed from simulation.
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The differences between each bin are negligible. The mean mass and width are shared across
the categories. The slope of the combinatorial background is fixed from the fit integrated
over phase space and is the same in each Dalitz plot bin. This simplification is motivated
through inspection of the data and has negligible associated systematic uncertainty. However,
the combinatorial yield is determined by the fit separately for each Dalitz plot bin. The yield
of PRB candidates integrated over phase space is determined from scaling the yield observed
in the D → Kπ SS decay. In a B− decay it is assumed that the PRB candidates contains
a D0, and hence the yield of this background is distributed according to the Fi values over
the phase space with this assumption. As the estimated yield of the PRB candidates in
the K0

Sππ(K0
SKK) decay category after selection is 6(1), the impact of this assumption is

negligible. Hence, the free parameters that describe the data are the mean and width of
the signal, the total yield of B+ and B− for each decay channel, the yield of combinatorial
background in each category, and the CP -violating observables x± and y±.

The fits for all decay modes are tested through pseudoexperiments to assess any fit
bias. No bias is found and the uncertainties are found to be well estimated for the two- and
four-body decay modes. In the case of the three-body decay modes there is evidence of a
small bias of up to 7% of the statistical uncertainty. The source of the bias is determined
to be due to the very low signal yields that occur in some categories. The fit results are
corrected for this small bias.

The results of the fit for the two- and four-body decay modes are shown in figures 3–5,
with numerical results provided in section 9. There are small asymmetries within the SS
sample, as expected by the physics parameters, with noticeably larger values for the OS
and (quasi)-CP -eigenstate decay channels, although not all are statistically significant. The
results of the three-body decay modes are visually presented in figure 6, where the x± and
y± are shown. The opening angle between the two vectors joining the central values to the
origin is 2γ. To investigate the goodness-of-fit in the three-body decay channels, a further fit
is run, where the signal yield is not parametrised in terms of the fit observables described
above, but freely varying in each category. Asymmetries are calculated and shown in figure 7.
The asymmetries are calculated in effective bin pairs, labelled i, that compare the yield of
B− decays in a bin i with the yield of B+ decays in a bin −i. Also shown are the expected
asymmetries given the fitted values of x± and y±. The agreement is good between the two
approaches with a χ2 value of 1.6 per degree of freedom and this demonstrates that the
system of equations used to fit the data is reasonable.

8 Systematic uncertainties

Several sources of systematic uncertainties affect the measurement. Two methods are used to
compute the systematic uncertainties on the CP observables. To evaluate the uncertainty
due to parameters that are kept constant in the fit to determine CP observables, the data fit
is repeated thousands of times while varying the given parameter according to a Gaussian
function whose width corresponds to the uncertainty on the parameter. Where more than one
parameter is varied (e.g. the ci), the correlations between them are taken into account. The
systematic uncertainty for each CP observable is taken to be the standard deviation of the fit
parameter distribution from these many fits. Other systematic uncertainties are evaluated
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Figure 3. Reconstructed-mass (mrec) distributions for the favoured (top) Kπ and (bottom) Kπππ
modes for (left) B− and (right) B+ decays, obtained with data corresponding to the full Run 1 and
Run 2 datasets. Fit result is also shown.

by generating thousands of pseudoexperiments with an alternative model and fitting back
with the default fit. In this case, the systematic uncertainty is computed as the difference
between the generated value and the mean of the fit parameter distribution.

In the CP fit involving two- and four-body decays, uncertainties are assigned for the
fixed values of production and detection asymmetries, branching fractions, and the ratios of
selection efficiencies. Systematic uncertainties related to the signal mass model are assessed
by determining the impact of the fixed parameters in the signal shape.

To assess the assumption that the slope of the combinatorial background is the same
in decay modes with the same number of final-state particles, the high sideband region
of mrec is fitted independently for each D-meson decay mode. Pseudoexperiments are
generated with the result of this fit, but fitted back with the nominal model to determine
the corresponding uncertainty. Uncertainties in the yields of the PRB contribution that
remain present for mrec > 5230 MeV/c2 are estimated from varying the yields and shape in
the initial fit. The assumption of no CP violation in these decays does not contribute to any
significant systematic effects. The systematic uncertainties for the other backgrounds are
also determined by variation of the yield and shape of each background. Due to the nature
of the simultaneous fit, those backgrounds present only in certain modes have small effects
on CP parameters that are primarily determined from other decay modes.
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Figure 4. Reconstructed-mass (mrec) distributions for the (top row) KK, (middle row) ππ and
(bottom row) ππππ modes for (left) B− and (right) B+ decays, obtained with data corresponding to
the full Run 1 and Run 2 datasets. Fit result is also shown.
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Figure 5. Reconstructed-mass (mrec) distributions for the suppressed (top row) πK and (bottom
row) πKππ modes for (left) B− and (right) B+ decays, obtained with data corresponding to the full
Run 1 and Run 2 datasets. Fit result is also shown.

