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Measurements of CP observables in B± → D(∗) K ± and B± → D(∗)π± decays are presented, where D(∗)

indicates a neutral D or D∗ meson that is an admixture of D(∗)0 and D̄(∗)0 states. Decays of the D∗
meson to the Dπ0 and Dγ final states are partially reconstructed without inclusion of the neutral pion 
or photon, resulting in distinctive shapes in the B candidate invariant mass distribution. Decays of the D
meson are fully reconstructed in the K ±π∓, K + K − and π+π− final states. The analysis uses a sample 
of charged B mesons produced in pp collisions collected by the LHCb experiment, corresponding to an 
integrated luminosity of 2.0, 1.0 and 2.0 fb−1 taken at centre-of-mass energies of 

√
s = 7, 8 and 13 TeV, 

respectively. The study of B± → D∗ K ± and B± → D∗π± decays using a partial reconstruction method 
is the first of its kind, while the measurement of B± → D K ± and B± → Dπ± decays is an update of 
previous LHCb measurements. The B± → D K ± results are the most precise to date.

© 2017 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Overconstraining the Unitarity Triangle (UT) derived from the 
Cabibbo–Kobayashi–Maskawa (CKM) quark-mixing matrix is cen-
tral to testing the Standard Model (SM) description of
CP violation [1]. The least well known angle of the UT is
γ ≡ arg(−V ud V ∗

ub/V cd V ∗
cb), which has been determined with a 

precision of about 7◦ from a combination of measurements [2,
3] (cf . 3◦ and < 1◦ on the angles α and β [4,5]). Among the UT 
angles, γ is unique in that it does not depend on any top-quark 
coupling, and can thus be measured in decays that are dominated 
by tree-level contributions. In such decays, the interpretation of 
physical observables (rates and CP asymmetries) in terms of the 
underlying UT parameters is subject to small theoretical uncertain-
ties [6]. Any disagreement between these measurements of γ and 
the value inferred from global CKM fits performed without any γ
information would invalidate the SM description of CP violation.

The most powerful method for determining γ in decays domi-
nated by tree-level contributions is through the measurement of 
relative partial widths in B− → D K − decays, where D repre-

sents an admixture of the D0 and D
0

states.1 The amplitude for 
the B− → D0 K − decay, which at the quark level proceeds via a
b → cūs transition, is proportional to V cb . The corresponding am-

plitude for the B− → D
0

K − decay, which proceeds via a b → uc̄s

1 The inclusion of charge-conjugate processes is implied except in any discussion 
of asymmetries.

transition, is proportional to V ub . By studying hadronic D decays 
accessible to both D0 and D

0
mesons, phase information can be 

extracted from the interference between these two amplitudes. The 
degree of the resulting CP violation is governed by the size of 
rD K

B , the ratio of the magnitudes of the B− → D
0

K − and B− →
D0 K − amplitudes. The relatively large value of rD K

B ≈ 0.10 [3] in 
B− → D K − decays allows the determination of the relative phase 
of the two interfering amplitudes. This relative phase has both 
CP -violating (γ ) and CP -conserving (δD K

B ) contributions; a mea-
surement of the decay rates for both B+ and B− gives sensitivity 
to γ . Similar interference effects also occur in B− → Dπ− decays, 
albeit with lower sensitivity to the phases. The reduced sensitiv-
ity is the result of additional Cabibbo suppression factors, which 
decrease the ratio of amplitudes relative to B− → D K − decays by 
around a factor of 20.

The B− → D∗K − decay, in which the vector D∗ meson2 de-
cays to either the Dπ0 or Dγ final state, also exhibits CP -violating 
effects when hadronic D decays accessible to both D0 and D

0

mesons are studied. In this decay, the exact strong phase difference 
of π between D∗ → Dπ0 and D∗ → Dγ decays can be exploited 
to measure CP observables for states with opposite CP eigen-
values [7]. The degree of CP violation observed in B− → D∗K −
decays is set by the magnitude of the ratio rD∗K

B ≈ 0.12 [3], and 

2 D∗ represents an admixture of the D∗(2007)0 and D̄∗(2007)0 states.
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measurement of the phase for both B+ and B− allows γ and δD∗K
B

to be disentangled.
The study of B− → D(∗) K − decays for measurements of γ was 

first suggested for CP eigenstates of the D decay, for example 
the CP -even D → K +K − and D → π+π− decays, labelled here 
as GLW modes [8,9]. In this work, the GLW decays D → K +K −
and D → π+π− are considered along with the Cabibbo-favoured 
D → K −π+ decay, where the latter decay is used for normalisa-
tion purposes and to define shape parameters in the fit to data 
(see Sec. 4).

The B− → [h+
1 h−

2 ]Dh− decays, in which h+
1 , h−

2 and h− can each 
represent either a charged kaon or pion and the D-meson decay 
products are denoted inside square brackets, have been studied at 
the B factories [10,11] and at LHCb [12]. This Letter reports up-
dated and improved results using a sample of charged B mesons 
from pp collisions collected by the LHCb experiment, correspond-
ing to an integrated luminosity of 2.0, 1.0 and 2.0 fb−1 taken at 
centre-of-mass energies of 

√
s = 7, 8 and 13 TeV, respectively. The 

data taken at 
√

s = 13 TeV benefits from a higher B± meson pro-
duction cross-section and a more efficient trigger, so this update of 
the B− → [h+

1 h−
2 ]Dh− modes gains approximately a factor of two 

in signal yield relative to Ref. [12]. The B− → ([h+
1 h−

2 ]Dπ0)D∗h−
and B− → ([h+

1 h−
2 ]Dγ )D∗h− decays, where the D∗-meson decay 

products are denoted in parentheses, have also been studied by 
the B factories [13,14], while this work presents the first analysis 
of these decays at LHCb.

The small D∗ − D mass difference and the conservation of angu-
lar momentum in D∗ → Dπ0 and D∗ → Dγ decays results in dis-
tinctive signatures for the B− → D∗K − signal in the D K − invari-
ant mass, allowing yields to be obtained with a partial reconstruc-
tion technique. Since the reconstruction efficiency for low momen-
tum neutral pions and photons is relatively low in LHCb [15], the 
partial reconstruction method provides significantly larger yields 
compared to full reconstruction, but the statistical sensitivity per 
signal decay is reduced due to the need to distinguish several 
signal and background components in the same region of D K −
invariant mass.

