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Abstract

A measurement of the CP -violating observables from B± → D∗K± and B± → D∗π±

decays is presented, where D∗(D) is an admixture of D∗0 and D∗0 (D0 and
D̄0) states and is reconstructed through the decay chains D∗ → Dπ0/γ and
D → K0

Sπ
+π−/K0

SK
+K−. The measurement is performed by analysing the signal

yield variation across the D decay phase space and is independent of any amplitude
model. The data sample used was collected by the LHCb experiment in proton-
proton collisions and corresponds to a total integrated luminosity of 9 fb−1 at
centre-of-mass energies of 7, 8 and 13 TeV. The CKM angle γ is determined to
be (69+13

−14)
◦ using the measured CP -violating observables. The hadronic parame-

ters rD
∗K±

B , rD
∗π±

B , δD
∗K±

B , δD
∗π±

B , which are the ratios and strong phase differences
between favoured and suppressed B± decays, are also reported.
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1 Introduction

The combined charge-parity (CP ) symmetry violation (CP violation) in weak interactions
in the Standard Model (SM) arises from a single, nonzero, irreducible weak phase angle
in the CKM matrix elements, Vij [1, 2]. The CKM angle γ ≡ arg(−VudV ∗

ub/VcdV
∗
cb), can be

described by the angles and lengths of the unitarity triangle constructed from elements of
CKM matrix. This angle can be measured directly through the interference between b→ c
and b→ u processes in tree-level decays to the same final-state particles. The theoretical
uncertainty in the interpretation of these measurements in terms of γ is O(10−7) [3].
In the absence of processes beyond the SM at tree level, the measurement of γ is not
expected to receive any other contributions. These measurements of γ thus provide an SM
benchmark, which can be compared to “indirect” determinations inferred from observables
that are more likely to receive contributions from new physics [4]. A comparison between
direct and indirect determinations of γ serves as a test of the SM description of CP -
violation and probes possible physics beyond the SM, making over-constraining the CKM
matrix an important experimental objective. The current indirectly determined value is
γ = (65.7+1.3

−1.2)
◦ [5] and the world average of the direct measurements is γ = (67 ± 4)◦ [6].

While good agreement is seen at the current level of precision, the uncertainties in the
individual direct measurements are large and can be improved upon.

The golden modes for measuring γ directly are the B± → DK± and B± → Dπ±

family of decays, in which the D meson can be reconstructed in a variety of final states
offering complementary sensitivity. Though modes involving excited D∗ mesons also
provide good sensitivity, thus far there have been only a few measurements with excited
D∗ mesons. At LHCb, measurements have been performed with B± → D∗K± and
B± → D∗π± (commonly denoted B± → D∗h±) decays, with D∗ → Dπ0/γ and the D
meson reconstructed using decays to two hadrons (GLW-ADS modes) [7]. Here D∗ (D)
denotes admixtures of D∗0 (D0) and D∗0 (D0) mesons. In these analyses, the final-state
neutral particles (π0/γ) were not reconstructed and GLW-ADS modes need measurement
with multiple body D decay to give a single solution. The present analysis studies the
same B± decays with D∗ → Dπ0/γ,D → K0

Sπ
+π−/K0

SK
+K− (denoted D → K0

Sh
+h−)

with all final-state particles being reconstructed. Furthermore, events with partially or
incorrectly reconstructed D∗ particles retain some sensitivity to γ and are included in
the analysis (Section 5). This measurement has also been performed by Belle and BaBar
with the same decay modes, employing a technique that relies on an amplitude model of
the D0 decay [8, 9]. Instead, a model-independent analysis, which does not rely on the
amplitude model of the D decays, is performed for this measurement.

These measurements of CP -violation effects rely on the interference between strong and
weak phases. The rich resonance content in D → K0

Sh
+h− decays with different strong

phases ensure good sensitivity to γ but require knowledge of these strong phases throughout
the phase space. The model-independent approach [10] employs direct measurements
of the average strong-phase differences between D0 and D0 decays within small regions
(bins) of the D-decay phase space. Such measurements have been performed by the
BESIII and CLEO collaborations using quantum-correlated D0D0 pairs collected at the
ψ(3770) resonance [11–13]. This model-independent approach results in a small loss in
statistical precision due to the binning, in exchange for not relying on modelling the
decay amplitudes, resulting in better control of the related systematic uncertainties. The
method has been extensively used in LHCb [14–16], and the present analysis closely
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follows the strategies developed therein. This is the first measurement with B± → D∗h±,
D∗ → Dπ0/γ, D → K0

Sh
+h− decays at LHCb and the first application of the model-

independent method to this channel. The data sample employed in the analysis was
collected from proton-proton (pp) collisions at centre-of-mass energies of

√
s = 7, 8 and 13

TeV, corresponding to a total integrated luminosity of 9 fb−1.
The paper is organized as follows. The analysis method is described in Sec. 2, while

an overview of the LHCb detector is presented in Sec. 3. The data sample selection
is summarised in Sec. 4. The details of the fit procedure are described in Sec. 5, and
the CP -violating observables measurement in Sec. 6. The systematic uncertainties are
reported in Sec. 7, and the interpretation of the CP -violating observables in terms of γ is
given in Sec. 8. Finally, conclusions are presented in Sec. 9.

