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D meson are reconstructed in the K±π∓, K+K−, and π+π− final states. The analysis

uses a sample of charged B mesons produced in proton-proton collisions and collected with

the LHCb experiment, corresponding to integrated luminosities of 2.0, 1.0, and 5.7 fb−1

taken at centre-of-mass energies of 7, 8, and 13 TeV, respectively. The measurements of

partially reconstructed B± → D(∗)K± and B± → D(∗)π± with D → K∓π± decays are the

first of their kind, and a first observation of the B± → (Dπ0)D∗π± decay is made with a

significance of 6.1 standard deviations. All CP observables are measured with world-best

precision, and in combination with other LHCb results will provide strong constraints on

the CKM angle γ.
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1 Introduction

Overconstraining the Unitarity Triangle (UT) derived from the Cabibbo-Kobayashi-

Maskawa (CKM) quark-mixing matrix is central to testing the Standard Model de-

scription of charge-parity (CP ) violation [1]. The least well-known angle of the UT is

γ ≡ arg(−VudV
∗

ub/VcdV
∗

cb), which has been determined with a precision of about 5◦ from

a combination of measurements [3, 4] and recently with a standalone precision of 5.2◦ by

LHCb using B− → Dh− (h− ∈ {π−,K−}) with D → K0
Sh

+h− decays [5].1 The angles

α and β are measured with 4.5◦ and < 1◦ precision, respectively [6, 7]. Among the UT

angles, γ is unique in that it does not depend on any top-quark coupling, and can thus

be measured in B-hadron 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 negligible theoretical uncertainties [8]. Any

disagreement between measurements of γ and the value inferred from global CKM fits per-

formed without any γ information would thus invalidate the Standard Model description

of CP violation.

1The inclusion of charge-conjugate processes is implied throughout except in discussions of asymmetries.
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The most powerful method for determining γ in decays dominated by tree-level contri-

butions is through the measurement of relative partial widths in B− → DK− decays, where

D represents an admixture of the D0 and D0 states. The amplitude for the B− → D0K−

decay, which at the quark level proceeds via a b → cūs transition, is proportional to the

CKM matrix element Vcb. The corresponding amplitude for the B− → D0K− decay, which

proceeds via a b → uc̄s transition, is proportional to Vub. By studying hadronic D decays

accessible to both D0 and D0 mesons, phase information can be determined from the inter-

ference between these two amplitudes. The degree of the resulting CP violation depends

on the size of rDK
B , the ratio of the magnitudes of the B− → D0K− and B− → D0K−

amplitudes. The relatively large value of rDK
B ≈ 0.10 [4] in B− → DK− decays allows the

determination of the relative phase of the two interfering amplitudes. This relative phase

has both CP -violating (γ) and CP -conserving (δDK
B ) contributions; a measurement of the

decay rates for both B+ and B− mesons gives sensitivity to γ. Similar interference effects

also occur in B− → Dπ− decays, albeit with lower sensitivity to the phases due to addi-

tional Cabibbo-suppression which decreases the amplitude ratio relative to B− → DK−

decays by around a factor of 30.

The B− → D∗K− decay, in which the vector D∗ meson2 decays to either the Dπ0 or

Dγ final state, also exhibits CP -violating effects when hadronic D decays accessible to both

D0 and D0 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 eigenvalues [9]. The amount of CP violation observed in B− → D∗K−

depends on the size of rD∗K
B , and measurement of the phase for both B+ and B− allows γ

and δD∗K
B to be determined.

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 herein as GLW modes [10, 11]. Higher sensitivity to γ can be achieved using non-

CP eigenstates such as D → K+π−, where the D0 → K+π− and D0 → K+π− decays are

related by the amplitude magnitude ratio rKπ
D and the strong-phase difference δKπ

D . The

similar magnitude of rKπ
D and rDK

B leads to significant interference between the two possible

suppressed decay paths (favoured B decay followed by suppressed D decay, and suppressed

B decay followed by favoured D decay), resulting in large CP asymmetries. These decays

are herein referred to as ADS modes [12]. In this work, the GLW D → K+K− and

D → π+π− modes are considered, as well as the ADS D → K+π− mode; the favoured

D → K−π+ decay is used for normalisation purposes and to define shape parameters in

the fit to data. The B− → D(∗)K− and B− → D(∗)π− GLW modes have previously been

studied by the LHCb collaboration [13], as have the B− → DK− and B− → Dπ− ADS

modes [14]. This paper reports updated and improved results for these modes, and a first

measurement of the B− → D∗K− and B− → D∗π− ADS modes at LHCb. A sample

of charged B mesons produced in proton-proton (pp) collisions and collected with the

LHCb experiment is used, corresponding to integrated luminosities of 2.0, 1.0, and 5.7 fb−1

taken at centre-of-mass energies of
√
s = 7, 8, and 13 TeV, respectively. The small D∗ −D

2D∗ represents an admixture of the D∗(2007)0 and D
∗
(2007)0 states.
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mass difference and the conservation of angular momentum in D∗ → Dπ0 and D∗ → Dγ

decays results in distinctive signatures for the B− → D∗h− signal in the Dh− invariant

mass, enabling yields to be obtained with a partial reconstruction technique. Since the

reconstruction efficiency for low momentum neutral pions and photons is relatively low in

LHCb [15], the partial reconstruction method provides significantly larger yields compared

to full reconstruction. However, the statistical sensitivity per signal decay is reduced since

several signal and background components in the same region of Dh− invariant mass must

be distinguished.

A total of 28 measurements of CP observables are reported, nine of which correspond

to the fully reconstructed B− → Dh− decays while the remaining 19 relate to the partially

reconstructed B− → D∗h− decays. A summary of all measured CP observables is provided

in tables 1 and 2. The CP observables for the decay B∓ → X with D → f are defined in

terms of partial rates, which are related to the underlying parameters γ, rX
B , δ

X
B , r

f
D, and

δf
D. Including D-mixing effects [16], the partial rates for f ∈ {K±π∓,K+K−, π+π−} are

Γ(B∓ →
[

[f ]Dh
∓

]

X) ∝ (rf
D)2 + (rX

B )2 + 2rf
Dr

X
B cos(δX

B + δf
D ∓ γ) (1.1)

−αy(1 + (rX
B )2)rf

D cos δf
D − αy(1 + (rf

D)2)rX
B cos(δX

B ∓ γ)

+αx(1 − (rX
B )2)rf

D sin δf
D − αx(1 − (rf

D)2)rX
B sin(δX

B ∓ γ) ,

where x and y are the charm mixing parameters, and α is an analysis-specific coefficient

that quantifies the decay-time acceptance of the candidate D mesons. It is noted that

rf
D = 1 and δf

D = 0 for the GLW modes, so the CP observables are unaffected by charm

mixing. The favoured mode partial widths are similarly defined,

Γ(B∓ →
[

[K∓π±]Dh
∓

]

X) ∝ 1+(rKπ
D )2(rX

B )2+2rKπ
D rX

B cos(δX
B −δKπ

D ∓γ) (1.2)

−αy(1+(rX
B )2)rKπ

D cos δKπ
D −αy(1+(rKπ

D )2)rX
B cos(δX

B ∓γ)

−αx(1−(rX
B )2)rKπ

D sin δKπ
D +αx(1−(rKπ

D )2)rX
B sin(δX

B ∓γ) ,

although the mixing effects are negligible. The GLW modes D → K+K− and D → π+π−

are described using common CP observables in the analysis, accounting for small differences

due to the charm CP asymmetry difference ∆ACP [4]. In addition to the CP observables,

the branching fractions B(B− → D∗0π−) and B(D∗0 → D0π0) are measured.