A total of 19 measurements of CP observables are reported, 
eight of which correspond to the fully reconstructed
B− → [h+

1 h−
2 ]Dh− decays while the remaining 11 relate to the 

partially reconstructed B− → ([h+
1 h−

2 ]Dπ0/γ )D∗h− decays. In the 
latter case, the neutral pion or photon produced in the decay of the 
D∗ vector meson is not reconstructed in the final state. A summary 
of all measured CP observables is provided in Table 1. In addition, 
the branching fractions B(B− → D∗0π−) and B(D∗0 → D0π0), 
along with the ratio of branching fractions B(B−→D∗0 K −)

B(B−→D0 K −)
, are re-

ported.
All of the charge asymmetry measurements are affected by an 

asymmetry in the B± production cross-section and any charge 
asymmetry arising from the LHCb detector efficiency, together 
denoted as σ ′ . This effective production asymmetry, defined as 
Aeff

B± = σ ′(B−)−σ ′(B+)
σ ′(B−)+σ ′(B+)

, is measured from the charge asymmetry of 
the most abundant B− → [K −π+]Dπ− mode. In this mode, the 
CP asymmetry is fixed to have the value AKπ

π = (+0.09 ± 0.05)%, 
which is determined using knowledge of γ and rD K

B from Ref. [2], 
where AKπ

π was not used as an input observable. This uncertainty 
is smaller than that of previous measurements of the B± pro-
duction asymmetry measured at 

√
s = 7 and 8 TeV [16,17], and 

reduces the systematic uncertainties of the asymmetries listed in 
Table 1. The value of Aeff

B± is applied as a correction to all other 
charge asymmetries. The remaining detection asymmetries, most 
notably due to different numbers of K + and K − mesons appearing 
in each final state, are corrected for using independent calibration 

Table 1
Summary table of the 19 measured CP observables, defined in terms of B meson 
decay widths. Where indicated, CP represents an average of the D → K + K − and 
D → π+π− modes. The R observables represent partial width ratios and double 
ratios, where R Kπ,π0/γ

K/π is an average over the D∗ → Dπ0 and D∗ → Dγ modes. 
The A observables represent CP asymmetries.

Observable Definition

R Kπ
K/π

�(B−→[K −π+]D K −)+�(B+→[K +π−]D K +)
�(B−→[K −π+]D π−)+�(B+→[K +π−]D π+)

R K K �(B−→[K − K +]D K −)+�(B+→[K + K −]D K +)
�(B−→[K − K +]D π−)+�(B+→[K + K −]D π+)

× 1
R Kπ

K/π

Rππ �(B−→[π−π+]D K −)+�(B+→[π+π−]D K +)
�(B−→[π−π+]D π−)+�(B+→[π+π−]D π+)

× 1
R Kπ

K/π

AKπ
K

�(B−→[K −π+]D K −)−�(B+→[K +π−]D K +)
�(B−→[K −π+]D K −)+�(B+→[K +π−]D K +)

AK K
K

�(B−→[K − K +]D K −)−�(B+→[K + K −]D K +)
�(B−→[K − K +]D K −)+�(B+→[K + K −]D K +)

Aππ
K

�(B−→[π−π+]D K −)−�(B+→[π+π−]D K +)
�(B−→[π−π+]D K −)+�(B+→[π+π−]D K +)

AK K
π

�(B−→[K − K +]D π−)−�(B+→[K + K −]D π+)
�(B−→[K − K +]D π−)+�(B+→[K + K −]D π+)

Aππ
π

�(B−→[π−π+]D π−)−�(B+→[π+π−]D π+)
�(B−→[π−π+]D π−)+�(B+→[π+π−]D π+)

R Kπ,π0/γ
K/π

�(B−→([K −π+]D π0/γ )D∗ K −)+�(B+→([K +π−]D π0/γ )D∗ K +)

�(B−→([K −π+]D π0/γ )D∗ π−)+�(B+→([K +π−]D π0/γ )D∗ π+)

RCP ,π0 �(B−→([CP ]D π0)D∗ K −)+�(B+→([CP ]D π0)D∗ K +)

�(B−→([CP ]D π0)D∗ π−)+�(B+→([CP ]D π0)D∗ π+)
× 1

R
Kπ,π0/γ
K/π

RCP ,γ �(B−→([CP ]D γ )D∗ K −)+�(B+→([CP ]D γ )D∗ K +)

�(B−→([CP ]D γ )D∗ π−)+�(B+→([CP ]D γ )D∗ π+)
× 1

R
Kπ,π0/γ
K/π

AKπ,π0

K
�(B−→([K −π+]D π0)D∗ K −)−�(B+→([K +π−]D π0)D∗ K +)

�(B−→([K −π+]D π0)D∗ K −)+�(B+→([K +π−]D π0)D∗ K +)

AKπ,π0

π
�(B−→([K −π+]D π0)D∗ π−)−�(B+→([K +π−]D π0)D∗ π+)

�(B−→([K −π+]D π0)D∗ π−)+�(B+→([K +π−]D π0)D∗ π+)

AKπ,γ
K

�(B−→([K −π+]D γ )D∗ K −)−�(B+→([K +π−]D γ )D∗ K +)

�(B−→([K −π+]D γ )D∗ K −)+�(B+→([K +π−]D γ )D∗ K +)

AKπ,γ
π

�(B−→([K −π+]D γ )D∗ π−)−�(B+→([K +π−]D γ )D∗ π+)

�(B−→([K −π+]D γ )D∗ π−)+�(B+→([K +π−]D γ )D∗ π+)

ACP ,π0

K
�(B−→([CP ]D π0)D∗ K −)−�(B+→([CP ]D π0)D∗ K +)

�(B−→([CP ]D π0)D∗ K −)+�(B+→([CP ]D π0)D∗ K +)

ACP ,π0

π
�(B−→([CP ]D π0)D∗ π−)−�(B+→([CP ]D π0)D∗ π+)

�(B−→([CP ]D π0)D∗ π−)+�(B+→([CP ]D π0)D∗ π+)

ACP ,γ
K

�(B−→([CP ]D γ )D∗ K −)−�(B+→([CP ]D γ )D∗ K +)

�(B−→([CP ]D γ )D∗ K −)+�(B+→([CP ]D γ )D∗ K +)

ACP ,γ
π

�(B−→([CP ]D γ )D∗ π−)−�(B+→([CP ]D γ )D∗ π+)

�(B−→([CP ]D γ )D∗ π−)+�(B+→([CP ]D γ )D∗ π+)

samples. These corrections transform the measured charge asym-
metries into CP asymmetries.

2. Detector and simulation

The LHCb detector [15,18] is a single-arm forward spectrome-
ter 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 ver-
tex detector surrounding the pp interaction region, a large-area 
silicon-strip detector located upstream of a dipole magnet with a 
bending power of about 4 Tm, and three stations of silicon-strip 
detectors and straw drift tubes placed downstream of the magnet. 
The tracking system provides a measurement of 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 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 infor-
mation from two ring-imaging Cherenkov detectors (RICH) [19,
20]. Photons, electrons and hadrons are identified by a calorime-
ter system consisting of scintillating-pad and preshower detectors, 
an electromagnetic calorimeter and a hadronic calorimeter. Muons 
are identified by a system composed of alternating layers of iron 
and multiwire proportional chambers.

The trigger consists of a hardware stage, based on information 
from the calorimeter and muon systems, followed by a software 
stage, in which all charged particles with pT > 500 (300) MeV are 
reconstructed for 2011 (2012) data, and pT > 70 MeV for 2015 and 
2016 data. At the hardware trigger stage, events are required to 
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contain a muon with high pT or a hadron, photon or electron with 
high transverse energy in the calorimeters. For hadrons, the trans-
verse energy threshold varied between 3 and 4 GeV between 2011 
and 2016. The software trigger requires a two-, three- or four-track 
secondary vertex with significant displacement from all primary 
pp interaction vertices. A multivariate algorithm [21,22] is used for 
the identification of secondary vertices consistent with the decay 
of a b hadron.