2 Analysis overview

The amplitude for the full decay chain under study is written as

A(B− → D∗h−) ∝ AD(s−, s+) + fD∗AD(s−, s+)rD
∗h

B ei(δ
D∗h
B −γ), (1)

where δD
∗h

B and γ are the strong and weak phase differences between A(B− → D∗0h−)
(Cabibbo favoured, b→ c) and A(B− → D∗0h−) (Cabibbo suppressed, b→ u), respectively.
The quantity rD

∗h
B in Eq. (1) is the magnitude of the ratio between the two amplitudes

and AD(s−, s+) in Eq. (1) corresponds to the amplitude of the D0 decay,

AD(s−, s+) ≡ A(D0 → K0
Sh

+h−) = |AD(s−, s+)|eiδD(s−,s+), (2)

where s∓ ≡ m2
∓ is the square of the invariant mass of the K0

Sh
∓ pair. The factor fD∗

takes the value of +1 for the D∗ → Dπ0 decay and −1 for D∗ → Dγ, and derives from
the additional CP -conserving phase shift of π between the two decays [17]. The effects of
charm mixing and CP -violation, as well as CP -violation and matter regeneration in neutral
K0

S decays, have been studied extensively in the context of such analyses [14,18]. They are
negligible at the level of precision of this analysis. The corresponding D0 decay amplitude
is thus given by AD(s−, s+) = AD(s+, s−), and the amplitude for the charge-conjugated
B+ decay is obtained with the replacements AD(s−, s+) → AD(s+, s−) and CKM angle
γ → −γ.

From Eq. (1), it can be seen that knowledge of AD(s−, s+) is required. Bins where
s− > s+ are given a positive index (+i), while the symmetric bin across the s− = s+
line is assigned a negative matching index (−i). For each bin, the BESIII and CLEO
collaborations [11–13] have measured the weighted averages of the cosines (ci) and sines (si)
of the strong phase differences between D0 and D0 decays. Specifically, these quantities
are defined as

ci =

∫
i
ds+ds−|AD(s−, s+)|2 cos[∆δD(s−, s+)]√∫

i
ds−ds+|AD(s−, s+)|2

√∫
i
ds+ds−|AD(s+, s−)|2

, (3)

where the integrals are computed over the ith bin. A similar expression applies for si with
the cosine replaced by sine. The intensity of the amplitude |AD(s−, s+)|2 within a bin is
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encapsulated by the fraction of (flavour-specific) D decays occurring in the ith bin,

Fi =
1

NF

∫
i

ds−ds+|AD(s−, s+)|2η(s−, s+),

NF =
∑
j

∫
j

ds−ds+|AD(s−, s+)|2η(s−, s+),
(4)

where η(s−, s+) corresponds to selection and reconstruction efficiencies. With these
definitions, the yields of B− and B+ signal decays in the ith bin are

N−
i = H−[Fi + (xD

∗h
−

2
+ yD

∗h
−

2
)F−i + 2fD∗

√
FiF−i(cix

D∗h
− + siy

D∗h
− )],

N+
i = H+[F−i + (xD

∗h
+

2
+ yD

∗h
+

2
)Fi + 2fD∗

√
FiF−i(cix

D∗h
+ − siy

D∗h
+ )],

(5)

respectively. The quantities xD
∗h

± , yD
∗h

± are the Cartesian CP -violating observables. The
normalisation factors H+ and H− are different for each decay and each flavour due to
different production and detection asymmetries.

The Cartesian CP -violating observables are written in terms of the weak phase γ and
hadronic parameters rD

∗h
B , δD

∗h
B ,

xD
∗h

± = rD
∗h

B cos(δD
∗h

B ± γ),

yD
∗h

± = rD
∗h

B sin(δD
∗h

B ± γ).
(6)

The B± → D∗π± and B± → D∗K± decays have their own set of x± and y± parameters,
respectively, giving a total of 8 CP -violating observables. It is convenient to reparameterise
the CP -violating observables for the B± → D∗π± decay [14,19,20],

ξD
∗π = (rD

∗π
B /rD

∗K
B ) exp[i(δD

∗π
B − δD

∗K
B )] (7)

with xD
∗π

ξ ≡ Re(ξD
∗π) and yD

∗π
ξ ≡ Im(ξD

∗π). With this reparameterisation, the CP -
violating observables are expressed as

xD
∗π

± = xD
∗π

ξ xD
∗K

± − yD
∗π

ξ yD
∗K

± , yD
∗π

± = xD
∗π

ξ yD
∗K

± + yD
∗π

ξ xD
∗K

± . (8)

This parametrisation utilises the fact that γ is common in the definition of xD
∗h

± and yD
∗h

±
to reduce the number of fit parameters, and thus makes the fit more stable [14,19,20].

The Fi parameters are used for both the B± → D∗π± and B± → D∗K± channels,
though due to the larger sample size, it is primarily the B± → D∗π± channel that
determines them. For this approach to be valid, it is necessary that the efficiencies be
consistent among the two channels over the phase space. This is a reasonable assumption
due to the identical topologies and nearly identical candidate selections, with the only
differences being related to identifying the hadron produced in the B± decay. Additionally,
there are specific background components associated with the D decay. The yields of
these backgrounds can be expressed in terms of the quantities Fi, thereby reducing the
number of fit parameters.

In this analysis, the “optimal” binning scheme [11, 13] of the D → K0
Sπ

+π− decays,
which takes into account the model of D0 decays and distribution of B± decays and
improves sensitivity to γ, is employed, and is shown in Fig. 1. Also shown is the ‘2-bins’
binning scheme used for the D → K0

SK
+K− decays [12], where fewer bins are used due

to the lower signal yields.
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Figure 1: (left) “Optimal” binning scheme [11] used for D → K0
Sπ

+π− decays. (right) “2-bins”
binning scheme [12] used for D → K0

SK
+K− decays. They are the same as those in a previous

model-independent measurement [14].

.