The summary of systematic uncertainties is given in table 2. In all modes except D → ππ

and D → ππππ, the systematic uncertainty is less than 50% of the statistical one. For
the D → ππ and D → ππππ decay modes, the impact of the uncertainties in the charmless
decays is significant. Uncertainties on the branching fractions have a large impact in the
ratio observables.

In the three-body decay modes, the leading systematic uncertainty on y± arises from
the input parameters ci and si . The Fi values are also fixed in the fit and determined from
B± → Dπ± decays. Small differences in the relative efficiency over the Dalitz plot of this
control channel and the signal channel are determined in simulation. The changes are due to
a looser requirement on the momentum of long K0

S candidates in B±→ DK∗± decays at the
initial stage of the selection. These changes are used to modulate the Fi values with which
psuedoexperiments are generated. They are fitted with the nominal Fi values to determine
the associated systematic uncertainty. This is the leading source of uncertainty on x±.

A systematic uncertainty for the fixed value of κ is determined by generating pseudo-
datasets with κ± σκ, where σκ is the uncertainty associated with it as determined in ref. [13],
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Figure 6. Central values for the measured (x±, y±) parameters along with two-dimensional confidence
regions of 68% and 95%, considering statistical uncertainty. The red (blue) contours correspond to
the observables related to B+ (B−) decays with three-body D modes.

Figure 7. Raw asymmetry in each effective bin pair. It is determined using the fitted CP -violating
observables (blue histogram) and the results of an alternative fit where the signal yield in each Dalitz
plot bin is a free parameter (black points, with statistical uncertainties).
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σ(x+) σ(y+) σ(x−) σ(y−)
ci, si uncertainty 0.4 1.9 0.9 3.9
Fi inputs 1.5 0.4 1.7 0.4
Value of κ 0.8 0.4 0.6 0.8
Efficiency correction to ci, si 0.0 0.0 0.2 0.6
Bin migration 0.4 0.2 0.3 0.4
Mass model 0.1 0.1 0.1 0.3
Bias correction 0.4 0.6 0.3 0.6
Total systematic 1.8 2.1 2.1 4.1
Statistical 5.2 6.4 6.0 11.4

Table 3. Summary of systematic uncertainties for three-body modes (×10−2).

and fitting them with the nominal value of 0.95. The largest deviation in the CP observables
is taken as the systematic uncertainty. The nonuniform efficiency over the Dalitz plot can
lead to a small difference between the measured values of ci and si, and efficiency-corrected
values. The size of the correction is estimated using simulation to provide the efficiency
profile and the decay models from ref. [53] for D → K0

Sππ and ref. [54] for D → K0
SKK, and

fits to pseudodatasets are used to determine the systematic uncertainty.

Migration between the Dalitz plot bins can occur due to resolution effects on the
momentum of final-state particles. To first order, these effects are incorporated into the
Fi values. However, second-order effects arise due to the differences in CP violation in
B± → Dπ± and B± → DK∗± decays. These are determined by using the momentum
resolution in simulation, the CP violation observables of B±→ Dπ± [55], CP violation
observables of B±→ DK∗± determined in this analysis, and the D-decay model from ref. [53].
The observed differences between the two modes are used to generate pseudoexperiments
which are then fit with the nominal procedure to assign the systematic uncertainty due to
momentum resolution. The impact of the signal model is investigated by changing the fit
function to a modified Crystal Ball [56] with different widths on both sides. This has an
almost negligible impact. Removing the PRB contribution entirely has no impact on the
fit results and is not considered further. Corrections to the observed bias in the fit model
to measure the CP observables are obtained through pseudoexperiments. The dependence
of this bias correction on the values of γ, δB, and rB used in these simulation studies is
investigated by generating alternate pseudoexperiments with varied values of γ, δB, and rB.
The change in bias correction values is taken as the systematic uncertainty. A summary of
the systematic uncertainties in the three-body decay modes is given in table 3. The total
systematic uncertainties are approximately 35% of the statistical uncertainties.
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9 Results and interpretation

The final results of CP observables for all the decay modes with statistical and systematic
uncertainties are:

