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1 Introduction

The only observed phenomena of CP violation to date are attributed to complex phases in the
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements [1, 2], which describe the interactions
mediated by W ± bosons between quarks of different flavour and form a three-by-three unitary
matrix. The unitarity of the CKM matrix results in a set of constraints between the matrix
elements. One such relation, particularly relevant to decays of B0 mesons, is commonly
parameterised in terms of three angles α, β, and γ which sum to 180◦. The angle γ can be
measured from the interference of b → cus and b → cus amplitudes with negligible theoretical
uncertainties [3]. Precise measurements of γ provide stringent tests of the Standard Model’s
requirement of CKM unitarity and thus its description of CP violation.

The determination of γ through direct measurements of b → cus and b → cus interference
is currently driven by the LHCb experiment. The world average of direct measurements from
the HFLAV collaboration is γ =

(
66.2+3.4

−3.6

)◦
[4], and is dominated by B+ → DK+ decays

that have been analysed with the full proton-proton (pp) collision datasets collected by the
LHCb detector in 2011–2012 (Run 1) and 2015–2018 (Run 2) [5]. Here and throughout
the article, D is used to represent a superposition of D0 and D0 decays, with a similar
convention for D∗. The value of γ can be determined indirectly by assuming CKM unitarity
and performing a global fit to all measurements relating to the CKM matrix. With such
techniques, the UTFit collaboration determined γ = (64.9± 1.4)◦ [6] and the CKMFitter
collaboration determined γ =

(
65.5+1.3

−1.2

)◦
[7]. While the results of the direct and indirect

determinations of γ are in agreement, the comparison is limited by the precision of direct
measurements. As such, additional direct measurements of γ are required to provide more
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stringent tests of CKM unitarity. Despite the smaller branching fraction of B0 → DK∗(892)0

decays compared to B+ → DK+ decays, a competitive precision on γ can be achieved
due to the larger interference effects in these decays compared to B+ decays [8]. The CP

violation in these decays only depends on the flavour at decay, and thus can be studied
independent of decay time.

This article presents the measurement of CP -violating observables in the decays
B0 → DK∗(892)0 and B0 → DK∗(892)0 where the D meson is reconstructed through
the K∓π±, K+K−, π+π−, K∓π±π+π−, and π+π−π+π− decay modes with Run 1 and
Run 2 pp collision data corresponding to an integrated luminosity of 9 fb−1 collected at
centre-of-mass energies between 7 and 13TeV. The K∗(892)0 meson is referred to throughout
as K∗0 and is implied to decay to a K+π− final state. The charge of the kaon child from
the K∗0 candidate is used to determine the flavour of the parent B meson. The interpreta-
tion of the measured CP -violating observables in terms of γ and hadronic parameters for
B0 → DK∗0 decays is also presented. This work examines the so-called Atwood-Dunietz-Soni
(ADS) final states [9], which experience interference in the admixture of Cabibbo-favoured
D0 → K−π+(π+π−) and doubly Cabibbo-suppressed D0 → K−π+(π+π−) decays. The
notation Kπ(ππ) is used to refer to the final state where the kaon child of the D candi-
date has the same charge as the kaon child of the K∗0 candidate, while πK(ππ) refers to
the final state where the two kaons have opposite charge. The CP -eigenstate final states
D → π+π− and D → K+K− are also studied and referred to as Gronau-London-Wilder
(GLW) decay modes [10, 11]. An extension to the GLW method [12] allows the inclusion
of the D → π+π−π+π− decay mode which is predominantly CP -even.