3 Detector, simulation and analysis

The LHCb detector [21, 22] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < η < 5, primarily designed for the study of particles con-
taining b or c quarks. The detector includes a high-precision tracking system consisting
of a silicon-strip vertex detector surrounding the pp interaction region [23], 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 [24, 25] placed
downstream of the magnet. The tracking system provides a measurement of the mo-
mentum, p, of charged particles with a relative uncertainty that varies from 0.5% at
low momentum to 1.0% at 200 GeV/c. The minimum distance of a track to a primary
pp collision vertex (PV), the impact parameter (IP), is measured with a resolution of
(15 + 29/pT)µm, where pT is the component of the momentum transverse to the beam,
in GeV/c. Different types of charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [26]. Photons, electrons and hadrons are identified
by a calorimeter system consisting of a scintillating pad and pre-shower detectors, an
electromagnetic and a hadronic calorimeter. Muons are identified by a system composed of
alternating layers of iron and multiwire proportional chambers [27]. The online candidate
selection is performed by a trigger [28], which consists of a hardware stage, based on
information from the calorimeter and muon systems, followed by a software stage, which
applies a full candidate reconstruction.

The candidates to be reconstructed and considered in this analysis are triggered at
the hardware stage, based on information from the calorimeter and muon systems, when
one of the final-state particles in the signal decays has deposited high transverse energy
in the calorimeter (trigger on the signal events) or one of the other particles not in the
signal decays fulfils any trigger requirement (trigger independent of the signal events). For
the software-stage trigger, which applies a full event reconstruction, at least one particle
is required to have high pT and χ2

IP, defined as the difference in the vertex-fit χ2 of the
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PV reconstructed with and without the particle under consideration. A multivariate
algorithm [29] is used for the identification of secondary vertices consistent with the
two-track, three-track or four-track decay of a b hadron. The PVs are fitted with and
without the signal B tracks, and the PV with the smallest value of χ2

IP is associated with
the B meson candidate.

Simulation samples are used to determine the shapes of the invariant mass distributions
of the reconstructed DK±(π±) and Dπ0(γ) candidates for both the signal and background
processes. They are also used to validate assumptions about the relative efficiency
variations of the different contributing processes. In the simulation, pp collisions are
generated using Pythia [30] with a specific LHCb configuration [31]. Decays of unstable
particles are described by EvtGen [32], in which final-state radiation is generated using
Photos [33]. The interaction of the generated particles with the detector, and its
response, are implemented using the Geant4 toolkit [34] as described in Ref. [35]. The
D → K0

Sπ
+π− and D → K0

SK
+K− decays are generated uniformly in the D decay

phase space. Fast simulations [36], which consider the geometric acceptance and tracking
efficiency of LHCb as well as the dynamics of the decay, are also used to model background
lineshapes.

4 Signal candidate selection criteria

The selection criteria of the charged particles closely follow those in the previous LHCb
measurement [14], with the main differences being due to the reconstruction of the
additional π0 meson or photon. For the final-state charged tracks used to form combinations
of intermediate particles, requirements are placed on the track quality, momenta, and IP
to suppress random tracks coming from the PV.

The K0
S meson candidate is reconstructed using two oppositely charged tracks identified

as pions. To form a D meson candidate, the K0
S candidate is combined with two oppositely

charged tracks, both assigned with either a kaon or pion hypothesis. The photons are
reconstructed by the formation of energy clusters in the calorimeter system which are
not associated with reconstructed tracks. The π0 mesons are reconstructed by combining
pairs of energy clusters in the calorimeter system that are consistent with the photon
hypothesis (two photons in two different cells of the electromagnetic calorimeter). The D∗

candidates are reconstructed by combining a D candidate with a reconstructed π0 (for
the decay D∗ → Dπ0) or a photon (for the decay D∗ → Dγ). Finally, the B± candidates
are formed by combining a D∗ candidate with a final track, identified either as a pion or
a kaon.

Particle identification (PID) requirements are used to separate the reconstructed
B± → D∗K± and B± → D∗π± samples into disjoint sets. The misidentification rates are
approximately 13% and 3% for the B± → D∗K± and B± → D∗π± decays, respectively.
Loose PID requirements are also applied to theD decay products to reduce the backgrounds
due to random combinations of tracks. The charged hadron tracks produced in the B±

and D decays are required to have no corresponding activity in the muon detector to
suppress muonic decays. Further PID requirements are imposed on the D products to
reject decays to final states with electrons. The significance of the distance between the D
decay vertex and the B± decay vertex in the beam direction is used to remove background
that decays to the same final state but does not proceed through the intermediate D0
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meson, i.e. B± → K0
Sh

′+h
′−h±. Similarly, to suppress backgrounds from D → π+π−π+π−

and D → π+π−K+K−, the K0
S vertex is required to be significantly displaced from the D

vertex.
Multivariate algorithms [37,38] are applied to reduce the combinatorial background.

Two boosted decision trees [39,40] (BDT classifiers) are employed. The first BDT classifier
focuses on the charged final-state tracks and is referred to as the charged BDT classifier.
This classifier is the same as used in a previous LHCb B± → Dh± analysis [14], where the
charged candidates have very similar kinematics. The variables used to identify signal-like
candidates include the momenta of the B±, D, and companion particles, the vertex
positions, and the parameters that describe the fit quality in the reconstruction. The
BDT classifier was trained on simulated signal samples and the upper sideband of the B±

invariant mass as a background proxy. The charged BDT classifier requirement providing
the best sensitivity to CKM angle γ is determined based on a series of pseudo-experiments.
An additional BDT classifier is used to reduce the combinatorial background associated
with the D∗ → Dπ0/γ reconstruction and is referred to as the neutral BDT classifier.
Separate classifiers are trained for the D∗ → Dγ and D∗ → Dπ0 samples. The momentum
of the π0/γ as well as the confidence level of a cluster in the calorimeters produced by
a γ [41], which discriminates against clusters associated with charged hadrons, are used
as discriminating variables. The simulation samples are used as signal proxies, while
the background training sample is obtained from the D + π0(γ) invariant-mass range
of 2035-2100 (2065-2160) MeV/c2. The working points of the neutral BDT classifiers
are chosen separately with pseudoexperiments to optimize sensitivity to the CKM angle
γ, besides the above optimisation for the charged BDT classifier. The optimisation is
performed individually for the π0 and γ modes. The charged and neutral BDT requirements
together have efficiencies of approximately 62% and 78% for the B± → [Dπ0]D∗K± and
B± → [D∗ → Dγ]D∗K± decays, respectively.