In the simulation, pp collisions are generated using Pythia8 [23]
with a specific LHCb configuration [24]. Decays of hadronic parti-
cles are described by EvtGen [25], in which final-state radiation is 
generated using Photos [26]. The interaction of the generated par-
ticles with the detector, and its response, are implemented using 
the Geant4 toolkit [27] as described in Ref. [28].

3. Event selection

After reconstruction of the D-meson candidate from two op-
positely charged particles, the same event selection is applied to 
all B− → D(∗)h− channels. Since the neutral pion or photon from 
the vector D∗ decay is not reconstructed, partially reconstructed 
B− → D∗h− decays and fully reconstructed B− → Dh− decays 
contain the same reconstructed particles, and thus appear in the 
same sample. These decays are distinguished according to the re-
constructed invariant mass m(Dh), as described in Sec. 4.

The reconstructed D-meson candidate mass is required to be 
within ±25 MeV/c2 of the known D0 mass [29], which corre-
sponds to approximately three times the mass resolution. The kaon 
or pion originating from the B− decay, subsequently referred to 
as the companion particle, is required to have pT in the range 
0.5–10 GeV/c and p in the range 5–100 GeV/c. These require-
ments ensure that the track is within the kinematic coverage of 
the RICH detectors, which are used to provide particle identifi-
cation (PID) information. Details of the PID calibration procedure 
are given in Sec. 4. A kinematic fit is performed to each de-
cay chain, with vertex constraints applied to both the B− and D
decay products, and the D candidate constrained to its known 
mass [30]. Events are required to have been triggered by either 
the decay products of the signal candidate, or by particles pro-
duced elsewhere in the pp collision. Each B− candidate is asso-
ciated to the primary vertex (PV) to which it has the smallest 
χ2

IP, which is quantified as the difference in the vertex fit χ2 of 
a given PV reconstructed with and without the considered parti-
cle. The B− meson candidates with invariant masses in the in-
terval 4900–5900 MeV/c2 are retained. This range is wider than 
that considered in Ref. [12], in order to include the partially re-
constructed B− → ([h+

1 h−
2 ]Dπ0)D∗h− and B− → ([h+

1 h−
2 ]Dγ )D∗h−

decays, which fall at m(Dh) values below the known B− meson 
mass.

A pair of boosted decision tree (BDT) classifiers, implement-
ing the gradient boost algorithm [31], is employed to achieve 
further background suppression. The BDTs are trained using 
simulated B− → [K −π+]D K − decays and a background sam-
ple of K −π+K − combinations in data with invariant mass in 
the range 5900–7200 MeV/c2; the training was also repeated
using partially reconstructed B− → ([K −π+]Dπ0)D∗ K − and
B− → ([K −π+]Dπ0)D∗ K − decays, and the difference in perfor-
mance found to be negligible. No evidence of overtraining was 
found in the training of either BDT. For the first BDT, back-
ground candidates with a reconstructed D-meson mass more than 
30 MeV/c2 from the known D0 mass are used in the training. 
In the second BDT, background candidates with a reconstructed 
D-meson mass within ±25 MeV/c2 of the known D0 mass are 
used. A loose requirement on the classifier response of the first 
BDT is applied prior to training the second one. This focuses the 

second BDT training on a background sample enriched with fully 
reconstructed D mesons. Both BDT classifier responses are found 
to be uncorrelated with the B-candidate invariant mass.

The input to both BDTs is a set of features that characterise the 
signal decay. These features can be divided into two categories: 
(1) properties of any particle and (2) properties of composite par-
ticles only (the D and B− candidates). Specifically:

1. p, pT and χ2
IP;

2. decay time, flight distance, decay vertex quality, radial distance 
between the decay vertex and the PV, and the angle between 
the particle’s momentum vector and the line connecting the 
production and decay vertices.

In addition, a feature that estimates the imbalance of pT around 
the B− candidate momentum vector is also used in both BDTs. It 
is defined as

I pT = pT(B−) − �pT

pT(B−) + �pT
, (1)

where the sum is taken over tracks inconsistent with originating 
from the PV which lie within a cone around the B− candidate, 
excluding tracks used to make the signal candidate. The cone is 
defined by a circle with a radius of 1.5 units in the plane of pseu-
dorapidity and azimuthal angle (expressed in radians). Including 
the I pT feature in the BDT training gives preference to B− candi-
dates that are either isolated from the rest of the event, or consis-
tent with a recoil against another b hadron.

Since no PID information is used in the BDT classifier, the effi-
ciency for B− → D(∗)K − and B− → D(∗)π− decays is similar, with 
insignificant variations arising from small differences in the decay 
kinematics. The criteria applied to the two BDT responses are opti-
mised by minimising the expected statistical uncertainty on RCP ,π0

and RCP ,γ , as measured with the method described below. The pu-
rity of the sample is further improved by requiring that all kaons 
and pions in the D decay are positively identified by the RICH. 
This PID selection used to separate the Dπ and D K samples has 
an efficiency of about 85% per final-state particle.

Peaking background contributions from charmless decays that 
result in the same final state as the signal are suppressed by re-
quiring that the flight distance of the D candidate from the B−
decay vertex is larger than two times its uncertainty. After the 
above selections, multiple candidates exist in 0.1% of the events in 
the sample. When more than one candidate is selected, only the 
candidate with the best B− vertex quality is retained. The overall 
effect of the multiple-candidate selection is negligible.

4. Fit to data

The values of the CP observables are determined using a binned 
extended maximum likelihood fit to the data. Distinguishing be-
tween B+ and B− candidates, companion particle hypotheses, and 
the three D decay product final states, yields 12 independent sam-
ples which are fitted simultaneously. The total probability density 
function (PDF) is built from six signal functions, one for each of the 
B− → Dπ− , B− → D K − , B− → (Dπ0)D∗π− , B− → (Dπ0)D∗ K − , 
B− → (Dγ )D∗π− , and B− → (Dγ )D∗ K − decays. In addition, there 
are functions which describe the combinatorial background com-
ponents, background contributions from B decays to charmless 
final states and background contributions from partially recon-
structed decays. All functions are identical for B+ and B− decays.

4.1. B− → Dπ−

The B− → Dπ− signal component is modelled using an asym-
metric double-Gaussian-like function
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Fig. 1. Invariant mass distributions of selected B± → [K ±π∓]D h± candidates, separated by charge, with B−(B+) candidates on the left (right). The top panels contain the 
B± → D(∗)0 K ± candidate samples, as defined by a PID requirement on the companion particle. The remaining candidates are placed in the bottom panels, reconstructed 
with a pion hypothesis for the companion. The result of the fit is shown by the thin solid black line, and each component is listed in the legend. The component referred to 
as ‘Part. reco. mis-ID’ is the total contribution from all partially reconstructed and misidentified decays.
f (m) = fcore exp

( −(m − μ)2

2σ 2
c + (m − μ)2αL,R

)

+ (1 − fcore) exp

(−(m − μ)2

2σ 2
w

)
(2)

which has a peak position μ and core width σc , where αL(m < μ)

and αR(m > μ) parameterise the tails. The μ and α parameters 
are shared across all samples but the core width parameter varies 
independently for each D final state. The additional Gaussian func-
tion, with a small fractional contribution, is necessary to model 
satisfactorily the tails of the peak.