These two classes of final states provide complementary sensitivity to the fundamental
parameters of interest: the weak phase, γ, the ratio of amplitudes between the B0 → D0K∗0

and B0 → D0K∗0 decays, rDK∗

B0 , and the strong phase difference between the two amplitudes,
δDK∗

B0 . The interference can introduce asymmetries in the rates between B0 → DK∗0 and
B0 → DK∗0 decays, and modulate the flavour-integrated decay rates of B0 → DK∗0 for
each D meson decay. The effects of interference in the B0 → D[Kπ(ππ)]K∗0 final state are
expected to be small compared to the predicted experimental sensitivity, and so this final
state is used as a normalisation channel to probe interference effects in the other final states.
This strategy benefits from the cancellation of a large number of systematic uncertainties
related to the reconstruction and selection of signal candidates. For the B0 → D[πK(ππ)]K∗0

final state, the parameters

R+
πK(ππ) ≡

Γ
(
B0 → D [πK(ππ)]K∗0)

Γ (B0 → D [Kπ(ππ)]K∗0) and R−
πK(ππ) ≡

Γ
(
B0 → D [πK(ππ)]K∗0

)
Γ
(
B0 → D [Kπ(ππ)]K∗0

) (1.1)

are measured. The asymmetry of the B0 → D[Kπ(ππ)]K∗0 final state,

AKπ ≡
Γ
(
B0 → D[Kπ(ππ)]K∗0)− Γ

(
B0 → D[Kπ(ππ)]K∗0)

Γ
(
B0 → D[Kπ(ππ)]K∗0)+ Γ

(
B0 → D[Kπ(ππ)]K∗0) , (1.2)

is also measured.
For the GLW final states, the flavour-integrated decay rates relative to the

B0 → D[Kπ(ππ)]K∗0 decay are measured, leading to the cancellation of most systematic
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uncertainties related to the estimation of selection efficiencies. The asymmetries do not
require a normalisation channel for the cancellation of systematic uncertainties, so the
observables of interest are

Rhh(ππ)
CP ≡

Γ
(
B0 → D[hh(ππ)]K∗0)+ Γ

(
B0 → D[hh(ππ)]K∗0)

Γ
(
B0 → D[Kπ(ππ)]K∗0)+ Γ

(
B0 → D[Kπ(ππ)]K∗0) × B

(
D0 → Kπ(ππ)

)
B
(
D0 → hh(ππ)

) (1.3)

and

Ahh(ππ)
CP ≡

Γ
(
B0 → D[hh(ππ)]K∗0)− Γ

(
B0 → D[hh(ππ)]K∗0)

Γ
(
B0 → D[hh(ππ)]K∗0)+ Γ

(
B0 → D[hh(ππ)]K∗0) , (1.4)

where hh(ππ) refers to KK, ππ, or ππππ.
The CP -violating observables in the decay B0

s → DK∗0 are also measured in this analysis,
and can be parameterised in an identical fashion. However, the effect of the interference in
this process is expected to be negligible in all of the observed decay modes, as the parameter
directly proportional to the interference effects, rDK∗

B0
s

, is estimated to be roughly an order
of magnitude smaller than the corresponding B0 parameter based on the known CKM
elements [4]. Similar notation is used to refer to the B0

s observables throughout the article,
with an additional s in the subscript.

All of these observables have been measured previously by the LHCb collaboration using
the data collected in Run 1 and 2015–2016, except the ones associated with the D → ππππ

decay channel, for which only the 2015–2016 data was analysed [13]. The measurements
presented in this article supersede the results of the previous analyses.

The rest of the article is organised as follows. The LHCb detector and simulation is
described in section 2. The selection requirements placed on signal candidates are discussed
in section 3. The determination of CP -violating observables from the signal candidates
passing selection requirements is discussed in section 4. The interpretation of the determined
CP -violating observables in terms of the fundamental physics parameters and concluding
remarks are presented in section 5.

2 LHCb detector and simulation

The LHCb detector [14, 15] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector
includes a high-precision tracking system consisting of a silicon-strip vertex detector sur-
rounding the pp interaction region [16], a large-area silicon-strip detector located upstream
of a dipole magnet with a bending power of about 4Tm, and three stations of silicon-strip
detectors and straw drift tubes [17] 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 200GeV/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 (RICH) detectors [18, 19]. Photons, electrons and hadrons
are identified by a calorimeter system consisting of scintillating-pad and preshower detectors,
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an electromagnetic and a hadronic calorimeter. Muons are identified by a system composed
of alternating layers of iron and multiwire proportional chambers [20].