In the above selections, the invariant masses of D, K0
S and π0 mesons are constrained

to their known masses [42] and the B± momentum vectors are required to point to the
PV, whenever applicable, to improve the mass resolution.

5 Invariant mass distribution parameterisations

Two-dimensional fits to the m(Dπ0/γ) and m(Dh±) invariant masses are performed
to distinguish signal from backgrounds, where h± is the hadron from the B± meson
decays. It is essential for one of these variables to be m(Dπ0/γ), to separate correctly
reconstructed D∗ → Dπ0/γ signal contributions from two types of backgrounds in the
D∗ reconstruction. Random combinations of unrelated D and neutral particles can be
incorrectly reconstructed as a D∗ (in-reco D∗). A single photon from π0 → γγ combined
with the correct D leads to a partially reconstructed D∗ (part-reco D∗) in the D∗ → Dγ
mode. These partially and incorrectly reconstructed decays have sensitivity to γ and
are thus accounted for, in the mass fits. The second variable is chosen to be m(Dh±),
instead of m(D∗h±), to avoid large correlations with m(Dπ0/γ). The m(Dh±) distribution
allows for distinguishing signal, partially reconstructed and misidentified B± decays, and
combinatorial background (random combinations of a D candidate with a hadron). The
components entering the fit and their corresponding probability density functions (PDF)
are described henceforth.
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The shape parameters are obtained from either simulation samples of the signal and
background processes or from data-driven methods that utilise the random combinations
of reconstructed particles in data samples to mimic the combinatorial behaviour of
backgrounds. The shapes are considered to be the same for all the D Dalitz plot (DP)
bins and any possible differences are accommodated in the systematic uncertainties.

The parameterisation of the m(Dπ0/γ) distribution assumes that all true D∗ decays
present in the sample have the same shape, regardless of whether they came from a signal
B± → D∗h± decay or from a partially reconstructed B background decay. This assumption
has been validated using simulated samples. The incorrectly reconstructed D∗ candidates
are predominantly combinatorial in nature and are modelled by randomly combining D
and π0/γ particles from different candidates and smoothing the resulting distribution with
an empirical function. The empirical function comprises different polynomial functions in
various mass ranges.

The Dπ0 invariant-mass distribution of D∗ → Dπ0 signal decays is described with a
sum of a Gaussian function and a Crystal Ball (CB) function [43]. The two components
share a common mean, which is allowed to vary freely in the fit. In order to account for
differences in resolution between the data and simulation, the shapes determined from
simulations are convoluted with a Gaussian function whose resolution is determined in
the fit.

The Dγ invariant-mass distribution of D∗ → Dγ signal decays is modelled with a
single CB function. The mean and resolution of the CB function are allowed to vary freely
in the fit while other parameters are fixed using simulation samples. There is an additional
contribution for the m(Dγ) fit due to partially reconstructed D∗(→ Dπ0) decays, in
which only one γ from the π0 decay is reconstructed. This contribution is modelled by a
polynomial convolved with a CB function. The difference of the mean between the data
and simulation is fixed to that found in the D∗ → Dγ decays. The resolution of the CB
function is allowed to vary freely, while the rest of the parameters are fixed according to
the simulation. If B± candidates are reconstructed in both D∗ → Dπ0 and D∗ → Dγ
final states in the same event, the candidate reconstructed with D∗ → Dγ is removed in
order to prevent double counting due to these partially reconstructed D∗ contributions.

The m(Dh±) distributions of B± → D∗h± decays have been extensively studied
in previous analyses [7, 44], and the parameterisations developed therein are used to
describe the contributions here. The angular distributions of the D∗ decay drive the
expected m(Dh±) shape and depend on the spin of the π0/γ in the decay. In particular,
D∗ → Dπ0 results in a double-peaking structure in the invariant-mass distribution range
of 5000–5200 MeV/c2. It is described by a parabolic function to model the effect of the
angular distribution, multiplied by a linear function to take into account efficiency effects,
and convolved with a double Gaussian function to incorporate resolution effects [44].
Meanwhile, D∗ → Dγ results in a hill structure around 4950–5200 MeV/c2, and is
described by an inverted parabola, multiplied by another linear function, and convolved
with a double Gaussian function [44].

There is a clear contribution from B± → Dh± decays that have been combined
with a random neutral particle. The contribution is modelled as the sum of a Gaus-
sian function and a modified Cruijff function [14] and is considered as combinatorial
in the m(Dπ0/γ) distribution. The misidentified and partially reconstructed back-
grounds are described with empirical functions determined from simulation. These back-
grounds include B0,± → Dπ±π0,∓, B0,± → DK∓π±,0, B0

s → DK±π∓, B0,± → D∗h±π∓,0
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and B0
s → D∗K±π∓ decays, where possible intermediate resonant contributions in the B

decay are included.
Finally, an exponential function is used to describe the small contribution from

combinatorial D and h± pairs. The slope of the exponential function is a free parameter
in the fit.