2 LHCb detector and simulation

The LHCb detector [15, 17] is a single-arm forward spectrometer covering the pseudo-

rapidity 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 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 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

– 3 –
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Observable Definition

ACP
K

Γ(B−→[h+h−]DK−) − Γ(B+→[h+h−]DK+)
Γ(B−→[h+h−]DK−) + Γ(B+→[h+h−]DK+)

ACP
π

Γ(B−→[h+h−]Dπ−) − Γ(B+→[h+h−]Dπ+)
Γ(B−→[h+h−]Dπ−) + Γ(B+→[h+h−]Dπ+)

AKπ
K

Γ(B−→[K−π+]DK−) − Γ(B+→[K+π−]DK+)
Γ(B−→[K−π+]DK−) + Γ(B+→[K+π−]DK+)

RCP Γ(B−→[h+h−]DK−) + Γ(B+→[h+h−]DK+)
Γ(B−→[h+h−]Dπ−) + Γ(B+→[h+h−]Dπ+)

× 1
RKπ

K/π

RKπ
K/π

Γ(B−→[K−π+]DK−) + Γ(B+→[K+π−]DK+)
Γ(B−→[K−π+]Dπ−) + Γ(B+→[K+π−]Dπ+)

RπK
K−

Γ(B−→[K+π−]DK−)
Γ(B−→[K−π+]DK−)

RπK
π−

Γ(B−→[K+π−]Dπ−)
Γ(B−→[K−π+]Dπ−)

RπK
K+

Γ(B+→[K−π+]DK+)
Γ(B+→[K+π−]DK+)

RπK
π+

Γ(B+→[K−π+]Dπ+)
Γ(B+→[K+π−]Dπ+)

Table 1. The nine CP observables measured using B− → Dh− decays, defined in terms of B meson

decay widths. Where indicated, h+h− represents an average of the D → K+K− and D → π+π−

modes. The R observables represent partial width ratios and double ratios. The A observables

represent CP asymmetries.

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 distin-

guished using information from two ring-imaging Cherenkov (RICH) detectors. Photons,

electrons, and hadrons are identified by a calorimeter 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 pro-

portional chambers. The online event selection is performed by a trigger, which consists of

a hardware stage, based on information from the calorimeter and muon systems, followed

by a software stage, where a full event reconstruction is applied. The events considered in

the analysis are triggered at the hardware level either when one of the final-state tracks

of the signal decay deposits enough energy in the calorimeter system, or when one of the

other particles in the event, not reconstructed as part of the signal candidate, fulfils any

trigger requirement. At the software stage, it is required that at least one particle should

have high pT and high χ2
IP

, where χ2
IP

is defined as the difference in the PV fit χ2 with

and without the inclusion of that particle. A multivariate algorithm [18] is used to identify

displaced vertices consistent with being a two-, three-, or four-track b-hadron decay. The

PVs are fitted with and without the B candidate tracks, and the PV that gives the smallest

χ2
IP

is associated with the B candidate.

Simulation is required to model the invariant mass distributions of the signal and

background contributions and determine their selection efficiencies. In the simulation,

– 4 –
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Observable Definition

ACP,γ
K

Γ(B−→([h+h−]Dγ)D∗ K−) − Γ(B+→([h+h−]Dγ)D∗ K+)
Γ(B−→([h+h−]Dγ)D∗ K−) + Γ(B+→([h+h−]Dγ)D∗ K+)

ACP,π0

K
Γ(B−→([h+h−]Dπ0)D∗ K−) − Γ(B+→([h+h−]Dπ0)D∗ K+)
Γ(B−→([h+h−]Dπ0)D∗ K−) + Γ(B+→([h+h−]Dπ0)D∗ K+)

AKπ,γ
K

Γ(B−→([K−π+]Dγ)D∗ K−) − Γ(B+→([K+π−]Dγ)D∗ K+)
Γ(B−→([K−π+]Dγ)D∗ K−) + Γ(B+→([K+π−]Dγ)D∗ K+)

AKπ,π0

K
Γ(B−→([K−π+]Dπ0)D∗ K−) − Γ(B+→([K+π−]Dπ0)D∗ K+)
Γ(B−→([K−π+]Dπ0)D∗ K−) + Γ(B+→([K+π−]Dπ0)D∗ K+)

RCP,γ Γ(B−→([h+h−]Dγ)D∗ K−) + Γ(B+→([h+h−]Dγ)D∗ K+)
Γ(B−→([h+h−]Dγ)D∗ π−) + Γ(B+→([h+h−]Dγ)D∗ π+)

× 1

R
Kπ,γ/π0

K/π

RCP,π0 Γ(B−→([h+h−]Dπ0)D∗ K−) + Γ(B+→([h+h−]Dπ0)D∗ K+)
Γ(B−→([h+h−]Dπ0)D∗ π−) + Γ(B+→([h+h−]Dπ0)D∗ π+)

× 1

R
Kπ,γ/π0

K/π

R
Kπ,γ/π0

K/π
Γ(B−→([K−π+]Dγ/π0)D∗ K−) + Γ(B+→([K+π−]Dγ/π0)D∗ K+)
Γ(B−→([K−π+]Dγ/π0)D∗ π−) + Γ(B+→([K+π−]Dγ/π0)D∗ π+)

RπK,γ
K−

Γ(B−→([K+π−]Dγ)D∗ K−)
Γ(B−→([K−π+]Dγ)D∗ K−)

RπK,π0

K−

Γ(B−→([K+π−]Dπ0)D∗ K−)
Γ(B−→([K−π+]Dπ0)D∗ K−)

RπK,γ
K+

Γ(B+→([K−π+]Dγ)D∗ K+)
Γ(B+→([K+π−]Dγ)D∗ K+)

RπK,π0

K+
Γ(B+→([K−π+]Dπ0)D∗ K+)
Γ(B+→([K+π−]Dπ0)D∗ K+)

ACP,γ
π

Γ(B−→([h+h−]Dγ)D∗ π−) − Γ(B+→([h+h−]Dγ)D∗ π+)
Γ(B−→([h+h−]Dγ)D∗ π−) + Γ(B+→([h+h−]Dγ)D∗ π+)

ACP,π0

π
Γ(B−→([h+h−]Dπ0)D∗ π−) − Γ(B+→([h+h−]Dπ0)D∗ π+)
Γ(B−→([h+h−]Dπ0)D∗ π−) + Γ(B+→([h+h−]Dπ0)D∗ π+)

AKπ,γ
π

Γ(B−→([K−π+]Dγ)D∗ π−) − Γ(B+→([K+π−]Dγ)D∗ π+)
Γ(B−→([K−π+]Dγ)D∗ π−) + Γ(B+→([K+π−]Dγ)D∗ π+)

AKπ,π0

π
Γ(B−→([K−π+]Dπ0)D∗ π−) − Γ(B+→([K+π−]Dπ0)D∗ π+)
Γ(B−→([K−π+]Dπ0)D∗ π−) + Γ(B+→([K+π−]Dπ0)D∗ π+)