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 level, it is required that
at least one particle has 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 [21] 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 used to model the reconstructed mass distributions of the signal and

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

collisions are generated using Pythia [22] with a specific LHCb configuration [23]. Decays of
unstable particles are described by EvtGen [24], in which final-state radiation is generated
using Photos [25]. The simulation of interactions of the generated particles with the detector
and its response is implemented using the Geant4 toolkit [26, 27] as described in ref. [28].
Some subdominant sources of background are generated with RapidSim, a fast simulation [29]
that mimics the geometric acceptance and tracking resolution of the LHCb detector as well
as the dynamics of the decay via EvtGen.

3 Selection, efficiencies, and production and detection asymmetries

Signal B-meson candidates are built from a K∗0 → K+π− candidate and a D-meson candidate.
Selection requirements identical to those from ref. [30] are placed on the K∗0 → K+π−

candidate to select the K∗0 resonance: the reconstructed mass of the K∗0 candidate must be
within 50MeV/c2 of the known K∗0 meson mass [31] and a requirement is made on the angle
θ∗ between the K∗0 kaon child momentum and the B0 candidate in the K∗0 rest frame of
| cos θ∗| > 0.4. The reconstructed mass of the D candidate is required to be within 25MeV/c2

of the known D0 meson mass [31].
With the above selections in place, boosted decision tree classifiers with gradient boost

(BDT) [32] are trained to discriminate between signal candidates and combinatorial back-
ground. Two BDT classifiers are trained for each final state, one for each run period. The
same BDT classifier is shared for each run period between the B0 → [Kπ(ππ)]K∗0 and
B0 → [πK(ππ)]K∗0 final states. This gives ten separate BDT classifiers in total, each trained
using simulated signal samples and background samples from data with a B0 candidate
reconstructed mass within the range 5800–5960 MeV/c2. The classifiers are trained using the
angle between the direction of the reconstructed B momentum and the direction defined by
the primary and secondary vertices, the χ2

IP of the B0 and D candidates, the reduced χ2 of
the B0 vertex fit, the χ2

IP and the transverse momenta of the K∗0 candidate children, the χ2
IP

and the transverse momenta of the D candidate children (only for two-body D final states),
and the transverse momentum imbalance of the B0 candidate, defined as

IpT ≡ pT
(
B0)−∑

X pT (X)
pT (B0) +

∑
X pT (X) , (3.1)
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where the summation is over all charged tracks X inconsistent with originating from the
primary vertex within a cone around the B0 candidate, excluding those used in the B0

reconstruction [33]. Variables related to the D children are omitted for the four-body D final
states to avoid any dependence on the modelling of the D decay dynamics. Requirements
on the output of each BDT classifier are chosen based on an optimisation of the estimated
sensitivity to CP -violating observables. Each BDT classifier retains roughly 85–90% of the
signal candidates and removes over 90% of the combinatorial background.

Stringent particle identification (PID) requirements are placed on the kaon child of the
K∗0 candidate to reduce misidentification of the K∗0 flavour to negligible levels, as the charge
of this particle is used to determine the flavour of the parent B meson. More relaxed particle
identification requirements are also placed on the pion from the K∗0 candidate and all kaons
and pions from the two-body D-meson decay candidates. For D → Kπππ and D → πKππ

decay candidates, the kaon and both pions with charge opposite to the D candidate kaon child
are subject to PID requirements. For D → ππππ candidates, only the two pions with the
same charge as the K∗0 candidate kaon child are subject to PID requirements. All particles
with PID requirements are also required to have track momentum between 3–200 GeV/c to
ensure suitable discrimination between kaons and pions in the RICH detectors.