6 CP -violating observables

The data sample is split according to the charge of the parent B meson, B± de-
cay (B± → D∗π±, B± → D∗K±), D∗ decay (D∗ → Dπ0, D∗ → Dγ), D decay
(D → K0

SK
+K−, D → K0

Sπ
+π−), and DP bins (16 for K0

Sπ
+π− and 4 for K0

SK
+K−).

There are 320 categories in total, 256 for the K0
Sπ

+π− modes and 64 for the K0
SK

+K−

modes. An unbinned extended maximum-likelihood fit is performed simultaneously to the
2D invariant-mass distributions (m(Dh±) and m(Dπ0/γ) in the mass range 4950-6000
MeV/c2 and 1999-2010/1900-2060 MeV/c2) for all the above categories to extract the
CP -violating observables. The results of the invariant-mass fits are shown in Figs. 2 and 3
for the D∗ → Dπ0 modes, and in Figs. 4 and 5 for the D∗ → Dγ modes. In these figures,
the top plots correspond to the D → K0

SK
+K− modes and the bottom plots correspond

to the D → K0
Sπ

+π− modes. The different contributions are shown in the left legends,
which give the considered decay channels and its reconstructed categories. The mass
shapes and parameters for various physics contributions were introduced in Sec. 5.

In B± → D∗h± signal decays and B± → Dh± background contributions, the yields
in different DP bins are allotted according to Eq. (5). The CP -violating observables

xD
(∗)h

± , yD
(∗)h

± , xD
(∗)h

ξ and yD
(∗)h

ξ for B± → D∗h± signal and B± → Dh± decays are varied
freely. The ci, si parameters are external inputs, fixed to the values measured from the
BESIII and CLEO collaborations [11–13]. To reduce fit instabilities due to the strong
correlations among the Fi variables, they are reparameterized as a series of recursive
fractions, Ri, as in the B± → Dh± measurement [14]. The relations are given by

Fi =



Ri, i = −N,
Ri

∏
j<i

(1 −Rj), −N < i < +N,∏
j<i

(1 −Rj), i = +N.

(9)

The Ri parameters are varied freely in the fit. The Ri parameters are shared between all
the components as the other hadrons directly produced in the B decays are found to have
little impact on the relative efficiency across the DP plane.

For the B0,± → Dπ±π∓,0 decay mode, the yields in different DP bins are varied freely as
CP -violation effects may be present and the yields are sufficiently large. The combinatorial
background yields are also varied freely separately for each bin, as charge-asymmetric
effects may be present and the distribution across the phase space cannot be predicted
reliably. CP symmetry is assumed for other background modes, as the yields are too
low to be sensitive to CP -violation effects or such effects are expected to be sufficiently
small. This is the case for the B0,± → DK±π∓,0, B0

s → D(∗)K±π∓ and B0,± → D∗h±π∓,0

contributions. The yields in individual bins are proportional to the Fi parameters with
the total yields for each contribution determined in the fit.
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Model

B± → D∗(Dπ0)K±, D + random π0

B± → D∗(Dγ)K±, D + random π0

B± → D∗(Dγ)K±, D + correct π0

B0 → D∗(Dπ∓)K±, D + random π0

B0
s → D∗(Dγ)K±, D + correct π0

B± → D∗(Dπ0/γ)K±π∓, D + correct π0

B± → D∗(Dπ0/γ)K±π∓, D + random π0

B0
s → D∗(Dπ0/γ)K±, D + random π0

B0
s → DK±π∓, D + random π0
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Figure 2: Projections of (left) m(Dh±) invariant-mass distribution and (right) m(Dπ0) invariant-
mass distribution for the B± → D∗K± channels, reconstructed with the D∗ → Dπ0, (a)
D → K0

SK
+K− and (b) D → K0

Sπ
+π− modes. The signal and in-reco D∗ contributions are

shown as solid colours.

The distributions of the misidentified contributions across the DP plane are the same
as for the correctly identified ones. The total yields of these contributions are related
to the corresponding correctly identified components using misidentification rates and
selection efficiencies determined using calibration samples. Similarly, the yields of the
incorrectly reconstructed D∗ contributions in both Dπ0 and Dγ modes and partially
reconstructed D∗ contributions in the Dγ modes are related to the correctly reconstructed
cases by a freely varied ratio for each decay category that is assumed to be the same in
individual DP bins and B± modes. These contributions also contribute to the γ angle
measurement.

The total yields from correctly reconstructedB± → D∗h±, D∗ → Dπ0/γ,D → K0
Sπ

+π−

and B± → D∗h±, D∗ → Dπ0/γ,D → K0
SK

+K− signal decays, obtained from the simul-
taneous 2D invariant-mass fit are shown in Tables 1 and 2, respectively. The total yields
for the incorrectly and partially reconstructed D∗ contributions are provided in Table 7
and Table 8 in Appendix B.

Alternative fits are performed to the mass distributions (m(Dh±) and m(Dπ0/γ))
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Figure 3: Projections of (left) m(Dh±) invariant-mass distribution and (right) m(Dπ0) invariant-
mass distribution for the B± → D∗π± channels, reconstructed with the D∗ → Dπ0, (a)
D → K0

SK
+K− and (b) D → K0

Sπ
+π− modes. The signal and in-reco D∗ contributions are

shown as solid colours.

Table 1: Yields of fully reconstructedD∗ contributions obtained from datasets withD → K0
Sπ

+π−

decays.