The B− → Dπ− decays misidentified as B− → D K − are dis-
placed to higher mass in the D K − subsamples. These misidentified 
candidates are modelled by the sum of two Gaussian functions 
with a common mean, modified to include tail components as in 
Eq. (2). The mean, widths and αR are left to vary freely, while αL
is fixed to the value found in simulation.

4.2. B− → D K −

In the D(∗)0 K − samples, Eq. (2) is used for the B− → D K − sig-
nal function. The peak position μ and the two tail parameters αL
and αR are shared with the B− → Dπ− signal function, as are the 
wide component parameters fcore and σw . The core width param-
eter in each D mode is related to the corresponding B− → Dπ−
width by a freely varying ratio common to all D final states.

Misidentified B− → D K − candidates appearing in the D(∗)0π−
subsamples are described by a fixed shape obtained from simula-
tion, which is later varied to determine a systematic uncertainty 
associated with this choice.

4.3. B− → (Dπ0)D∗π−

In partially reconstructed decays involving a vector meson, the 
Dh− invariant mass distribution depends upon the spin and mass 
of the missing particle. In the case of B− → (Dπ0)D∗π− decays, 
the missing neutral pion has spin-parity 0− . The distribution is pa-
rameterised by an upward-open parabola, whose range is defined 
by the kinematic endpoints of the decay. It is convolved with a 
Gaussian resolution function, resulting in

f (m) =
b∫

a

(
μ − a + b

2

)2 (
1 − ξ

b − a
μ + bξ − a

b − a

)
e
− (μ−m)2

2σ2 dμ . (3)

The resulting distribution has a characteristic double-peaked shape, 
visible in Figs. 1–3 as the light grey filled regions appearing to the 
left of the fully reconstructed B− → D0h− peaks. The lower and 
upper endpoints of the parabola are a and b, respectively, while 
the relative height of the lower and upper peaks is determined 
by the ξ term. When ξ = 1, both peaks are of equal height, and 
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Fig. 2. Invariant mass distributions of selected B± → [K + K −]D h± candidates, separated by charge. See Fig. 1 for details of each component.

Fig. 3. Invariant mass distributions of selected B± → [π+π−]D h± candidates, separated by charge. See Fig. 1 for details of each component.
deviation of ξ from unity accounts for mass-dependent reconstruc-
tion and selection efficiency effects. The values of a, b and ξ are 
taken from fits to simulated events, while the convolution Gaus-
sian width σ is allowed to vary freely in the mass fit in each D
mode subsample.

Partially reconstructed B− → (Dπ0)D∗π− decays, where the 
companion pion is misidentified as a kaon, are parameterised with 
a semiempirical function, formed from the sum of Gaussian and 
error functions. The parameters of this function are fixed to the 
values found in fits to simulated events, and are varied to deter-
mine the associated systematic uncertainty.

4.4. B− → (Dπ0)D∗ K −

Equation (3) is also used to describe partially reconstructed 
B− → (Dπ0)D∗ K − decays, where the width σ in each of the D K −
samples is related to the Dπ− width by a freely varying ratio 
rσ , which is shared across all functions describing partially recon-
structed decays. All other shape parameters are shared with the 
B− → (Dπ0)D∗π− function.

Partially reconstructed B− → (Dπ0)D∗ K − decays, where the 
companion kaon is misidentified as a pion, are parameterised with 
a semiempirical function, formed from the sum of Gaussian and 
error functions. The parameters of this function are fixed to the 

values found in fits to simulated events, and are varied to deter-
mine the associated systematic uncertainty.

4.5. B− → (Dγ )D∗π−

Partially reconstructed B− → (Dγ )D∗π− decays involve a miss-
ing particle of zero mass and spin-parity 1− . The Dπ− invariant 
mass distribution is described by a parabola exhibiting a maxi-
mum, convolved with a Gaussian resolution function. The func-
tional form of this component is

f (m) =
b∫

a

−(μ − a)(μ − b)

(
1 − ξ

b − a
μ + bξ − a

b − a

)
e
− (μ−m)2

2σ2 dμ.

(4)

This distribution exhibits a broad single peak, as opposed to 
the double-peaked B− → (Dπ0)D∗π− distribution described by 
Eq. (3). In Figs. 1–3, this component is visible as the wide hatched 
regions bounded by solid black curves, which appear below the 
fully reconstructed B− → D0h− peaks.

The values of a, b, ξ and σ are fixed using fits to simulated 
events. The clear difference between the invariant mass distribu-
tions of B− → (Dγ )D∗π− and B− → (Dπ0)D∗π− decays enables 
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their statistical separation, and hence the determination of CP ob-
servables for each mode independently.

Partially reconstructed B− → (Dγ )D∗π− decays where the 
companion pion is misidentified as a kaon are treated in an equiv-
alent manner to misidentified B− → (Dπ0)D∗π− decays, as de-
scribed above.

4.6. B− → (Dγ )D∗ K −

Equation (4) is also used to describe partially reconstructed 
B− → (Dγ )D∗ K − decays, where the width σ in each of the D K −
samples is related to the Dπ− width by the ratio rσ . All other 
shape parameters are shared with the B− → (Dγ )D∗π− function. 
Partially reconstructed B− → (Dπ0)D∗ K − decays where the com-
panion kaon is misidentified as a pion are treated in an equivalent 
manner to misidentified B− → (Dπ0)D∗ K − decays.

4.7. Combinatorial background

An exponential function is used to describe the combinatorial 
background. The exponential function is widely used to describe 
combinatorial backgrounds to B− decays in LHCb, and has been 
validated for numerous different decay modes. Independent and 
freely varying exponential parameters and yields are used to model 
this component in each subsample, with the constraint that the B+
and B− yields are required to be equal. The systematic uncertainty 
associated with this constraint is negligible.

4.8. Charmless background

Charmless B− → h+
1 h−

2 h− decays, where h+
1 , h−

2 and h− each 
represent a charged kaon or pion, peak at the B− mass and can-
not be distinguished effectively from the fully reconstructed B− →
Dh− signals in the invariant mass fit. A Gaussian function is used 
to model this component, with a 25 ± 2 MeV/c2 width parame-
ter that is taken from simulation; this is about 50% wider than the 
B− → Dh− signal function, due to the application of a D mass 
constraint in the calculation of the B-candidate invariant mass. 
This constraint improves the invariant mass resolution for signal 
decays, but worsens it for charmless background contributions.

Partially reconstructed charmless decays of the type
B → h+

1 h−
2 h− X , where X is a charged pion, neutral pion or photon 

that has not been reconstructed, contribute at low invariant mass. 
Their contributions are fixed to the fully reconstructed charm-
less components scaled by relative branching fractions [29] and 
efficiencies determined from simulated samples. A parabola with 
negative curvature convolved with a Gaussian resolution function 
is used to model this component, with shape parameter values 
taken from simulation [32].