Requirements are also placed on the displacement of the D candidate decay vertex from
the B0 candidate decay vertex to suppress charmless B0 decays to the same final states,
which proceed without an intermediate D meson. Different requirements are placed on the
ADS and GLW final states due to different relative contributions of charmless backgrounds.
For the GLW (ADS) final states, the D candidate decay vertex displacement is required to
be at least three (two) times its uncertainty. A discussion of the remaining contributions
from these charmless backgrounds is included in section 4.1.

Finally, vetoes are applied to each D final state to remove backgrounds or maintain
consistency with the measurements of D hadronic parameters used in section 5. In the ADS
final states, D → Kπ decays misidentified as D → πK due to two incorrect PID assignments
are removed with the requirement that the reconstructed D mass where the mass hypotheses
of the kaon and pion children have been swapped differs from the known D0 meson mass
by more than 15MeV/c2. Backgrounds from B± → DK± decays paired with a random
pion are removed with a requirement that the DK± reconstructed mass differ by more than
25MeV/c2 from the known B± meson mass. Decays of the B0 meson to the same final
state proceeding through different charmed intermediate states, e.g. B0 → D−[K+π−π−]π+

misidentified as B0 → D[π+π−]K+π−, are removed with requirements that the reconstructed
mass of a D child combined with the K∗0 candidate to form a Cabibbo-favoured decay of
another charmed meson does not fall within 15MeV/c2 of the known meson mass. Candidate
D → K0

Sπ+π− decays are removed from the D → π+π−π+π− sample with the requirement
that the reconstructed π+π− masses are not within 480–505 MeV/c2.

The CP -violating observables of interest are all proportional to the ratios of decay rates of
different D final states, and thus much of the reconstruction and selection efficiency cancels in
these ratios. However, due to the different kinematic distributions of each D final state, and
due to different selection requirements placed on the different D decay modes, these efficiencies
must be accounted for. Additionally, corrections for effects introducing asymmetries aside
from those due to the interference discussed in section 1 must be applied. The selection
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requirements are applied to simulated samples to estimate the selection efficiencies of each
final state integrated across the two B flavours, with the exception of PID efficiencies. Charge-
dependent PID efficiencies are estimated with calibration data samples of kaons and pions
collected from D∗ decays weighted to match the kinematics of signal decays [34]. The resulting
efficiency of reconstructing and selecting signal candidates is approximately 2× 10−3.

Three other possible sources of flavour asymmetry must be accounted for, aside from that
resulting from the interference discussed in section 1. First, an asymmetry can be introduced in
the production of B0

(s) mesons and their antiparticles from the initial pp collisions, referred to
as Aprod. Second, tracking and reconstruction can depend on the charge of final-state particles
due to the difference of interactions between particles and anti-particles and the detector
material, which is accounted for through the difference in detection asymmetry between kaons
and pions AKπ = AK − Aπ. Lastly, similar to above, asymmetries can be introduced in PID
which is accounted for implicitly in the PID efficiency corrections discussed previously. All
discussed asymmetries are defined to match the flavour conventions introduced in section 1.

The quantity Aprod is determined from the measurement of B0 and B0
s asymmetries

in ref. [35]. The measured production asymmetries are Aprod = (−8± 5) × 10−3 and
As,prod = (6± 10)× 10−3. Since these results are only determined using data from pp centre-
of-mass energies of 7 and 8TeV, and not at 13TeV, the same central values are assumed
for the full dataset, but with inflated uncertainty.

The value of AKπ is estimated using calibration data samples of D+ → K−π+π+ and
D+ → K0

Sπ+ decays. The resulting predicted asymmetry weighted to match the signal
kinematic distributions is AKπ = (−9.8± 5.5) × 10−3. The total detection asymmetry for
a B0 → DK∗0 candidate depends on the difference between the number of kaons and
the number of pions of the same sign in the final state, e.g. the B0 → D[Kπ]K∗0 final
state is corrected by 2AKπ, the B0 → D[ππ]K∗0 final state is corrected by AKπ, while the
B0 → D[πK]K∗0 final state requires no such correction.