Component Yield
B+ → D∗π+, D∗ → Dπ0 1273 ± 32
B+ → D∗π+, D∗ → Dγ 3692 ± 158
B− → D∗π−, D∗ → Dπ0 1290 ± 33
B− → D∗π−, D∗ → Dγ 3683 ± 160
B+ → D∗K+, D∗ → Dπ0 112 ± 7
B+ → D∗K+, D∗ → Dγ 358 ± 33
B− → D∗K−, D∗ → Dπ0 109 ± 6
B− → D∗K−, D∗ → Dγ 419 ± 35
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Figure 4: Projections of (left) m(Dh±) invariant-mass distribution and (right) m(Dγ) invariant-
mass distribution for the B± → D∗K± channels, reconstructed with the D∗ → Dγ, (a)
D → K0

SK
+K− and (b) D → K0

Sπ
+π− modes. The signal, in-reco D∗ and part-reco D∗

contributions are shown as solid colours.

Table 2: Yields of fully reconstructed D∗ contributions obtained from the datasets with
D → K0

SK
+K− decays.

Component Yield
B+ → D∗π+, D∗ → Dπ0 199 ± 13
B+ → D∗π+, D∗ → Dγ 782 ± 49
B− → D∗π−, D∗ → Dπ0 197 ± 13
B− → D∗π−, D∗ → Dγ 740 ± 48
B+ → D∗K+, D∗ → Dπ0 13 ± 2
B+ → D∗K+, D∗ → Dγ 69 ± 11
B− → D∗K−, D∗ → Dπ0 13 ± 2
B− → D∗K−, D∗ → Dγ 57 ± 11
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Figure 5: Projections of (left) m(Dh±) invariant-mass distribution and (right) m(Dγ) invariant-
mass distribution for the B± → D∗π± channels, reconstructed with the D∗ → Dγ, (a)
D → K0

SK
+K− and (b) D → K0

Sπ
+π− modes. The signal, in-reco D∗ and part-reco D∗ contri-

butions are shown as solid colours.

with the independent signal yields varied freely in individual DP bins. The yields are
used to calculate the CP asymmetries (N−

−i − N+
+i)/(N

−
−i + N+

+i) for effective bin pairs,
defined to comprise bin i for B+ and bin −i for B− decays. The CP asymmetries are
also calculated based on the CP -violating observables determined in the default fit using
Eq. (5). Figure 6 shows the comparison of the two results for the B± → D∗K± mode
and the B± → D∗π± mode. No significant CP -violation is observed in individual DP
bins for B± → D∗K± due to limited statistics. The expected asymmetries are smaller in
B± → D∗π±.

7 Systematic uncertainties

The systematic uncertainties are listed in Table 3 and summarised below. In many cases,
they are estimated using pseudoexperiments generated with inputs from simulations of
the signal decay and employing amplitude model predictions [45].

The m(D∗) and m(Dh±) distributions are selected as the mass fit variables since they
are much less correlated than m(Dπ0/γ) and m(D∗h). A small remnant correlation exists
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Figure 6: Expected asymmetry in each bin for (left) B± → D∗K± and (right) B± → D∗π±,
calculated from the CP -violating observables measured in the default fit, are shown with the
solid lines and obtained in fits with independent bin yields freely varied are shown with the error
bars (data points). The vertical dashed lines separate the D → K0

Sπ
+π− and D → K0

SK
+K−

bins on the horizontal axes.

in the case of the partially reconstructed B± → D∗h±, D∗ → Dπ0 decay, in which one
of the photons of the π0 decay is missed. The effect is estimated by performing the fit
with a model including the correlation and the biases in the CP -violating observables are
assigned as the systematic uncertainties.

The presence of a nonuniform efficiency profile over the DP bins can change the average
strong phase differences within a bin, i.e. ci, si. The size of the shifts of the ci, si values
are estimated using efficiency profiles obtained from simulation and an amplitude model.
Pseudoexperiments are performed where the events are generated using these shifted
values and refitted with the nominal values.

The uncertainties due to fixing the PDF parameters using fits to simulated samples with
limited sample sizes are estimated through the resampling method [46]. Specifically, the
datasets used to fix parameters are resampled and refit to obtain a new set of parameters.
The fits to the data are then repeated. This process is performed multiple times, and
the standard deviations of the fitted CP -violating observables are assigned as systematic
uncertainties. A similar method is used for the estimation of systematic uncertainties
from other fixed parameters such as the branching ratios [42] and selection efficiencies
used to constrain yields from different components.

The invariant-mass shapes used in the fits are assumed to be the same in all of the DP
bins. To verify the validity of this assumption, the signal shapes are fit independently in
each bin and only small differences are observed. The effect of ignoring these small differ-
ences is investigated using pseudoexperiments generated according to the bin-dependent
PDF parameters. The data is subsequently fit with the default model and the average
biases for each CP -violating observable are assigned as systematic uncertainties.

Resolution effects in the reconstructed kinematic variables can lead to bin migration
among DP bins. Most of this effect is accounted for in the nominal fits, since the Fi

parameters are determined directly from the data. However, there may be residual effects
due to differences in the B± → D∗K± and B± → D∗π± distributions. The effect is
estimated by generating pseudoexperiments in which the DP coordinates are smeared
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using the experimental resolution determined by simulation. The DP bins are labelled
based on these smeared coordinates in the DP using the binning scheme shown in Fig. 1
and the fits are run ignoring this effect. The mean biases of the extracted CP -violating
observables are assigned as systematic uncertainties.

To estimate the related systematic uncertainty due to Λ0
b decay backgrounds, pseudo-

experiments are generated with Λ0
b background contributions and then refitted with the

default model. The mean biases of the CP -violating observables are assigned as systematic
uncertainties. The systematic uncertainty due to the crossfeed from Λ0

b → D0pπ is one of
the largest contributions. The systematic uncertainties from semileptonic decays are also
estimated similarly and the effect is negligible compared to the statistical uncertainties.

Some data subsamples across the K0
S reconstructed categories are merged in the default

fit because of the small difference between various data subsamples. The bias caused
by the merged data subsamples is estimated by the alternative simultaneous fit to the
various data subsamples. The bias between the default fit and alternative simultaneous
fit is assigned as systematic uncertainties. The systematic uncertainties caused by the
merged data subsamples is negligible compared to the statistical uncertainties.