The charmless contribution is interpolated from fits to the B−
mass spectrum in both the lower and upper D-mass sidebands, 
without the kinematic fit of the decay chain. The charmless yields 
are determined independently for B+ and B− candidates and are 
then fixed in the analysis. Their uncertainties contribute to the 
systematic uncertainties of the final results. The largest charmless 
contribution is in the B− → [π+π−]D K − mode, which has a yield 
corresponding to 7% of the measured signal yield.

4.9. Partially reconstructed background

Several additional partially reconstructed b-hadron decays con-
tribute at low invariant mass values. The dominant contributions 
are from B− → Dh−π0 and B

0 → (Dπ+)D∗+π− decays, where a 
neutral pion or positively charged pion is missed in the recon-
struction.3 The invariant mass distribution of these sources de-

3 When considering partially reconstructed background contributions, the as-
sumption is made that the production fractions fu and fd are equal.

pends upon the spin and mass of the missing particle, as with 
the B− → D∗h− signals. In both cases, the missing particle has 
spin-parity 0− , such that the Dh− distribution is parameterised 
using Eq. (3), with shape parameter values taken from simulation. 
The Dalitz structure of B− → Dh−π0 decays is modelled using
Laura++ [33].

Decays in which a particle is missed and a companion pion is 
misidentified as a kaon are parameterised with a semiempirical 
function, formed from the sum of Gaussian and error functions. 
The parameters of each partially reconstructed function are fixed 
to the values found in fits to simulated events, and are varied 
to determine the associated systematic uncertainty. The yields of 
the B− → Dπ−π0 and B− → D K −π0 contributions vary indepen-
dently in each subsample, with a CP asymmetry that is fixed to 
zero in the case of the favoured mode but allowed to vary freely 
in the GLW samples. The yields of the B

0 → (Dπ+)D∗+π− and 
B

0 → (Dπ+)D∗+ K − contributions, where the π+ is not recon-
structed, are fixed relative to the corresponding B− → Dπ− yields 
using branching fractions [29,34,35] and efficiencies derived from 
simulation. Their CP asymmetries are fixed to zero in all subsam-
ples as no CP violation is expected.

Further contributions from partially reconstructed

B− → (Dπ0/γ )D∗h−π0 and B
0 → (Dπ+)D∗+h−π0 decays occur 

at the lowest values of invariant mass, where two particles are 
not reconstructed. These decays are described by the sum of sev-
eral parabolas convolved with resolution functions according to 
Eqs. (3) and (4), with shape parameters fixed to the values found 
in fits to simulated samples. The yields and CP asymmetries of 
these contributions vary freely in each subsample.

Colour-suppressed B0 → Dh−π+ and B0 → D∗h−π+ decays 
also contribute to the background. The rates of these small contri-
butions are fixed relative to their corresponding colour-favoured 
mode yields using the known relative branching fractions [29,
36–39]. In the B− → [K +K −]Dh− samples, 0

b → [p+K −π+]+
c

h−
decays contribute to the background when the pion is missed 
and the proton is misidentified as the second kaon. The wide 
function describing this component is fixed from simulation, but 
the yield in the B− → [K +K −]Dπ− subsample varies freely. 
The 0

b → [p+K −π+]+
c

K − yield is constrained using a mea-

surement of B(0
b → +

c K −)/B(0
b → +

c π−) [40]. In both the
B− → [K +K −]D K − and B−→[π+π−]D K − samples, B0

s →D K −π+
decays in which the companion pion is missed contribute to 
the background. The function describing this component is fixed 
from fits to simulated samples generated according to the Dalitz 
model in Ref. [33,41], and the yield is constrained relative to the 
corresponding B− → Dπ− mode yield scaled by branching frac-
tions [29,34,42], efficiencies determined from simulation, and the 
relative production rates of B0

s and B0 mesons at 
√

s = 7 TeV [43]. 
The increase in relative production rate at 13 TeV is small [44], 
and so the 7 TeV value is used to describe all data in the analysis.

4.10. PID efficiencies

In the D(∗) K − subsamples, the B− → D(∗)π− cross-feed is de-
termined by the fit to data. The B− → D(∗)K − cross-feed into 
the D(∗)π− subsamples is not well separated from background, 
so the expected yield is determined by a PID calibration proce-
dure using approximately 20 million D∗+ → [K −π+]Dπ+ decays. 
The reconstruction of this decay is performed using kinematic 
variables only, and thus provides a pure sample of K ∓ and π±
particles unbiased in the PID variables. The PID efficiency is param-
eterised as a function of particle momentum and pseudorapidity, 
as well as the charged-particle multiplicity in the event. The ef-
fective PID efficiency of the signal is determined by weighting the 
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Table 2
Signal yields as measured in the fit to the data.

Mode Yield

B± → [Kπ ]Dπ± 862 785 ± 945
B± → [K K ]Dπ± 105 923 ± 368
B± → [ππ ]Dπ± 33 381 ± 173

B± → [Kπ ]D K ± 66 987 ± 326
B± → [K K ]D K ± 8125 ± 129
B± → [ππ ]D K ± 2571 ± 70

B± → ([Kπ ]Dπ0)D∗ π± 519 211 ± 3747
B± → ([K K ]Dπ0)D∗ π± 63 742 ± 460
B± → ([ππ ]Dπ0)D∗ π± 20 088 ± 145

B± → ([Kπ ]Dπ0)D∗ K ± 40 988 ± 569
B± → ([K K ]Dπ0)D∗ K ± 5725 ± 165
B± → ([ππ ]Dπ0)D∗ K ± 1804 ± 52

B± → ([Kπ ]Dγ )D∗ π± 291 372 ± 2103
B± → ([K K ]Dγ )D∗ π± 35 771 ± 258
B± → ([ππ ]Dγ )D∗ π± 11 273 ± 81

B± → ([Kπ ]Dγ )D∗ K ± 22 752 ± 316
B± → ([K K ]Dγ )D∗ K ± 2520 ± 245
B± → ([ππ ]Dγ )D∗ K ± 794 ± 77

calibration sample such that the distributions of these variables 
match those of selected B− → D0π− signal decays. It is found 
that 71.2% of B− → D K − decays pass the companion kaon PID 
requirement, with negligible statistical uncertainty due to the size 
of the calibration sample; the remaining 28.8% cross-feed into the 
B− → D(∗)π− sample. With the same PID requirement, approx-
imately 99.5% of the B− → Dπ− decays are correctly identified. 
These efficiencies are also taken to represent B− → (Dπ0)D∗h−
and B− → (Dγ )D∗h− signal decays in the fit, since the companion 
kinematics are similar across all decay modes considered. The re-
lated systematic uncertainty is determined by the size of the signal 
samples used, and thus increases for the lower yield modes. The 
systematic uncertainty ranges from 0.1% in B− → [K −π+]D K − to 
0.4% in B− → [π+π−]D K − .