AKπ
SS = −0.024 ± 0.014 ± 0.002,

AKK
CP = 0.14 ± 0.04 ± 0.001,
Aππ

CP = 0.31 ± 0.09 ± 0.05,
AπK

OS = −0.73 ± 0.16 ± 0.03,
RKK

CP = 1.10 ± 0.05 ± 0.01,
Rππ

CP = 0.96 ± 0.09 ± 0.05,
RπK

OS = 0.0098± 0.0019± 0.0002,
AKπππ

SS = −0.024 ± 0.018 ± 0.002,
Aππππ

CP = 0.04 ± 0.06 ± 0.03,
AπKππ

OS = −0.19 ± 0.22 ± 0.01,
Rππππ

CP = 1.05 ± 0.07 ± 0.05,
RπKππ

OS = 0.0118± 0.0026± 0.0001,
x+ = 0.003 +0.051

−0.052 ± 0.018 ± 0.004,
y+ = 0.056 +0.059

−0.064 ± 0.009 ± 0.019,
x− = 0.139 +0.051

−0.060 ± 0.019 ± 0.009,
y− = −0.175 +0.114

−0.103 ± 0.013 ± 0.039.

In the case of the observables x± and y± the third uncertainty represents the propagated
uncertainty from the external inputs of ci and si. The correlation matrices of the statistical
and systematic uncertainties are provided in the appendix. The correlations related to the
strong-phase inputs are given separately.

The CP -violating observables from the two- and four-body decays are consistent with
the previous measurement made on a partial dataset [13]. In comparison to the B± → DK±

decay [7], the statistical precision on the CP -violating observables is poorer. This is due
to the lower reconstruction efficiency of a K∗± meson compared to a K± meson. However,
the B±→ DK∗± decays provide good sensitivity due to a larger purity. In particular, there
is no counterpart of misidentified background from B± → Dπ± as found in reconstructed
B± → DK± candidates. In addition, the separation in mrec between the signal and the PRB
candidates is larger in this channel than in B± → DK±, which further improves the purity.

The measured CP -violating observables are related to the physics parameters of interest
via eqs. (2.3)–(2.8) and (2.10) in section 2. The interpretation is performed using the
GammaCombo package [55, 57], which can implement a simple profile-likelihood method or
the Feldman-Cousins approach [58] combined with a “plugin” method [59]. The correlations
of statistical and systematic uncertainties for the measured CP -violating observables are
accounted for. The D-decay parameters rKπ

D and δKπ
D are inputs from ref. [4], while rKπππ

D ,
δKπππ

D , and κK3π are taken from a combination of results from BESIII, CLEO-c and LHCb
collaborations [60]. Another required input is the CP -even fraction FCP for the decay
D → ππππ which is measured at BESIII [17]. The uncertainties from these input parameters
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Figure 8. Two-dimensional physics parameter scans showing the contours from the combination with
profile-likelihood method. Yellow, blue and magenta contours show the results for two- and four-body,
three-body and all D-decay modes, respectively. The hatched and solid regions correspond to 68%
and 95% confidence level, respectively.

are accounted for. The combination of the CP -violating observables from the two- and four-
body decay modes leads to two solutions for γ in the range 0–180 degrees as shown in figure 8.
The three-body decay modes lead to a single solution, although in two-dimensional parameter
space no values of γ are excluded at the 95% confidence level. In the combination shown in
figure 9, there is a single solution which is consistent with the current world average of γ.
The following values of the physics parameters are found using the profile-likelihood method:

γ = (63± 13)◦,

rDK∗±
B = 0.103± 0.010,

δDK∗±
B = (47+14

−12)◦.

The uncertainties are found to be the same with the “plugin” method.
In summary, proton-proton collision data corresponding to an integrated luminosity of

9 fb−1 collected by the LHCb experiment at centre-of-mass energies of
√
s = 7, 8 and 13TeV

is used to perform a measurement of γ using the decay B± → DK∗±, where the D meson
decays to two-, three-, and four-body final states. The measured value is γ = (63± 13)◦,
where the uncertainty is statistically dominated. This measurement is a valuable addition to
the knowledge of γ. The CP -violating observables measured here are consistent with and
supersede those presented in ref. [13], and this measurement constitutes the first observation
of the suppressed B± → [π±K∓]DK∗± and B± → [π±K∓π±π∓]DK∗± decays.
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A Correlation matrices

AKπ
SS AKK

CP Aππ
CP AπK

OS RKK
CP Rππ

CP RπK
OS AKπππ

SS Aππππ
CP AπKππ

OS Rππππ
CP RπKππ

OS

AKπ
SS 1 — — — — — — — — — — —

AKK
CP 1 — — −0.019 — — — — — — —

Aππ
CP 1 — — −0.085 — — — — — —

AπK
OS 1 — — 0.183 — — — — —

RKK
CP 1 0.055 0.028 — — — — —

Rππ
CP 1 0.020 — — — — —

RπK
OS 1 — — — — —

AKπππ
SS 1 — — — —

Aππππ
CP 1 — −0.022 —

AπKππ
OS 1 — 0.040

Rππππ
CP 1 0.029

RπKππ
OS 1

Table 4. Correlation matrix of statistical uncertainties on CP observables for two- and four-body
modes. Values below 0.1% are indicated with the symbol “–”.