RπK,γ
π−

Γ(B−→([K+π−]Dγ)D∗ π−)
Γ(B−→([K−π+]Dγ)D∗ π−)

RπK,π0

π−

Γ(B−→([K+π−]Dπ0)D∗ π−)
Γ(B−→([K−π+]Dπ0)D∗ π−)

RπK,γ
π+

Γ(B+→([K−π+]Dγ)D∗ π+)
Γ(B+→([K+π−]Dγ)D∗ π+)

RπK,π0

π+
Γ(B+→([K−π+]Dπ0)D∗ π+)
Γ(B+→([K+π−]Dπ0)D∗ π+)

Table 2. The 19 CP observables measured using B− → D∗h− decays, defined in terms of B

meson decay widths. Where indicated, h+h− represents an average of the D → K+K− and

D → π+π− modes. The R observables represent partial width ratios and double ratios. The A

observables represent CP asymmetries. The R
Kπ,γ/π0

K/π observable is an average over the D∗ → Dπ0

and D∗ → Dγ modes.
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pp collisions are generated using Pythia [19] with a specific LHCb configuration [21].

Decays of unstable particles are described by EvtGen [22], in which final-state radiation is

generated using Photos [23]. The interaction of the generated particles with the detector,

and its response, are implemented using the Geant4 toolkit [24] as described in ref. [26].

Some subdominant sources of background are generated with a fast simulation [27] that

mimics the geometric acceptance and tracking efficiency of the LHCb detector as well as

the dynamics of the decay via EvtGen.

3 Event selection

After reconstruction of a D-meson candidate from two oppositely charged particles, the

same event selection is applied to all B− → D(∗)h− channels in both data and simulation.

Since the neutral pion or photon from the vector D∗ decay is not reconstructed, partially

reconstructed B− → D∗h− candidates and fully reconstructed B− → Dh− candidates

contain the same reconstructed particles, and thus appear in the same sample. These

decays are distinguished using their reconstructed invariant mass m(Dh−), as described in

section 4.

The reconstructed D-meson candidate mass is required to be within ±25 MeV/c2 of the

known D0 mass [28]; this range corresponds to approximately three times the mass resolu-

tion. The kaon or pion originating directly 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 requirements ensure that the track is within the kinematic coverage of

the RICH detectors, which provide particle identification (PID) information used to create

independent samples of B− → D(∗)π− and B− → D(∗)K− decays. Details of the calibra-

tion procedure used to determine PID requirement efficiencies are given in section 4. A

kinematic fit is performed to each decay chain, with vertex constraints applied to both the

B− and D decay products, and the D candidate constrained to its known mass [29]. The

B− meson candidates with invariant masses in the interval 4900–5900 MeV/c2 are retained.

This range includes the partially reconstructed B− → (Dγ)D∗h− and B− → (Dπ0)D∗h−

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

A boosted decision tree (BDT) classifier, implemented using the gradient boost algo-

rithm [30] in the scikit-learn library [31], is employed to achieve further background

suppression. The BDT classifier is trained using simulated B− → [K−π+]DK
− decays and

a background sample of K−π+K− combinations in data with invariant mass in the range

5900–7200 MeV/c2. The BDT classifier is also used on all other D decay modes, and pro-

vides equivalent performance across samples. The input to the BDT classifier is a set of

features that characterise the signal decay. These features can be divided into two cate-

gories: (1) properties of any particle and (2) properties of composite particles (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.

– 6 –
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In addition, a feature that estimates the imbalance of pT around the B− candidate mo-

mentum vector is also used. It is defined as

IpT
=
pT(B−) − ΣpT

pT(B−) + ΣpT
,

where the sum is taken over charged 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 in the plane of pseudorapidity

and azimuthal angle defined in radians. Including the IpT
feature in the BDT classifier

training gives preference to B− candidates that are isolated from the rest of the event.

Since no PID information is used in the BDT classifier, the efficiencies for

B− → D(∗)K− and B− → D(∗)π− decays are similar, with insignificant variations aris-

ing from small differences in the decay kinematics. The requirement applied to the BDT

classifier response is optimised by minimising the expected relative uncertainty on RπK
K

(see table 1 for definition), as measured using the invariant mass fit described in section 4.

The purity of the sample is further improved by requiring that all kaons and pions in the

D decay are positively identified by the RICH [32, 33]; this selection has an efficiency of

about 90% per final-state particle.

Peaking background contributions from charmless decays that result in the same final

state as the signal are suppressed by requiring that the flight distance of the D candidate

from the B− decay vertex is larger than two times its uncertainty. Peaking background

from B− → [h−
1 h

+]Dh
−
2 signal decays, where h−

1 and h−
2 are exchanged, are vetoed by

requiring that the h−
2 h

+ invariant mass is more than 25 MeV/c2 away from the known D0

mass. A veto is also applied on candidates consistent with containing a fully reconstructed

D∗ → Dγ/π0 candidate, in order to statistically decouple this measurement from a possible

analysis of fully reconstructed B− → D∗h− decays; the veto is found to be 98.5% efficient

on data.

Background from favoured decays misidentified as ADS decays is reduced by applica-

tion of the D mass window and D decay product PID requirements detailed above. To

further reduce this background, an additional veto on the D mass, calculated with both de-

cay products misidentified, is applied to the favoured and ADS samples, where candidates

are required to fall further than 15 MeV/c2 away from the known D0 mass.

4 Invariant-mass fit

The values of the 28 CP observables and two branching fractions are determined using

a binned extended maximum likelihood fit to the m(Dh−) distribution in data. Distin-

guishing between B+ and B− candidates, companion particle hypotheses, and the four

D decay product final states, yields 16 independent samples which are fitted simultane-

ously. The invariant-mass spectra and results of the fit are shown in figures 2–5, where

the 16 subsamples are displayed separately. Although the fit is performed to data in the

4900–5900 MeV/c2 range, the 4900–5600 MeV/c2 region is displayed to focus on the signal

components. A legend listing each fit component is provided in figure 1. The χ2 per degree

of freedom of the fit is 7652/7875, indicating that the data are well-described.

– 7 –
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B− → (Dπ0)D∗π− decays. In partially reconstructed decays involving a vector me-

son, the Dh− invariant-mass distribution depends upon the spin and mass of the missing

particle. For B− → (Dπ0)D∗π− decays, the missing neutral pion has spin-parity 0−. The

distribution is described by a parabola exhibiting a minimum, whose range is defined by

the kinematic endpoints of the decay. It is convolved with a Gaussian resolution function,

yielding

f(m) =

∫ b

a

(

µ− a+ b

2

)2 (

1 − ξ

b− a
µ+

bξ − a

b− a

)

e−
(µ−m)2

2σ2 dµ . (4.1)

The resulting distribution has a characteristic double-peaked shape, visible in figures 2–5 as

dark blue filled regions appearing to the left of the fully reconstructed B− → Dh− 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 parameter. When ξ = 1, both

peaks are of equal height, and a deviation of ξ from unity accounts for mass-dependent

reconstruction and selection efficiency effects. The values of a, b, and ξ are taken from

simulation, while the Gaussian resolution σ is allowed to vary freely in the favoured and

GLW samples; the ADS widths are shared with the favoured mode.