4.11. Production and detection asymmetries

In order to measure CP asymmetries, the detection asymme-
tries for K ± and π± mesons must be taken into account. A de-
tection asymmetry of (−0.87 ± 0.17)% is assigned for each kaon in 
the final state, primarily due to the fact that the nuclear interaction 
length of K − mesons is shorter than that of K + mesons. It is com-
puted by comparing the charge asymmetries in D− → K +π−π−
and D− → K 0

S π− calibration samples, weighted to match the kine-
matics of the signal kaons. The equivalent asymmetry for pions is 
smaller (−0.17 ± 0.10)% [16]. The CP asymmetry in the favoured 
B− → [K −π+]Dπ− decay is fixed to (+0.09 ± 0.05)%, calculated 
from current knowledge of γ and rB in this decay [2], with no 
assumption made about the strong phase, δDπ

B . This enables the 
effective production asymmetry, Aeff

B± , to be measured and simul-

Table 4
Systematic uncertainties for the CP observables measured in a fully reconstructed 
manner, quoted as a percentage of the statistical uncertainty on the observable. The 
Sim uncertainty on R Kπ

K/π is due to the limited size of the simulated samples used 
to determine the relative efficiency for reconstructing and selecting B− → Dπ− and 
B− → D K − decays.

[%] AKπ
K AK K

π AK K
K Aππ

π Aππ
K R K K Rππ R Kπ

K/π

PID 6.0 4.3 2.0 2.7 10.3 13.8 18.8 0.0
Bkg rate 7.5 1.8 10.2 4.1 18.9 68.7 46.0 0.0
Bkg func 7.6 0.4 4.2 0.4 7.2 9.5 16.7 0.0
Sig func 11.1 0.9 0.8 0.9 14.3 7.9 20.9 0.0
Sim 7.1 0.5 0.2 0.4 5.6 3.5 7.6 174.2
Asym 37.4 52.7 3.7 31.2 2.3 0.1 0.1 0.0

Total 41.5 52.9 11.9 31.6 27.5 71.2 56.9 174.2

taneously subtracted from the charge asymmetry measurements in 
other modes.

4.12. Yields and selection efficiencies

The total yield for each mode is a sum of the number of cor-
rectly identified and cross-feed candidates; their values are given 
in Table 2. The corresponding invariant mass spectra, separated by 
charge, are shown in Figs. 1–3.

To obtain the observable R Kπ
K/π (R Kπ,π0/γ

K/π ), which is defined in 
Table 1, the ratio of yields must be corrected by the relative effi-
ciency with which B− → D K − and B− → Dπ− (B− → D∗K − and 
B− → D∗π−) decays are reconstructed and selected. Both ratios 
are found to be consistent with unity within their assigned uncer-
tainties, which take into account the size of the simulated samples 
and the imperfect modelling of the relative pion and kaon absorp-
tion in the detector material.

To determine the branching fraction B(D∗0 → D0π0), the yields 
of the B− → (Dπ0)D∗π− and B− → (Dγ )D∗π− modes are cor-
rected for the relative efficiencies of the neutral pion and photon 
modes as determined from simulation. As both of these modes are 
partially reconstructed with identical selection requirements, the 
relative efficiency is found to be unity within its assigned uncer-
tainty, and is varied to determine the associated systematic uncer-
tainty. In the measurement of B(D∗ → Dπ0), the assumption is 
made that B(D∗ → Dπ0) +B(D∗ → Dγ ) = 1 [29].

The branching fraction B(B− → D∗0π−) is determined from 
the total B− → D∗π− yield, the total B− → Dπ− yield, the rel-
ative efficiencies determined from simulation, and the B− → Dπ−
branching fraction [29,34]. Both the efficiencies and external input 
branching fraction are varied to determine the associated system-
atic uncertainty.

5. Systematic uncertainties

The 21 observables of interest are free parameters of the fit, and 
each of them is subject to a set of systematic uncertainties that 
result from the use of fixed terms in the fit. The systematic uncer-
Table 3
Systematic uncertainties for the CP observables measured in a partially reconstructed manner, quoted as a percentage of the statistical uncertainty on the observable.

[%] AKπ,γ
K AKπ,γ

π AKπ,π0

K AKπ,π0

π AC P ,γ
K AC P ,γ

π AC P ,π0

K AC P ,π0

π RC P ,γ RC P ,π0
R Kπ,π0/γ

K/π

PID 4.0 11.4 4.4 3.8 9.1 5.0 4.7 4.4 22.0 16.9 74.8
Bkg rate 3.5 1.6 3.2 3.6 40.8 3.5 16.5 5.7 114.0 41.9 180.3
Bkg func 8.9 1.0 3.7 0.7 24.4 1.6 27.1 1.3 42.6 25.0 417.3
Sig func 4.8 3.9 2.9 3.9 10.9 3.6 3.7 4.3 24.6 13.8 148.4
Sim 3.1 1.1 2.1 1.9 6.5 0.9 4.3 2.9 23.5 15.3 153.8
Asym 29.9 6.8 34.1 19.4 1.0 9.4 2.2 26.1 1.4 0.6 1.9

Total 32.1 14.0 35.0 20.6 50.0 11.9 32.7 27.6 128.3 55.6 507.9
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Table 5
Systematic uncertainties for the branching fraction measurements, quoted as a per-
centage of the statistical uncertainty on the observable.

[%] B(D∗0 → D0π0) B(B− → D∗0π−)

PID 85.3 117.7
Bkg rate 364.4 672.1
Bkg func 52.2 29.0
Sig func 417.2 379.7
Sim 295.4 509.3
Asym 0.2 0.3

Total 635.7 932.7

tainties associated with using these fixed parameters are assessed 
by repeating the fit many times, varying the value of each external 
parameter within its uncertainty according to a Gaussian distribu-
tion. The resulting spread (RMS) in the value of each observable 
is taken as the systematic uncertainty on that observable due to 
the external source. The systematic uncertainties, grouped into six 
categories, are listed in Tables 3 and 4 for the CP observables 
measured in a partially reconstructed and fully reconstructed man-
ner, respectively. The systematic uncertainties for the branching 
fraction measurements are listed in Table 5. Correlations between 
the categories are negligible, but correlations within categories are 
accounted for. The total systematic uncertainties are summed in 
quadrature.

The first systematic category, referred to as PID in Tables 3−5, 
accounts for the uncertainty due to the use of fixed PID efficiency 
values in the fit. The second category Bkg rate corresponds to the 
use of fixed background yields in the fit. For example, the rate 
of B0 → D∗−π+ decays is fixed in the fit using known branching 
fractions as external inputs. This category also accounts for charm-
less background contributions, each of which have fixed rates in 
the fit. The Bkg func and Sig func categories refer to the use of fixed 
shape parameters in background and signal functions, respectively; 
each of these parameters is determined using simulated samples. 
The category Sim accounts for the use of fixed selection efficien-
cies derived from simulation, for instance the relative efficiency of 
selecting B− → (Dπ0)D∗π− and B− → Dπ− decays. The final cat-
egory, Asym, refers to the use of fixed asymmetries in the fit. This 
category accounts for the use of fixed CP asymmetries and detec-
tion asymmetries in the fit, as described earlier.