Pseudoexperiments are performed in which the datasets are generated according to
the world average values for γ and the hadronic parameters [6]. No bias is observed in
the fitted values and thus no additional systematic uncertainty is assigned. In the default
fit, CP -violation is not considered for the B±,0 → DK±π0,∓ contributions; the effect of
this assumption is estimated by running the fit with the model allowing for CP -violation
in this decay. The difference is assigned as a systematic uncertainty.

In the fit, the parameters ci and si are fixed to the values measured by the BESIII and
CLEO collaborations [11–13]. The systematic uncertainties associated with the precision
of these external measurements are estimated by performing multiple fits to the data with
different sets of ci and si values, generated according to their uncertainties and correlations.
The standard deviations of the distributions of the fitted CP -violating observables are
assigned as the corresponding systematic uncertainties.

In summary, the systematic uncertainties from various sources are small compared to
the statistical uncertainties. The efficiency effects, effects from Λ0

b decays as well as the
fixed invariant-mass shapes used in all DP bins are the dominant sources of systematic
uncertainties.

8 Interpretation

The measured CP -violating observables are

xD
∗K

+ = ( 11.42 ± 3.16 ± 1.26 ± 0.41) × 10−2,

xD
∗K

− = ( − 8.91 ± 3.55 ± 2.04 ± 0.23) × 10−2,

yD
∗K

+ = ( 3.60 ± 4.41 ± 2.12 ± 0.30) × 10−2,

yD
∗K

− = (−16.75 ± 3.98 ± 1.48 ± 0.64) × 10−2,

xD
∗π

ξ = ( 0.51 ± 5.00 ± 2.66 ± 0.93) × 10−2,

yD
∗π

ξ = ( 7.92 ± 5.04 ± 3.78 ± 0.83) × 10−2,

where the first uncertainty is statistical, the second is the systematic uncertainty from
LHCb-related sources including the analysis method and detector effects, and the third is
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Table 3: Summary of uncertainties on the measurement of xD
∗K

± , yD
∗K

± , xD
∗π

ξ and yD
∗π

ξ . All
numbers have been scaled up by a factor of 100.

Source σ(xD
∗K

+ ) σ(xD
∗K

− ) σ(yD
∗K

+ ) σ(yD
∗K

− ) σ(xD
∗π

ξ ) σ(yD
∗π

ξ )

Neglecting correlations 0.05 0.03 0.19 0.04 0.70 1.48
Efficiency correction of (ci, si) 0.53 0.18 0.18 0.20 0.64 1.73

Invariant mass shape parameter 0.09 0.16 0.20 0.05 0.39 0.06
Fixed yield ratios 0.09 0.03 0.03 0.01 0.33 0.15

Bin dependence of the invariant-mass shape 0.40 0.38 0.41 0.33 1.78 1.57
DP bin migration 0.32 0.70 0.03 0.17 1.2 2.0
Λ0

b background 0.97 1.34 0.55 0.77 1.13 1.43
Semileptonic B backgrounds 0.27 1.29 0.02 0.67 0.03 0.04

Merging data subsamples 0.06 0.02 0.12 0.03 0.06 0.34
CP -violation in B±,0 → DK±π0,∓ 0.03 0.13 1.97 0.99 0.13 0.68

Total systematic 1.26 2.04 2.12 1.48 2.66 3.78
Strong-phase inputs (external) 0.41 0.23 0.30 0.64 0.93 0.83

Statistical 3.16 3.55 4.41 3.98 5.00 5.04

from the external strong phase inputs from the BESIII and CLEO collaborations [11–13].
The correlation matrices for all three uncertainties are provided in Appendix A. The
two-dimensional profile likelihood scans are shown on the left and right in Fig. 7 for
(xD

∗K
± , yD

∗K
± ) and (xD

∗π
ξ , yD

∗π
ξ ), respectively.

The measured values of xD
∗K

± , yD
∗K

± , xD
∗π

ξ and yD
∗π

ξ are interpreted in terms of the

parameters of interest: γ, rD
∗K

B , rD
∗π

B , δD
∗K

B and δD
∗π

B . The interpretation and confidence
intervals are calculated via an extended maximum likelihood fit using a Bayesian approach
while determining γ with the PROB method used in the GammaCombo package [47–49].
The obtained results are:

γ = (69+13
−14)

◦,

rD
∗K

B = 0.15 ± 0.03,

rD
∗π

B = 0.01 ± 0.01,

δD
∗K

B = (311 ± 14)◦,

δD
∗π

B = (37 ± 37)◦.

The combined uncertainty in the γ measurement is dominated by the statistical uncertain-
ties and is larger than that in the B± → Dh± measurement [14]. The one-dimensional
confidence limits plots are shown in Fig. 8, and the two-dimensional plots showing the
confidence level regions are shown in Fig. 9.
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Figure 8: Confidence limits for the CKM angle γ, as determined from GammaCombo [47, 49].
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9 Conclusion

In summary, the CKM angle γ is measured using a data sample of
B± → D∗h±, D∗ → Dπ0/γ,D → K0

Sh
+h−(h = K, π) decays collected from pp col-

lisions at the LHCb experiment corresponding to an integrated luminosity of 9 fb−1 at
centre-of-mass energies of 7, 8 and 13 TeV. The analysis is performed in bins of the
D → K0

Sh
+h− DP variables, utilising the strong phase information measured by the

BESIII and CLEO collaborations [11–13]. Interpretation in terms of γ and hadronic
parameters of the B± decays yields γ = (69+13

−14)
◦. These results are consistent with

the world average [6] and those from the B± → D(∗)h± measurements [7, 8, 14]. The
measurement gives the most precise determination to date of γ using these channels and
will help improve the sensitivity in the global fit to γ.
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Appendices

A Correlation matrices

The statistical correlation matrix can be found in Table 4. The systematic correlation
matrices for the LHCb related effects and the strong phase inputs are shown in Table 5
and Table 6, respectively.