Partially reconstructed B− → (Dπ0)D∗π− decays, where the companion pion is

misidentified as a kaon, are parameterised with a semi-empirical PDF, formed from the

sum of Gaussian and error functions. The parameters of this PDF are fixed to the values

found in fits to simulated events.

B− → (Dπ0)D∗K− decays. Equation (4.1) is also used to describe partially recon-

structed B− → (Dπ0)D∗K− decays, where the width σ in each of the DK− samples is

related to the Dπ− width by a freely varying ratio which is shared with the B− → DK−

signal PDFs. The kinematic endpoints a and b are determined from a fit to simulated

events, and the ξ parameter is shared with the B− → (Dπ0)D∗π− PDF.

Partially reconstructed B− → (Dπ0)D∗K− decays, where the companion kaon is

misidentified as a pion, are parameterised with a semi-empirical PDF, formed from the

sum of Gaussian and error functions. The parameters of this PDF are fixed to the values

found in fits to simulated events.

B− → (Dγ)D∗π− decays. Partially reconstructed B− → (Dγ)D∗π− decays involve a

missing particle of zero mass and spin-parity 1−. The Dπ− invariant-mass distribution

is described by a parabola exhibiting a maximum, convolved with a Gaussian resolution

function. The functional 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 . (4.2)

This distribution exhibits a broad single peak, as opposed to the double-peaked

B− → (Dπ0)D∗π− distribution described by eq. (4.1). In figures 2–5, this component is

visible as the light blue filled region to the left of the fully reconstructed B− → Dh− peaks.

The values of a, b, ξ, and σ are fixed using fits to simulated events. The difference between

the invariant-mass distributions of B− → (Dγ)D∗π− and B− → (Dπ0)D∗π− decays enables
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their statistical separation in the fit, and hence the determination of CP observables for

each mode.

Partially reconstructed B− → (Dγ)D∗π− decays where the companion pion is misiden-

tified as a kaon are treated in an equivalent manner to misidentified B− → (Dπ0)D∗π−

decays, as described above.

B− → (Dγ)D∗K− decays. Equation (4.2) is also used to describe partially recon-

structed B− → (Dγ)D∗K− decays, where the width σ in each of the DK− samples is

related to the Dπ− width by a common ratio shared with the B− → DK− signal PDFs.

The kinematic endpoints a and b are derived from a fit to simulated events, and the ξ param-

eter is shared with the B− → (Dγ)D∗π− PDF. Partially reconstructed B− → (Dγ)D∗K−

decays where the companion kaon is misidentified as a pion are treated in an equivalent

manner to misidentified B− → (Dπ0)D∗K− decays.

Combinatorial background. An exponential PDF is used to describe the combinatorial

background. Independent and freely varying exponential parameters and yields are used

to model this component in each subsample.

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 cannot be distinguished

effectively from the fully reconstructed B− → Dh− signals. A Crystal Ball PDF is used to

model this component, with shape parameters fixed to the values found in a fit to simulated

B− → K−π+π− decays.

The charmless contribution is determined from fits to the B− mass spectrum in the

D-mass sidebands, without the kinematic fit of the decay chain. The charmless background

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−]DK
− sample, which has a yield

corresponding to 10% of the measured signal yield.

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 masses. Their contributions are determined relative to the fully reconstructed

charmless components using a freely varying ratio which is shared across all D decay

modes. A parabola exhibiting a minimum convolved with a Gaussian resolution function

is used to model this component, with shape parameter values taken from simulation.

Partially reconstructed background. Several additional partially reconstructed b-

hadron decays contribute at low invariant-mass values. The dominant contributions are

from B− → Dh−π0 and B0 → (Dπ+)D∗+π− decays, where a neutral pion or positively

charged pion is not reconstructed.3 The invariant-mass distribution of these sources de-

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

3When considering partially reconstructed background sources, the production fractions fu and fd are

taken to be equal [28].
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described using eq. (4.1), with shape parameter values taken from simulation. The Dalitz

structure of B− → Dh−π0 decays is modelled using Laura++ [37] and the amplitude

model from ref. [38].

The yields of the B0 → (Dπ+)D∗+π− and B0 → (Dπ+)D∗+K− contributions, where

the π+ meson is not reconstructed, are fixed relative to the corresponding B− → Dπ−

yields using branching fractions [28] and efficiencies obtained from simulation. The CP

asymmetries of these modes are fixed to zero in all subsamples, as no CP violation is

expected in a time-integrated measurement.

The yields of the B− → Dπ−π0 decay vary freely in the favoured and GLW sub-

samples allowing for potential CP violation, and the total rate in the ADS mode is fixed

to (4.0 ± 1.3) × 10−3 relative to the favoured mode yield. This estimate is based on the

expectation that rDππ0

B is similar in size to rDπ
B , and thus much smaller than the D de-

cay amplitude ratio rKπ
D [28]. No CP violation is permitted in the data fit, but the fixed

values of rDππ0

B− and rDππ0

B− are independently varied to determine the systematic uncer-

tainty to account for potential CP violation. In the ADS mode, a separate contribution

from colour-suppressed B0 → [K+π−]Dπ
+π− decays is also included, where the π+ me-

son is not reconstructed. The yield of this component varies freely in the fit, and shape

parameters are taken from a fit to simulated samples generated using Laura++ and the

amplitude model from ref. [38].

In the favoured DK− sample, the yield of the B− → DK−π0 component varies freely

in both the B− and B+ subsamples, allowing for the presence of a B0 → DK−π+ contri-

bution. In the GLW and ADS modes, average values and uncertainties from ref. [4] are

used to estimate the expected rates and CP asymmetries, accounting for the presence of

B0 → DK−π+. These quantities are fixed in the invariant-mass fit, and are considered

as sources of systematic uncertainty. The distribution is modelled using a fit to simulated

events generated using Laura++ and the amplitude model from ref. [39].

Contributions from partially reconstructed B− → (Dπ0/γ)D∗h−π0 and

B0 → (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 several

parabolas convolved with resolution functions according to eqs. (4.1) and (4.2), 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.

In the B− → [K+K−]Dh
− samples, Λ0

b → [p+K−π+]Λ+
c
h− decays contribute to the

background when the pion is missed and the proton is misidentified as the second kaon.

The PDF describing this component is fixed from simulation, but the yields in the B− →
[K+K−]Dπ

− and B− → [K+K−]DK
− subsamples vary freely. A contribution from Λ0

b →
[p+π−π+]Λ+

c
h− in the ADS Dπ− mode is also modelled using the same wide PDF, with a

yield fixed relative to the Λ0
b → [p+K−π+]Λ+

c
π− yield measured in the B− → [K+K−]Dπ

−

sample using Λ+
c branching fractions [28].

In the ADS DK− sample, a contribution from Λ0
b → [K−π+]Dpπ

− decays is modelled,

where the proton is misidentified as a kaon and the pion is not reconstructed. A fixed shape

is used to describe this contribution, with shape parameters determined using a fit to a

sample of Λ0
b → [K−π+]Dpπ

− decays in data taken from ref. [40]. The rate of this mode
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is fixed in the invariant-mass fit relative to the favoured B− → Dπ− yield using branching

fractions [28], efficiencies derived from simulation, and the Λ0
b production fraction relative

to B+ as measured at LHCb [41]. The CP asymmetry is assumed to be zero for this

favoured decay in the invariant-mass fit.