6. Results

The results are

AKπ,γ
K = +0.001 ± 0.021 (stat) ± 0.007 (syst)

AKπ,γ
π = +0.000 ± 0.006 (stat) ± 0.001 (syst)

AKπ,π0

K = +0.006 ± 0.012 (stat) ± 0.004 (syst)

AKπ,π0

π = +0.002 ± 0.003 (stat) ± 0.001 (syst)

ACP ,γ
K = +0.276 ± 0.094 (stat) ± 0.047 (syst)

ACP ,γ
π = −0.003 ± 0.017 (stat) ± 0.002 (syst)

ACP ,π0

K = −0.151 ± 0.033 (stat) ± 0.011 (syst)

ACP ,π0

π = +0.025 ± 0.010 (stat) ± 0.003 (syst)

RCP ,γ = 0.902 ± 0.087 (stat) ± 0.112 (syst)

RCP ,π0 = 1.138 ± 0.029 (stat) ± 0.016 (syst)

R Kπ,π0/γ
K/π = (7.930 ± 0.110 (stat) ± 0.560 (syst)) × 10−2

B(D∗0 → D0π0) = 0.636 ± 0.002 (stat) ± 0.015 (syst)

B(B− → D∗0π−) = (4.664 ± 0.029 (stat) ± 0.268 (syst)) × 10−3

AKπ
K = −0.019 ± 0.005 (stat) ± 0.002 (syst)

AK K
π = −0.008 ± 0.003 (stat) ± 0.002 (syst)

AK K
K = +0.126 ± 0.014 (stat) ± 0.002 (syst)

Aππ
π = −0.008 ± 0.006 (stat) ± 0.002 (syst)

Aππ
K = +0.115 ± 0.025 (stat) ± 0.007 (syst)

R K K = 0.988 ± 0.015 (stat) ± 0.011 (syst)

Rππ = 0.992 ± 0.027 (stat) ± 0.015 (syst)

R Kπ
K/π = (7.768 ± 0.038 (stat) ± 0.066 (syst)) × 10−2 .

The results obtained using fully reconstructed B− → Dh− decays 
supersede those in Ref. [12], while the B− → D∗h− results are 
reported for the first time. The statistical and systematic corre-
lation matrices are given in the appendix. There is a high de-
gree of anticorrelation between partially reconstructed signal and 
background components in the fit, which all compete for yield in 
the same invariant mass region. The anticorrelation between the 
B− → (Dπ0)D∗h− and B− → (Dγ )D∗h−CP observables is visible 
in Table 6 of the appendix. The presence of such anticorrelations is 
a natural consequence of the method of partial reconstruction, and 
limits the precision with which the CP observables can be mea-
sured using this approach.

The value of AK K
K has increased with respect to the previous re-

sult [12], due to a larger value being measured in the 
√

s = 13 TeV 
data. The values measured in the independent 

√
s = 7, 8 and 

13 TeV data sets are consistent within 2.6 standard deviations. All 
other updated measurements are consistent within one standard 
deviation with those in Ref. [12].

Observables involving D → K +K − and D → π+π− decays can 
differ due to CP violation in the D decays or acceptance effects. 
The latest LHCb results [45] show that charm CP -violation ef-
fects are negligible for the determination of γ , and that there is 
also no significant difference in the acceptance for the two modes. 
Therefore, while separate results are presented for the B− → Dh−
modes to allow comparison with previous measurements, the com-
bined result is most relevant for the determination of γ . The R K K

and Rππ observables have statistical and systematic correlations of 
+0.07 and +0.18, respectively. Taking these correlations into ac-
count, a combined weighted average RCP is obtained

RCP = 0.989 ± 0.013 (stat) ± 0.010 (syst) .

The same procedure is carried out for the AK K
K and Aππ

K observ-
ables, which have statistical and systematic correlations of +0.01 
and +0.05, respectively. The combined average is

ACP
K = +0.124 ± 0.012 (stat) ± 0.002 (syst) .

The observables RCP ,π0
and ACP ,π0

(RCP ,γ and ACP ,γ ), mea-
sured using partially reconstructed B− → D∗h− decays, can be di-
rectly compared with the world average values for RCP+ ≡ RCP ,π0

and ACP+ ≡ ACP ,π0
(RCP− ≡ RCP ,γ and ACP− ≡ ACP ,γ ) reported 

by the Heavy Flavor Averaging Group [3]; agreement is found at 
the level of 1.5 and 0.4 (1.1 and 1.4) standard deviations, respec-
tively. The values of RCP ,π0

and ACP ,π0
considerably improve upon 

the world average precision of RCP+ and ACP+ , while the mea-
surements of RCP ,γ and ACP ,γ have a precision comparable to the 
previous world average.

The value of R Kπ,π0/γ
K/π is in agreement with, and substan-

tially more precise than, the current world average [29,34,46]. 
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Fig. 4. 1σ , 2σ and 3σ profile likelihood contours for rD∗K
B , δD∗K

B and γ , corresponding to 68.3%, 95.5% and 99.7% confidence level (CL), respectively. The contours are measured 
using B− → (Dπ0)D∗ K − and B− → (Dγ )D∗ K − decays. The colour scale represents 1 − CL. (For interpretation of the colours in this figure, the reader is referred to the web 
version of this article.)
The branching fraction measurements of B(D∗0 → D0π0) and
B(B− → D∗0π−) are found to agree with the current world aver-
age values within 0.6 and 1.3 standard deviations, respectively [29,

34,47]. A value for the ratio of branching fractions B(B−→D∗0 K −)

B(B−→D0 K −)
is 

also obtained using the measured results

B(B− → D∗0 K −)

B(B− → D0 K −)
= R Kπ,π0/γ

K/π

R Kπ
K/π

× B(B− → D∗0π−)

B(B− → D0π−)

= 0.992 ± 0.077 , (5)

where the uncertainty quoted is dominated by systematic uncer-
tainties, and the statistical and systematic correlations between 
the input observables are fully taken into account. This value 
is in agreement with, and improves upon, the current world 
average. The ratios R Kπ

K/π and R Kπ,π0/γ
K/π can be interpreted as 

B− → D(∗)0 K −/B− → D(∗)0π− branching fraction ratios, in the 
limit that the suppressed contributions are neglected, which is 
the same assumption that is made when reporting the results for 
B(B− → D∗0π−) and B(B−→D∗0 K −)

B(B−→D0 K −)
. The branching fraction mea-

surements demonstrate that the method of partial reconstruction 
is able to measure the B− → (Dπ0)D∗h− and B− → (Dγ )D∗h−
signals, despite the correlations present in the mass fit.

7. Conclusion

World-best measurements of CP observables in B− → Dh− de-
cays are obtained with the D meson reconstructed in the K −π+ , 
K +K − and π+π− final states; these supersede earlier work on 

the GLW modes presented in Ref. [12]. Studies of partially recon-
structed B− → D∗h− decays are also reported for the first time, 
where the measurements of CP observables in B− → (Dγ )D∗ K −
decays are comparable in precision to the current world averages; 
the equivalent observables measured in B− → (Dπ0)D∗ K − decays 
substantially improve upon the world averages. Evidence of CP
violation in B− → (Dπ0)D∗ K − decays is found with a statistical 
significance of 4.3 standard deviations, while the significance of a 
nonzero value of ACP ,γ

K is 2.4 standard deviations. The K −π+ final 
state, which offers higher sensitivity to γ due to larger interfer-
ence effects [48], has not been considered in this work, due to the 
presence of a large background contribution from the poorly un-

derstood B
0
s → D∗0 K +π− decay.