Table 4: Statistical correlation matrix for CP -violating observables.

xD
∗π

ξ xD
∗K

− xD
∗K

+ yD
∗π

ξ yD
∗K

− yD
∗K

+

xD
∗π

ξ 1 0.25 −0.16 0.18 0.00 0.00
xD

∗K
− 1 −0.05 0.06 −0.08 0.03
xD

∗K
+ 1 −0.14 −0.08 −0.08
yD

∗π
ξ 1 0.33 −0.19
yD

∗K
− 1 −0.09
yD

∗K
+ 1
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Table 5: Systematic correlation matrix for considered LHCb related effects.

xD
∗K

− xD
∗K

+ yD
∗K

− yD
∗K

+ xD
∗π

ξ yD
∗π

ξ

xD
∗K

− 1 −0.01 0.01 0.02 −0.02 −0.05
xD

∗K
+ 1 −0.01 0.00 −0.01 0.06
yD

∗K
− 1 −0.01 0.01 −0.10
yD

∗K
+ 1 −0.09 −0.02
xD

∗π
ξ 1 0.02
yD

∗π
ξ 1

Table 6: Systematic correlation matrix for the strong phase inputs.

xD
∗K

− xD
∗K

+ yD
∗K

− yD
∗K

+ xD
∗π

ξ yD
∗π

ξ

xD
∗K

− 1 0.26 −0.58 −0.21 −0.53 −0.39
xD

∗K
+ 1 0.07 0.44 −0.59 0.24
yD

∗K
− 1 −0.04 −0.24 −0.03
yD

∗K
+ 1 0.08 0.44
xD

∗π
ξ 1 0.57
yD

∗π
ξ 1
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Table 7: Yields of incorrectly reconstructed and partially reconstructed D∗ contributions from
datasets with D → K0

Sπ
+π− decays.

Component Yields
B+ → (Dπ0)D∗π+, D + random π0 637 ± 41
B+ → (Dγ)D∗π+, D + random π0 295 ± 39
B+ → (Dπ0)D∗π+, D + random γ 2877 ± 146
B+ → (Dγ)D∗π+, D + random γ 2880 ± 253
B+ → (Dπ0)D∗π+, D + correct γ 4417 ± 179
B− → (Dπ0)D∗π−, D + random π0 645 ± 42
B− → (Dγ)D∗π−, D + random π0 295 ± 39
B− → (Dπ0)D∗π−, D + random γ 2915 ± 149
B− → (Dγ)D∗π−, D + random γ 2873 ± 254
B− → (Dπ0)D∗π−, D + correct γ 4476 ± 182
B+ → (Dπ0)D∗K+, D + random π0 56 ± 5
B+ → (Dγ)D∗K+, D + random π0 29 ± 4
B+ → (Dπ0)D∗K+, D + random γ 253 ± 19
B+ → (Dγ)D∗K+, D + random γ 279 ± 34
B+ → (Dπ0)D∗K+, D + correct γ 389 ± 27
B− → (Dπ0)D∗K−, D + random π0 55 ± 4
B− → (Dγ)D∗K−, D + random π0 34 ± 5
B− → (Dπ0)D∗K−, D + random γ 246 ± 17
B− → (Dγ)D∗K−, D + random γ 327 ± 37
B− → (Dπ0)D∗K−, D + correct γ 378 ± 24

B Incorrectly reconstructed D∗ yields

The incorrectly reconstructed D∗ contributions in π0/γ modes and partially reconstructed
D∗ contributions in γ modes related to the signal decays contribute sensitivity to the
CKM angle γ measurement. The yields of the contributions are shown in Table 7 and
Table 8 for the D → K0

Sπ
+π− and D → K0

SK
+K− categories, respectively.
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Table 8: Yields of incorrectly reconstructed and partially reconstructed D∗ contributions from
the datasets with D → K0

SK
+K− decays.

Component Yields
B+ → (Dπ0)D∗π+, D + random π0 103 ± 15
B+ → (Dγ)D∗π+, D + random π0 86 ± 17
B+ → (Dπ0)D∗π+, D + random γ 330 ± 35
B+ → (Dγ)D∗π+, D + random γ 500 ± 92
B+ → (Dπ0)D∗π+, D + correct γ 923 ± 91
B− → (Dπ0)D∗π−, D + random π0 102 ± 15
B− → (Dγ)D∗π−, D + random π0 81 ± 16
B− → (Dπ0)D∗π−, D + random γ 327 ± 35
B− → (Dγ)D∗π−, D + random γ 474 ± 87
B− → (Dπ0)D∗π−, D + correct γ 914 ± 90
B+ → (Dπ0)D∗K+, D + random π0 7 ± 1
B+ → (Dγ)D∗K+, D + random π0 8 ± 2
B+ → (Dπ0)D∗K+, D + random γ 22 ± 4
B+ → (Dγ)D∗K+, D + random γ 44 ± 10
B+ → (Dπ0)D∗K+, D + correct γ 60 ± 10
B− → (Dπ0)D∗K−, D + random π0 7 ± 1
B− → (Dγ)D∗K−, D + random π0 6 ± 2
B− → (Dπ0)D∗K−, D + random γ 22 ± 4
B− → (Dγ)D∗K−, D + random γ 36 ± 9
B− → (Dπ0)D∗K−, D + correct γ 60 ± 10
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