In the ADS DK− sample, and to a lesser extent in the GLW DK− samples,

B0
s → DK−π+ decays in which the companion pion is not reconstructed contribute to the

background. The PDF describing this component is fixed from fits to simulated samples

generated according to the amplitude model from ref. [42]. The yield of this component

varies freely in the ADS mode, and the GLW mode yields are fixed relative to that using D

branching fractions [28]. Contributions from B0
s → (Dγ/π0)D∗K−π+ are also modelled us-

ing simulated samples generated with a longitudinal polarisation fraction fL = 0.9±0.1; as

this quantity has not yet been measured for B0
s → (Dγ/π0)D∗K−π+ decays, the value used

is based on the B− → D∗K∗− measurement [43] with an additional systematic uncertainty

assigned to account for potential differences. The yield of this component is fixed relative

to the freely varying B0
s → DK−π+ yield assuming the same branching fraction with 25%

uncertainty, and adjusting for the relative efficiency as determined using simulation. The

CP asymmetries of the B0
s → D(∗)K−π+ contributions are assumed to be zero, as no CP

violation is expected for these modes in a time-integrated measurement.

In the ADSDπ− sample, a contribution from favoured B+ → [K+π−]Dπ
+π+π− decays

is modelled, where the two π+ produced in the B+ decay are not reconstructed. The rate

of this contribution varies freely, with a fixed shape determined from a fit to simulated

B+ → [K+π−]D(π+π+π−)a1(1270)+ decays. Only the a1(1270)+ contribution is simulated

as this is the dominant 3π resonance observed in this mode [44]. The CP asymmetry is

assumed to be zero for this favoured decay in the invariant-mass fit.

For all partially reconstructed background contributions considered in the fit, com-

ponents accounting for particle misidentification are also taken into account. They are

parameterised with semi-empirical PDFs formed from the sum of Gaussian and error func-

tions. The parameters of each of these PDFs are fixed to the values found in fits to simulated

events.

Background from favoured decays in the ADS samples. The favoured and ADS

signal modes have identical final states aside from the relative charge of the companion

hadron and the kaon produced in the D decay. It is possible to misidentify both D decay

products, such that a favoured decay is reconstructed as an ADS signal candidate. Given

the much larger rate of favoured decays relative to the ADS signals, this crossfeed back-

ground must be reduced to a manageable level with specific requirements. Using simulated

favoured B− → Dπ− decays, a combination of the D invariant-mass window, D decay

product PID requirements, and the veto on the D mass calculated with both decay prod-

ucts misidentified, is found to accept doubly misidentified decays at the 10−4 level relative

to correctly identified decays. This relative efficiency is used in the fit to fix the quantity of

favoured background in the ADS subsamples relative to the corresponding favoured yields.

The same relative efficiency is employed for the Dπ− and DK− samples, as well as for the

B− → Dh− and B− → D∗h− signals. The crossfeed components are modelled using fixed
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shapes derived from favoured simulated samples reconstructed as ADS decays. Due to the

double misidentification, these components are found to be wider than their corresponding

correctly identified signals.

4.2 PID efficiencies

In the DK− subsamples, the rates of contributions from misidentified B− → D(∗)π− de-

cays are determined by the fit to data via a single freely varying parameter. The B− →
D(∗)K− contributions in the Dπ− subsample are not well separated from background, so

the expected yield is determined using a PID calibration procedure with approximately 40

million D∗+ → [K−π+]Dπ
+ decays. This decay is identified using kinematic variables only,

and thus provides a pure sample of K∓ and π± particles unbiased in the PID variables. The

PID efficiency is parameterised as a function of particle momentum and pseudorapidity,

as well as the charged-particle multiplicity in the event. The effective PID efficiency of

the signal is determined by weighting the calibration sample such that the distributions

of these variables match those of selected B− → [K−π+]Dπ
− signal decays. It is found

that around 70% of B− → DK− decays pass the companion kaon PID requirement and

are placed in the DK− sample, with negligible statistical uncertainty due to the size of

the calibration sample; the remaining 30% fall into the Dπ− sample. With the same

PID requirement, 99.6% of the B− → Dπ− decays are correctly identified, as measured

by the fit to data. These efficiencies are also taken to represent B− → (Dπ0)D∗h− and

B− → (Dγ)D∗h− signal decays in the fit, with a correction of 0.98 applied to the kaon

efficiency to account for small differences in companion kinematics. The related systematic

uncertainty on the kaon efficiency is determined by the size of the signal samples used, and

thus increases for the lower yield modes.

4.3 Production and detection asymmetries

In order to measure CP asymmetries, the detection asymmetries for K± and π± mesons

must be taken into account. A detection asymmetry of (−0.96 ± 0.13)% 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 taken from ref. [45], where the charge

asymmetries in D− → K+π−π− and D− → K0
Sπ

− calibration samples are compared after

weighting to match the kinematics of the signal kaons in favoured B− → Dπ− decays. An

additional correction of (−0.17 ± 0.08)% is applied to the kaon detection asymmetry, to

account for the asymmetry introduced by the hadronic hardware trigger. The detection

asymmetry for pions is smaller, and is taken to be (−0.17 ± 0.10)% [45].

The CP asymmetry in the favoured B− → [K−π+]Dπ
− decay is fixed to

(+0.09 ± 0.05)%, calculated using the average value and uncertainty on γ from ref. [4] and

the assumption that rDπ
B is below 0.02 with uniform probability; no assumption is made

about the strong phase δDπ
B . This enables the effective production asymmetry, defined as

Aeff
B± = σ′(B−)−σ′(B+)

σ′(B−)+σ′(B+)
, where σ′ is the B-meson production cross-section, to be measured

and simultaneously subtracted from the charge asymmetry measurements in other modes.

To correct for left-right asymmetry effects in the LHCb detector, similarly sized data

samples are collected in two opposite magnet polarity configurations. The analysis is
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Decay D mode Yield

B± → Dπ± K−π+ 1 771 385 ± 2153

K+K− 219 584 ± 569

π+π− 70 594 ± 273

K+π− 6518 ± 99

B± → DK± K−π+ 136 734 ± 457

K+K− 16 107 ± 147

π+π− 5178 ± 49

K+π− 2372 ± 65

B± → (Dπ0)D∗π± K−π+ 1 106 081 ± 10 828

K+K− 137 111 ± 1378

π+π− 44 080 ± 461

K+π− 5292 ± 543

B± → (Dπ0)D∗K± K−π+ 90 031 ± 1197

K+K− 11 660 ± 277

π+π− 3748 ± 90

K+π− 1124 ± 231

B± → (Dγ)D∗π± K−π+ 536 615 ± 6065

K+K− 66 519 ± 769

π+π− 21 385 ± 254

K+π− 2273 ± 403

B± → (Dγ)D∗K± K−π+ 44 255 ± 899

K+K− 5310 ± 361

π+π− 1707 ± 116

K+π− 674 ± 931

Table 3. Yields for the 24 signal modes.

performed on the total dataset summed over both polarities, where no residual left-right

asymmetry effects remain to be corrected.