Using the observables AKπ,γ
K , AKπ,π0

K , ACP ,γ
K , ACP ,π0

K , RCP ,γ and 
RCP ,π0

as input, a derivation of the fundamental parameters rD∗K
B , 

δD∗K
B and γ has been performed using the approach detailed in 

Ref. [2]. The profile likelihood contours at 1σ , 2σ and 3σ are 
shown in Fig. 4. The preferred values of rD∗K

B are lower than the 
current world average values, owing to the fact that the values 
of RCP ,γ and RCP ,π0

measured in this work are below and above 
unity, respectively, in contrast to the world averages which are 
both larger than unity [3]. The preferred values of γ and δD∗K

B are 
consistent within 1 standard deviation with the LHCb combina-
tion [2] and the world average.
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Appendix A. Correlation matrices

The statistical uncertainty correlation matrices are given in Ta-
bles 6 and 7 for the CP observables measured using partially 
reconstructed and fully reconstructed decays, respectively. The cor-
relations between the systematic uncertainties are provided in Ta-
bles 8 and 9.
Table 6
Statistical correlation matrix for the CP observables measured using partially reconstructed decays.

AKπ,γ
K AKπ,γ

π AKπ,π0

K AKπ,π0

π ACP ,γ
K ACP ,γ

π ACP ,π0

K ACP ,π0

π RCP ,γ RCP ,π0
R Kπ,π0/γ

K/π

AKπ,γ
K 1.00 −0.00 −0.61 0.01 0.00 0.00 0.00 0.01 0.00 0.00 −0.00

AKπ,γ
π −0.00 1.00 0.04 −0.21 0.00 0.01 0.01 0.02 −0.00 −0.00 0.01

AKπ,π0

K −0.61 0.04 1.00 0.08 0.00 0.01 0.01 0.02 −0.00 −0.00 0.00

AKπ,π0

π 0.01 −0.21 0.08 1.00 0.01 0.02 0.02 0.06 −0.00 −0.00 0.01

ACP ,γ
K 0.00 0.00 0.00 0.01 1.00 −0.03 −0.21 −0.02 −0.27 0.08 0.01

ACP ,γ
π 0.00 0.01 0.01 0.02 −0.03 1.00 0.02 −0.03 −0.01 −0.00 0.00

ACP ,π0

K 0.00 0.01 0.01 0.02 −0.21 0.02 1.00 0.04 −0.07 0.12 0.02

ACP ,π0

π 0.01 0.02 0.02 0.06 −0.02 −0.03 0.04 1.00 −0.01 −0.00 0.01

RCP ,γ 0.00 −0.00 −0.00 −0.00 −0.27 −0.01 −0.07 −0.01 1.00 −0.26 −0.14

RCP ,π0
0.00 −0.00 −0.00 −0.00 0.08 −0.00 0.12 −0.00 −0.26 1.00 −0.15

R Kπ,π0/γ
K/π −0.00 0.01 0.00 0.01 0.01 0.00 0.02 0.01 −0.14 −0.15 1.00

Table 7
Statistical correlation matrix for the CP observables measured using fully reconstructed decays.

AKπ
K AK K

π AK K
K Aππ

π Aππ
K R K K Rππ R Kπ

K/π

AKπ
K 1.00 0.09 0.02 0.05 0.01 0.00 0.00 0.00

AK K
π 0.09 1.00 −0.00 0.06 0.02 −0.00 0.00 −0.00

AK K
K 0.02 −0.00 1.00 0.02 0.01 −0.02 −0.00 −0.00

Aππ
π 0.05 0.06 0.02 1.00 −0.03 0.00 −0.00 −0.00

Aππ
K 0.01 0.02 0.01 −0.03 1.00 −0.00 −0.03 −0.00

R K K 0.00 −0.00 −0.02 0.00 −0.00 1.00 0.07 −0.31

Rππ 0.00 0.00 −0.00 −0.00 −0.03 0.07 1.00 −0.17

R Kπ
K/π 0.00 −0.00 −0.00 −0.00 −0.00 −0.31 −0.17 1.00

Table 8
Systematic uncertainty correlation matrix for the CP observables measured using partially reconstructed decays.

AKπ,γ
K AKπ,γ

π AKπ,π0

K AKπ,π0

π ACP ,γ
K ACP ,γ

π ACP ,π0

K ACP ,π0

π RCP ,γ RCP ,π0
R Kπ,π0/γ

K/π

AKπ,γ
K 1.00 −0.02 0.76 −0.01 0.01 −0.22 0.16 −0.24 0.04 −0.12 0.11

AKπ,γ
π −0.02 1.00 0.03 0.61 0.02 0.06 0.03 0.21 −0.01 0.02 0.05

AKπ,π0

K 0.76 0.03 1.00 0.14 0.01 −0.46 −0.08 −0.55 −0.01 0.03 −0.08

AKπ,π0

π −0.01 0.61 0.14 1.00 −0.02 0.25 −0.00 0.31 −0.00 0.00 0.05

ACP ,γ
K 0.01 0.02 0.01 −0.02 1.00 −0.04 0.24 −0.02 −0.90 0.47 −0.02

ACP ,γ
π −0.22 0.06 −0.46 0.25 −0.04 1.00 −0.12 0.82 −0.02 −0.03 −0.10

ACP ,π0

K 0.16 0.03 −0.08 −0.00 0.24 −0.12 1.00 −0.07 −0.14 −0.15 0.73

ACP ,π0

π −0.24 0.21 −0.55 0.31 −0.02 0.82 −0.07 1.00 −0.00 0.04 −0.01

RCP ,γ 0.04 −0.01 −0.01 −0.00 −0.90 −0.02 −0.14 −0.00 1.00 −0.62 −0.06

RCP ,π0 −0.12 0.02 0.03 0.00 0.47 −0.03 −0.15 0.04 −0.62 1.00 0.00

R Kπ,π0/γ
K/π 0.11 0.05 −0.08 0.05 −0.02 −0.10 0.73 −0.01 −0.06 0.00 1.00
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Table 9
Systematic uncertainty correlation matrix for the CP observables measured using fully reconstructed decays.

AKπ
K AK K

π AK K
K Aππ

π Aππ
K R K K Rππ R Kπ

K/π

AKπ
K 1.00 −0.75 0.07 −0.75 −0.01 −0.03 −0.02 −0.15

AK K
π −0.75 1.00 0.08 0.99 0.05 0.01 0.01 −0.24

AK K
K 0.07 0.08 1.00 0.11 0.05 −0.48 −0.12 0.20

Aππ
π −0.75 0.99 0.11 1.00 0.02 0.00 −0.01 −0.24

Aππ
K −0.01 0.05 0.05 0.02 1.00 0.01 0.21 0.07

R K K −0.03 0.01 −0.48 0.00 0.01 1.00 0.18 0.01

Rππ −0.02 0.01 −0.12 −0.01 0.21 0.18 1.00 0.04

R Kπ
K/π −0.15 −0.24 0.20 −0.24 0.07 0.01 0.04 1.00
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