4 Measurement of CP -violating observables

The CP -violating observables discussed in section 1 are determined from the selected data
through a simultaneous unbinned extended maximum-likelihood fit of the B0 reconstructed
mass for each flavour of each D final state, where constraints are placed on the D candi-
date mass and the direction of the B candidate momentum using the DecayTreeFitter
package [36]. The reconstructed mass is calculated with these constraints unless otherwise
specified. Only candidates with a reconstructed mass within the interval 5000–5800 MeV/c2

are considered.

4.1 Modelling the reconstructed mass distribution

The reconstructed mass distributions of both B0 → DK∗0 and B0
s → DK∗0 decays are

modelled by modified Cruijff functions [37] parameterised as

f(M) =


e

−(M−µ)2(1+β(M−µ)2)
2σ2+αL(M−µ)2 , M < µ

e

−(M−µ)2(1+β(M−µ)2)
2(ρσ)2+αR(M−µ)2 , M > µ

. (4.1)
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For each decay mode, all the parameters of the B0
(s) → DK∗0 modified Cruijff func-

tions are fixed from fits to the corresponding simulation samples of B0 → D[Kπ]K∗0

and B0
s → D[πK]K∗0 decays, with the exception of the mean, µ, and width, σ, which are

left as free parameters. The constraints on the D meson mass minimise the dependence
on the D decay final state, but the four-body D final states have a slightly larger width.
The ratio of the two-body width and four-body width is determined from simulation and
fixed in the fit to data.

The selection requirements accept B0
(s) → D∗K∗0 decays with a similar efficiency to

signal decays, as their topology is identical to signal decays with one additional missing
neutral particle from the D∗ → γ/π0D decay. The reconstructed masses of these decays
are mainly located below the B0 mass peak, but the right-hand tail of the B0

s → D∗K∗0

distribution extends to the B0 meson mass. As this is the decay of a pseudoscalar particle into
two vector particles, the final state is characterised by three independent helicity amplitudes
(0, ±1). However, two of these amplitudes (±1) have indistinguishable reconstructed mass
distributions. This leaves four different configurations of B0

(s) → D∗K∗0 decays: two possible
D∗ decay chains each with two reconstructed mass distributions. Each configuration is
modelled with either a single broad peaking structure or a double-peaked structure, as
described in ref. [33]. The relative size of the D∗[γD] and D∗[π0D] decays for each helicity
state are fixed based on efficiencies predicted from simulation and the measured branching
fractions. The interference effects of interest can affect the helicity amplitudes differently.
Therefore, four free parameters are included in the fit to account for this: one for the
ratio of helicity states in ADS B0 → D∗K∗0 decays, one ratio for each flavour of the GLW
B0 → D∗K∗0 decays, and one ratio shared across all B0

s → D∗K∗0 final states.
Due to particle misidentification, B0 → Dπ+π− and B0 → D∗π+π− decays can also be

mistaken for signal decays when one pion is misidentified as a kaon. The relatively stringent
PID requirement on the K+ child of the K∗0 candidate suppresses these contributions
significantly, but not to negligible levels. The reconstructed mass distribution of these
decays is taken from simulated samples with PID weights determined from calibration data
samples. The simulation samples only consider the contribution of B0 → Dρ0[π+π−] and
B0 → D∗ρ0[π+π−], as the selection requirements on the K∗0 candidate significantly suppress
other contributions. The reconstructed mass distribution of B0 → Dρ0[π+π−] decays is
modelled with a double-sided Crystal Ball function [38]. The probability distribution function
(PDF) for B0 → D∗ρ0[π+π−] decays is parameterised in a similar fashion to the B0 →D∗K∗0

decays, and the PDF shares the ratio of helicity states with ADS B0 → D∗K∗0 decays. The
peak of the B0 → Dρ0[π+π−] distribution is located between the B0 and B0

s peaks, while the
B0 → D∗ρ0[π+π−] distribution has minimal contribution near or above the B0 mass peak.