4.4 Yields and selection efficiencies

The total yield for each mode is a sum of the number of correctly identified and misidenti-

fied candidates; their values are given in table 3. To obtain the observable RKπ
K/π (R

Kπ,π0/γ
K/π )

in the fit, which is defined in table 1 (table 2), the ratio of yields is corrected for the rela-

tive efficiency with which B− → DK− and B− → Dπ− (B− → D∗K− and B− → D∗π−)

decays are reconstructed and selected. The relative efficiencies are found to be close to

unity, where the B− → D(∗)π− efficiencies are around 2% larger than B− → D(∗)K−. The
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uncertainties assigned on these efficiency corrections take into account the size of the simu-

lated samples and the imperfect modelling of the relative pion and kaon absorption 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 corrected 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 close to unity and is varied within its uncertainty to determine the associated

systematic uncertainty. In the measurement of B(D∗ → Dπ0), the assumption is made

that B(D∗ → Dπ0) + B(D∗ → Dγ) = 1 [28]. The branching fraction B(B− → D∗0π−) is

determined from the total B− → D∗π− and B− → Dπ− yields, the relative efficiencies

determined from simulation, and the B− → Dπ− branching fraction [28]. Both the efficien-

cies and external input branching fraction are varied to determine the associated systematic

uncertainty.

5 Systematic uncertainties

The 30 observables of interest (28 CP observables and two branching fractions) are sub-

ject to a set of systematic uncertainties resulting from the use of fixed parameters in the

fit. The systematic uncertainties associated with using these fixed parameters are assessed

by repeating the fit 1000 times, varying the value of each external parameter within its

uncertainty according to a Gaussian distribution. The resulting standard deviation of

each observable under this variation is taken as the systematic uncertainty. The system-

atic uncertainties, grouped into six categories, are shown for each observable in table 4.

Correlations between the categories are negligible, but correlations within categories are

accounted for. The total systematic uncertainties are determined by the sum in quadrature

of each category.

6 Results

The CP observable and branching fraction results are

ACP
K = 0.136 ± 0.009 ± 0.001,

ACP
π = −0.008 ± 0.002 ± 0.002,

AKπ
K = −0.011 ± 0.003 ± 0.002,

RCP = 0.950 ± 0.009 ± 0.010,

RKπ
K/π = 0.0796 ± 0.0003 ± 0.0013,

RπK
K− = 0.0095 ± 0.0005 ± 0.0003,

RπK
π− = 0.00415 ± 0.00008 ± 0.00004,

RπK
K+ = 0.0252 ± 0.0008 ± 0.0004,

RπK
π+ = 0.00320 ± 0.00007 ± 0.00004,

ACP,γ
K = 0.123 ± 0.054 ± 0.031,
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ACP,π0

K = −0.115 ± 0.019 ± 0.009,

AKπ,γ
K = −0.004 ± 0.014 ± 0.003,

AKπ,π0

K = 0.020 ± 0.007 ± 0.003,

RCP,γ = 0.952 ± 0.062 ± 0.065,

RCP,π0
= 1.051 ± 0.022 ± 0.028,

R
Kπ,γ/π0

K/π = 0.0851 ± 0.0012 ± 0.0048,

RπK,γ
K− = 0.0117 ± 0.0215 ± 0.0313,

RπK,π0

K− = 0.0202 ± 0.0035 ± 0.0023,

RπK,γ
K+ = 0.0292 ± 0.0214 ± 0.0312,

RπK,π0

K+ = 0.0033 ± 0.0035 ± 0.0022,

ACP,γ
π = 0.000 ± 0.014 ± 0.006,

ACP,π0

π = 0.013 ± 0.007 ± 0.003,

AKπ,γ
π = −0.004 ± 0.004 ± 0.001,

AKπ,π0

π = 0.001 ± 0.002 ± 0.001,

RπK,γ
π− = 0.00472 ± 0.00092 ± 0.00118,

RπK,π0

π− = 0.00405 ± 0.00056 ± 0.00059,

RπK,γ
π+ = 0.00403 ± 0.00091 ± 0.00114,

RπK,π0

π+ = 0.00536 ± 0.00056 ± 0.00058,

B(D∗ → Dπ0) = 0.655 ± 0.003 ± 0.012,

B(B± → D∗0π±) = 0.00535 ± 0.00004 ± 0.00016 ± 0.00015,

where the first uncertainties quoted are statistical and the second systematic; the third

uncertainty on B(B± → D∗0π±) accounts for the use of the external branching fraction

B(B± → D0π±) = (4.68 ± 0.13) × 10−3 [28]. The statistical and systematic correlation

matrices are given in appendix A. The RπK
h− and RπK

h+ ADS CP observables can be expressed

in terms of a charge-averaged rate RπK
h and an asymmetry AπK

h

RπK
h = (RπK

h− +RπK
h+ )/2 ,

AπK
h = (RπK

h− −RπK
h+ )/(RπK

h− +RπK
h+ ) .

The values of these derived observables are

RπK
K = 0.0173 ± 0.0006,

RπK,γ
K = 0.0163 ± 0.0373,

RπK,π0

K = 0.0118 ± 0.0034,

RπK
π = 0.00368 ± 0.00007,
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RπK,γ
π = 0.00420 ± 0.00138,

RπK,π0

π = 0.00471 ± 0.00077,

AπK
K = −0.451 ± 0.026,

AπK,γ
K = −0.558 ± 1.349,

AπK,π0

K = 0.717 ± 0.286,

AπK
π = 0.129 ± 0.014,

AπK,γ
π = 0.079 ± 0.128,

AπK,π0

π = −0.140 ± 0.059,

where the statistical and systematic uncertainties are combined according to the correla-

tions between the RπK
h− and RπK

h+ observables.

World-best measurements of CP observables in B− → D(∗)h− decays 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. [13]. Updated world-best measurements

of CP observables in ADS B− → Dh− decays are also made, which supersede the results

in ref. [14]. Measurements of CP observables in ADS B− → D∗h− decays are made for

the first time at LHCb. The ADS B− → (Dπ0)D∗K− signal is measured with a signifi-

cance of 3.5 standard deviations (σ, where both the statistical and systematic uncertain-

ties are considered), with CP violation measured to be non-zero at the 2.5σ level. The

B− → (Dγ)D∗K− signal is measured to be consistent with zero, which is due to the large

uncertainties incurred as a result of correlations with several partially reconstructed back-

ground contributions. The value of AπK,π0

K is consistent with the BaBar result [46], while

RπK,π0

K is found to be smaller but consistent within measurement uncertainties. The values

of AπK,γ
K and RπK,γ

K are consistent with the results from ref. [46]. A first observation of the

ADS B− → (Dπ0)D∗π− decay is made with a significance of 6.1σ, with CP violation mea-

sured to be non-zero at the 2.4σ level. The ADS B− → (Dγ)D∗π− signal is measured with

a significance of 3.0σ, where the degree of CP violation measured is consistent with zero.

In general, good agreement is found with previous results from LHCb and the B-

factories. However, the value of RCP has decreased from RCP = 0.989 ± 0.013 ± 0.010

in ref. [13] due to the veto applied to remove background from B− → [h−
1 h

+]Dh
−
2 decays

where h−
1 and h−

2 are swapped. In refs. [13] and [14] this veto was not applied, resulting

in peaking background contamination from favoured B− → [K−π+]Dπ
− decays in the

B− → [π+π−]DK
− sample which artificially increased the value of RCP . The value of

RπK
K has also reduced due to this veto and the modelling of additional background sources,

such as Λ0
b → Dpπ−, which were not previously considered.