AKπ
SS AKK

CP Aππ
CP AπK

OS RKK
CP Rππ

CP RπK
OS AKπππ

SS Aππππ
CP AπKππ

OS Rππππ
CP RπKππ

OS

AKπ
SS 1 0.314 — −0.014 — — −0.016 0.918 0.010 −0.169 — —

AKK
CP 1 — −0.017 −0.039 — −0.011 0.319 0.032 0.155 −0.019 0.048

Aππ
CP 1 — — −0.292 — — — — — —

AπK
OS 1 — — 0.220 −0.017 — 0.086 — 0.023

RKK
CP 1 0.051 — — — — — —

Rππ
CP 1 – — — — — —

RπK
OS 1 — — −0.013 — 0.063

AKπππ
SS 1 0.013 −0.173 — 0.013

Aππππ
CP 1 — −0.605 0.025

AπKππ
OS 1 — 0.345

Rππππ
CP 1 —

RπKππ
OS 1

Table 5. Correlation matrix of systematic uncertainties on CP observables for two- and four-body
modes. Values below 0.1% are indicated with the symbol “–”.
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x+ y+ x− y−

x+ 1 −0.144 — —
y+ 1 — —
x− 1 0.448
y− 1

Table 6. Correlation matrix of statistical uncertainties on CP observables for three-body modes.
Values below 0.1% are indicated with the symbol “–”.

x+ y+ x− y−

x+ 1 −0.055 0.030 0.022
y+ 1 −0.158 −0.478
x− 1 0.319
y− 1

Table 7. Correlation matrix of systematic uncertainties on CP observables for three-body modes.

– 24 –



J
H
E
P
0
2
(
2
0
2
5
)
1
1
3

xDK∗+
− yDK∗+

− xDK∗+
+ yDK∗+

+

xDK
− −0.269 −0.073 0.196 −0.039
yDK

− −0.528 −0.647 −0.241 0.457
xDK

+ −0.140 −0.003 −0.157 0.010
yDK

+ −0.422 −0.248 0.267 −0.082
ℜ(ξDπ) 0.013 0.275 −0.078 −0.278
ℑ(ξDπ) 0.305 0.533 0.322 −0.534
xDK∗0

− −0.034 −0.068 −0.024 0.076
yDK∗0

− −0.028 −0.038 −0.015 0.014
xDK∗0

+ 0.052 0.056 0.094 −0.033
yDK∗0

+ 0.033 0.010 0.007 −0.015
xD∗K

− full reco −0.047 −0.051 0.010 0.023
yD∗K

− full reco 0.022 0.022 −0.020 −0.013
xD∗K

+ full reco −0.033 −0.046 0.009 0.042
yD∗K

+ full reco −0.025 −0.048 0.029 0.024
ℜ(ξD∗π) full reco 0.059 0.056 0.002 −0.022
ℑ(ξD∗π) full reco 0.046 0.028 −0.013 0.011
xD∗K

− part reco −0.039 −0.012 0.032 0.041
yD∗K

− part reco −0.026 −0.005 0.020 0.013
xD∗K

+ part reco 0.008 0.035 −0.040 0.002
yD∗K

+ part reco −0.024 −0.053 0.006 0.005
ℜ(ξD∗π) part reco −0.042 −0.018 0.013 0.020
ℑ(ξD∗π) part reco −0.044 −0.008 0.000 0.026
xDK∗+

− 1.000 −0.520 0.080 0.170
yDK∗+

− 1.000 −0.410 −0.560
xDK∗+

+ 1.000 0.760
yDK∗+

+ 1.000

Table 8. Correlations in the CP observables for the strong-phase related systematic uncertainties
in three-body modes of different B-meson decay channels. The blocks of rows correspond to B±→
Dh± [7], B0 → DK∗0 [61], fully reconstructed B± → D∗h± [62], partially reconstructed B± →
D∗h± [63] and B±→ DK∗± (this analysis) channels, respectively.

Note added. All LHCb scientific output is published in journals, with preliminary results
made available in Conference Reports. All are Open Access, without restriction on use
beyond the standard conditions agreed by CERN.
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