Partially reconstructed B+ → DK+π+π− decays, where the π+ is not included in the
reconstruction, also pass final selection requirements. The reconstructed mass distribution
of these decays is modelled with a smoothed kernel density estimation [39] of simulated
B+ → DK1(1270)+ decays, and contributes negligibly near the B0 mass peak, being dis-
tributed primarily around a reconstructed mass of 5050MeV/c2.

Requirements placed on the D candidate flight significance do not fully suppress the
contribution of charmless B0 and B0

s decays to the same final states as the observed signal
channels. The size of these contributions and possible flavour asymmetries in each final
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Branching Fraction Value
B
(
D0 → K−π+)

(3.999± 0.045)% [4]
B
(
D0 → π+π−)

(1.490± 0.027)× 10−3 [4]
B
(
D0 → K+K−)

(4.113± 0.051)× 10−3 [4]
B
(
D0 → K−π+π+π−)

(8.22 ± 0.14)% [31]
B
(
D0 → π+π−π+π−)

(8.06 ± 0.20)× 10−3 [31]

Table 1. Summary of branching fractions used as inputs in the measurement.

state are estimated using data in the sidebands of the D-candidate reconstructed mass
distribution. However, as the default selection and reconstruction algorithm applies a mass
constraint on the D candidate, the B0-candidate reconstructed-mass distribution in those
sidebands is biased. To address this, the number of charmless decays in our selection sample
is estimated with samples from the D-candidate sideband regions for each final state by
fitting to the B0 candidate reconstructed-mass distribution without any constraint applied
on the reconstructed D-candidate mass. The number of events found in the sidebands are
used to estimate the number of charmless decays that pass the selection requirements. The
magnitude of the flavour asymmetry in these decays is estimated with a similar procedure,
however with a significantly less stringent requirement on the D flight significance to increase
statistical precision. Significant charmless contributions from B0

s decays are only observed in
the D → πK and D → πKππ final states. The largest contribution from charmless decays
is found in the B0 → D[ππ]K∗0 and B0 → D[ππ]K∗0 samples with a yield that is roughly
10% of the determined signal yield.

The combinatorial background is modelled by an exponential PDF. The parameters
of the exponential PDF associated with each D decay mode vary freely in the fit, but are
shared across B flavour for each D decay mode.

4.2 Parameterisation of the reconstructed mass distribution

The fit to determine the number of signal decays in each of the fourteen samples (two flavours
for each of the seven D final states) is parameterised in terms of the CP -violating observables
introduced in section 1, the flavour-integrated number of observed B0 → D[Kπ]K∗0 decays,
and the flavour-integrated number of observed B0 → D[Kπππ]K∗0 decays. These observables
are related to the number of observed decays in each signal mode and the efficiency and
asymmetry corrections discussed in section 4.1. The Rhh(ππ)

CP parameters are dependent on
measured D0 branching fractions, reported in table 1.

The B0
s → DK∗0, B0 → D∗K∗0, B0

s → D∗K∗0, and B+ → DK+π+π− background
components are parameterised in a similar fashion. The CP -violating observables of B0

s →
DK∗0 decays are left as free parameters in the fit, as are the CP -violating observables of
B0 → D∗K∗0 decays. The observables of B0

s → D∗K∗0 decays are fixed to have no effects
from interference, and the CP -violating observables of B+ → DK+π+π− decays are fixed to
the measurements for the two-body D final states from ref. [40] and predicted values based on
the results of ref. [5] for the four-body D final states. The B0 → Dπ+π− and B0 → D∗π+π−