The values of R
Kπ,γ/π0

K/π , B(D∗0 → D0π0), and B(B± → D∗0π±) are found to agree

well with the current world average values, ignoring previous LHCb inputs to the averages.

These measurements demonstrate that the method of partial reconstruction accurately

measures the B− → (Dπ0)D∗h− and B− → (Dγ)D∗h− signals, despite the presence of

several partially reconstructed background sources which decrease the purity and introduce

anti-correlations in the fit.
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Observable PID PDF Rates Asym Eff Veto Total

ACP
K 6 10 11 5 1 10 16

ACP
π 4 14 15 70 3 10 74

AKπ
K 12 7 11 49 1 10 52

RCP 24 88 58 0 16 10 109

RKπ
K/π 47 243 104 1 402 10 483

RπK
K− 2 48 30 3 2 10 57

RπK
π− 2 41 15 13 4 10 46

RπK
K+ 3 47 23 2 6 10 53

RπK
π+ 2 44 15 15 6 10 50

ACP,γ
K 9 34 40 18 9 10 57

ACP,π0

K 9 28 31 16 10 10 47

AKπ,γ
K 4 8 14 15 2 10 22

AKπ,π0

K 9 12 19 34 5 10 42

RCP,γ 2 87 55 2 22 10 105

RCP,π0
30 87 76 0 33 10 124

R
Kπ,γ/π0

K/π 58 292 187 25 185 10 398

RπK,γ
K− 13 117 82 14 21 10 146

RπK,π0

K− 4 39 48 4 22 10 66

RπK,γ
K+ 11 117 83 7 21 10 146

RπK,π0

K+ 3 41 47 3 16 10 64

ACP,γ
π 2 18 39 11 3 10 45

ACP,π0

π 2 16 16 31 3 10 39

AKπ,γ
π 4 22 19 18 4 10 34

AKπ,π0

π 2 2 13 32 1 10 34

RπK,γ
π− 13 114 57 11 6 10 128

RπK,π0

π− 1 86 60 16 15 10 107

RπK,γ
π+ 14 115 45 12 8 10 125

RπK,π0

π+ 2 85 57 16 9 10 104

B(D∗ → Dπ0) 27 281 76 8 177 10 342

B(B± → D∗0π±) 17 257 148 2 329 10 444

Table 4. Systematic uncertainties for all observables, where values are quoted as a percentage

of the statistical uncertainty for a given observable. The total uncertainty is given by the sum in

quadrature of each contribution. PID refers to fixed PID efficiencies, PDF to fixed PDF parameters,

Rates to fixed background contributions, Asym to the use of fixed detection asymmetries and

background CP asymmetries, Eff to the use of fixed efficiencies from simulation, and Veto to the

procedure used to veto fully reconstructed B− → D∗h− candidates.
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7 Interpretation and conclusion

Using the B− → D(∗)h− CP observable results as input, profile likelihood contours in the

fundamental parameters (γ, rDK
B , δDK

B , rDπ
B , δDπ

B , rD∗K
B , δD∗K

B , rD∗π
B , δD∗π

B ) are constructed

using eqs. (1.1) and (1.2) following ref. [47]. The parameters rKπ
D and δKπ

D are the amplitude

ratio and strong phase difference for the D → Kπ decay, which are taken from ref. [4].

Similar expressions can be written for B− → D∗h− decays, where the exact strong phase

difference of π between the D∗ → Dπ0 and D∗ → Dγ decays is taken into account [9].

The effects of D0 −D0 mixing on the measured CP observable values are accounted for in

eqs. (1.1) and (1.2) within the terms proportional to the decay-time acceptance coefficient,

α, and the charm mixing parameters, x and y [4]. The experimental D lifetime acceptance

is studied using a fit to the D-candidate lifetime distribution in favoured B− → Dπ− data,

where α = 1.045 ± 0.008 is found.

The profile likelihood contours for all fundamental parameters at 68%, 95%, and 99.7%

confidence level are shown in figure 6. The contours found are dominated by the B− →
DK− measurements, although information from B− → Dπ−, B− → D∗K−, and B− →
D∗π− is also used in all cases. Compared to the ADS/GLW likelihood contours constructed

using previous LHCb B− → DK− results [3], the favoured values of rDK
B are lower. This

is due to the lower value of RCP measured in this analysis. As a result of this change in

RCP , the four distinct solutions visible in the (γ, δDK
B ) plane have merged into two distinct

bands, which reduces the standalone sensitivity to γ of the ADS/GLW B− → DK− modes.

The corresponding contours for B− → Dh− from ref. [5] are overlaid in figure 6, and show

good agreement with the results of this analysis both for B− → DK− and B− → Dπ−.

The preferred value of rD∗K
B is around 0.1, which is consistent with the BaBar combi-

nation for B− → D∗K− [48]. The favoured values of δD∗K
B are also consistent with those

found in ref. [48], with values around 300◦ for γ < 90◦. Values of rD∗π
B ∼ 0.01 are favoured,

with δD∗π
B around 150◦ for γ < 90◦.

When constructing these confidence regions, the charm parameters x, y, rKπ
D , and δKπ

D

are provided with their correlations as external constraints from ref. [4]. Alternatively, it is

possible to make a measurement of δKπ
D and y by allowing them to vary freely in a combina-

tion of results. Following such a strategy using the fully-reconstructed B− → Dh− results in

this analysis as well as recent studies of B− → [K0
Sh

+h−]Dh
− decays [5], γ = (61.8 ± 4.0)◦,

δDK
B = (123.8 ± 4.8)◦, and rDK

B = 0.0964 ± 0.0028 are found. This combination also finds

y = (0.76 ± 0.24)% and δKπ
D = (192.3 ± 6.0)◦ with a correlation of +0.42, where a 0.6◦ sys-

tematic uncertainty on δKπ
D is included from the necessary constraints on x and rKπ

D . This

compares favourably to the current world average, δKπ
D = 196.1+ 7.9

−10.1 [4]. The fact that

B → DX measurements provide significant input to the understanding of charm parame-

ters motivates a comprehensive combination of all B → DX results together with relevant

charm results.

In summary, measurements of CP observables in B± → D(∗)K± and B± → D(∗)π±

decays are made, where decays of the D meson are reconstructed in the K±π∓, K+K−,

and π+π− final states. Decays of the D∗ meson to the Dπ0 and Dγ final states are

partially reconstructed without inclusion of the neutral pion or photon. The measurements
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of partially reconstructed B± → D∗K± and B± → D∗π± with D → K∓π± decays are the

first of their kind, and a first observation of the B± → (Dπ0)D∗π± decay is made with a

significance of 6.1 standard deviations. All CP observables are measured with world-best

precision, and in combination with other LHCb results will provide strong constraints on

the CKM angle γ.

A Correlation matrices

ACP
K ACP

π AKπ
K RCP RKπ

K/π RπK
K− RπK

π− RπK
K+ RπK

π+

ACP
K 1.00 0.00 0.02 −0.02 0.00 0.00 0.00 0.00 0.00

ACP
π 1.00 0.08 0.00 0.00 0.01 0.01 0.00 −0.01

AKπ
K 1.00 0.00 0.00 0.00 0.01 0.00 −0.01

RCP 1.00 −0.33 0.03 0.00 0.04 0.00

RKπ
K/π 1.00 −0.05 0.01 −0.10 0.00

RπK
K− 1.00 −0.03 0.05 0.02

RπK
π− 1.00 0.02 0.08

RπK
K+ 1.00 −0.04

RπK
π+ 1.00

Table 5. Statistical correlation matrix for B± → Dh± observables.

ACP
K ACP

π AKπ
K RCP RKπ

K/π RπK
K− RπK

π− RπK
K+ RπK

π+

ACP
K 1.00 0.13 0.07 −0.22 −0.06 −0.03 0.00 0.02 −0.07

ACP
π 1.00 −0.74 0.18 −0.05 0.04 0.31 −0.07 −0.21

AKπ
K 1.00 −0.02 0.00 0.05 −0.24 0.11 0.22

RCP 1.00 −0.20 0.09 0.11 0.17 0.14

RKπ
K/π 1.00 0.08 −0.04 −0.06 −0.10

RπK
K− 1.00 0.16 0.93 0.13

RπK
π− 1.00 0.21 0.84

RπK
K+ 1.00 0.26

RπK
π+ 1.00

Table 6. Systematic correlation matrix for B± → Dh± observables.
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ACP,γ
K ACP,π0

K AKπ,γ
K AKπ,π0

K RCP,γ RCP,π0
R

Kπ,γ/π0

K/π RπK,γ
K− RπK,π0

K− RπK,γ
K+ RπK,π0

K+ ACP,γ
π ACP,π0

π AKπ,γ
π AKπ,π0

π RπK,γ
π− RπK,π0

π− RπK,γ
π+ RπK,π0

π+

ACP,γ
K 1.00 −0.61 0.00 0.00 −0.15 0.07 0.03 −0.03 0.01 −0.03 0.01 −0.01 −0.02 0.01 0.01 −0.01 0.00 −0.02 0.00

ACP,π0

K 1.00 0.00 0.01 −0.05 0.08 0.05 0.00 0.00 0.00 0.00 0.03 0.05 0.02 0.03 0.00 0.00 0.00 0.00

AKπ,γ
K 1.00 −0.59 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00

AKπ,π0

K 1.00 0.00 0.00 −0.02 0.00 0.00 0.00 0.00 0.01 0.02 0.05 0.08 0.00 0.01 0.00 −0.01

RCP,γ 1.00 −0.44 −0.02 0.23 −0.08 0.23 −0.08 0.00 0.00 0.00 0.00 0.10 0.00 0.10 0.00

RCP,π0
1.00 −0.07 −0.04 0.03 −0.04 0.02 0.00 0.00 0.00 0.00 −0.02 0.00 −0.02 0.00

R
Kπ,γ/π0

K/π 1.00 0.03 −0.03 0.04 0.01 0.00 0.00 0.01 0.00 0.02 0.00 0.02 0.01

RπK,γ
K− 1.00 −0.59 0.79 −0.27 0.00 0.00 0.01 0.01 0.30 −0.03 0.33 −0.02

RπK,π0

K− 1.00 −0.27 0.10 0.00 0.00 0.00 0.00 −0.07 0.05 −0.10 0.05

RπK,γ
K+ 1.00 −0.60 0.00 0.00 −0.01 −0.01 0.32 −0.01 0.30 −0.03

RπK,π0

K+ 1.00 0.00 0.00 0.00 0.00 −0.09 0.04 −0.07 0.05

ACP,γ
π 1.00 0.05 0.02 0.03 0.00 0.00 0.00 0.00

ACP,π0

π 1.00 0.05 0.08 0.00 0.00 0.00 −0.01

AKπ,γ
π 1.00 −0.28 0.01 0.01 −0.01 −0.01

AKπ,π0

π 1.00 0.01 0.02 −0.01 −0.02

RπK,γ
π− 1.00 −0.11 0.33 0.19

RπK,π0

π− 1.00 0.19 0.58

RπK,γ
π+ 1.00 −0.11

RπK,π0

π+ 1.00

Table 7. Statistical correlation matrix for B± → D∗h± observables.
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ACP,γ
K ACP,π0

K AKπ,γ
K AKπ,π0

K RCP,γ RCP,π0
R

Kπ,γ/π0

K/π RπK,γ
K− RπK,π0

K− RπK,γ
K+ RπK,π0

K+ ACP,γ
π ACP,π0

π AKπ,γ
π AKπ,π0

π RπK,γ
π− RπK,π0

π− RπK,γ
π+ RπK,π0

π+

ACP,γ
K 1.00 −0.52 0.50 −0.39 −0.31 −0.71 0.40 −0.15 0.10 −0.05 0.12 0.74 −0.02 −0.70 0.05 −0.16 −0.14 −0.05 −0.17

ACP,π0

K 1.00 −0.44 −0.08 0.33 0.62 0.19 0.19 −0.19 0.16 −0.08 −0.49 0.00 0.53 −0.19 0.18 0.01 0.10 0.03

AKπ,γ
K 1.00 0.23 0.02 −0.35 0.38 −0.04 0.03 0.04 0.05 0.57 −0.38 −0.38 0.32 −0.15 −0.19 0.04 −0.09

AKπ,π0

K 1.00 −0.19 0.15 −0.53 −0.08 0.06 −0.12 −0.01 −0.54 −0.64 0.42 0.28 −0.05 0.04 0.02 0.24

RCP,γ 1.00 0.49 0.36 0.36 −0.15 0.41 −0.09 0.22 0.16 0.07 0.00 0.16 −0.06 0.19 −0.07

RCP,π0
1.00 −0.08 0.14 −0.04 0.10 −0.05 −0.35 0.07 0.42 −0.11 0.15 0.08 0.09 0.10

R
Kπ,γ/π0

K/π 1.00 0.16 −0.13 0.26 −0.02 0.62 0.11 −0.22 0.08 0.02 −0.19 0.11 −0.18

RπK,γ
K− 1.00 −0.55 0.98 −0.51 0.00 0.07 0.10 0.00 0.37 −0.04 0.40 −0.04

RπK,π0

K− 1.00 −0.53 0.94 0.04 −0.01 −0.10 0.00 −0.13 0.08 −0.15 0.06

RπK,γ
K+ 1.00 −0.48 0.12 0.04 0.03 0.02 0.37 −0.06 0.41 −0.06

RπK,π0

K+ 1.00 0.06 −0.03 −0.10 0.00 −0.14 0.02 −0.13 0.04

ACP,γ
π 1.00 0.26 −0.67 0.17 −0.10 −0.18 0.02 −0.25

ACP,π0

π 1.00 −0.02 0.06 0.09 0.08 −0.07 −0.14

AKπ,γ
π 1.00 0.43 0.13 0.09 0.06 0.17

AKπ,π0

π 1.00 −0.04 −0.05 0.02 0.00

RπK,γ
π− 1.00 0.53 0.79 0.16

RπK,π0

π− 1.00 0.22 0.60

RπK,γ
π+ 1.00 0.41

RπK,π0

π+ 1.00

Table 8. Systematic correlation matrix for B± → D∗h± observables.
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