yields are constrained to be equal for B0 → D[Kπ]K∗0 and B0 → D[πK]K∗0 decays, due to
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an equal probability of misidentifying the π+ meson and the π− meson. For all other decay
modes, the yields are constrained relative to the yields in B0 → D[Kπ]K∗0, and scaled by
the ratio of D branching fractions and selection efficiencies. The number of charmless decays
is subject to Gaussian constraints according to the determined values. The combinatorial
backgrounds are parameterised in terms of the observed number of candidates, which is
required to be equal for each flavour of a given D decay mode. The possibility of biases
introduced in the fitting procedure is investigated by fitting toy data samples generated from
the result of the total PDF fit to data. No evidence is seen for biases in the central values
or uncertainties of any of the CP -violating observables.

4.3 Systematic uncertainties

The following sources of systematic uncertainties are considered: uncertainty in the determi-
nation of the asymmetry and efficiency corrections, uncertainty from the measured branching
fractions used as inputs in the fit, and uncertainty in the modelling of the PDFs or in the
determination of the fixed yields in the fit. Any systematic uncertainties that are estimated at
less than 5% of the measured statistical uncertainty from the fit are considered negligible, and
are excluded in the final determination of systematic uncertainties. A summary of the assigned
systematic uncertainties is provided in tables 2 and 3. The total systematic uncertainty is
calculated as the sum in quadrature of the individual sources. The dominant systematic
uncertainties are due to the measurement of input branching fractions, asymmetry corrections,
and estimation of particle identification efficiencies, but are generally small compared to
statistical uncertainties. The assigned systematic uncertainties are slightly larger than those in
the previous analysis from ref. [13] as more detailed study is possible with the larger dataset.

The uncertainties of Aprod and AKπ are propagated to the parameters of interest based
on the quoted uncertainties in section 3. The measured uncertainty of Aprod [35] is doubled
for the data samples collected at 13TeV to account for possible energy dependence in the
asymmetry. Additionally, the possibility of asymmetries introduced by the hardware trigger
is estimated to be at the level of 10−3 based on the results of ref. [33]. The uncertainty due to
the selection efficiencies largely cancels, with the primary uncertainty arising from different
PID requirements on different final states. Uncertainties in estimated PID efficiencies arise
from the limited statistics of simulated samples for kinematic weighting and the finite size of
bins used in the weighting of the PID efficiency. The propagated uncertainties of the input
branching fractions listed in table 1 are also determined.

The uncertainty due to the modelling of the B0 candidate reconstructed mass for each
component in the fit is also investigated. The uncertainty due to the modelling of B0

s → D∗K∗0

decays is assessed by varying the determined efficiencies and input branching fractions of
the D∗[γD] and D∗[π0D] components within their respective uncertainties. Two alternative
PDFs are examined to assess uncertainty in the modelling of B+ → DK+π+π− decays: one
based on simulated samples of B+ → DK∗(1400)0[K+π+π−] decays, and another based on
B+ → DK+π+π− decays collected from data. Performing the fit with either distribution
results in negligible variations in the CP -violating observables. An alternative B0 → Dπ+π−

reconstructed mass distribution composed of an equal admixture of B0 → Dρ0[π+π−] and
non-resonant B0 → D (ππ)S-wave decays based on results in ref. [41] is also considered. These
uncertainties are negligible for all CP -violating observables except R±

πK(ππ).
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Figure 1. Reconstructed mass distributions for selected candidates in the (left) B0 and (right) B0

samples for the (top) D → Kπ and (bottom) D → πK decay channels. The fit projection is overlaid.

The statistical uncertainty of the flavour-integrated number of charmless decays is
accounted for through Gaussian constraints in the fit, but the asymmetry of the charmless
yields is fixed based on the central values determined in data. The resulting uncertainty on
the parameters of interest is determined through variations of the charmless asymmetries
within their measured uncertainties.

The assumption of equal combinatorial background in B0 and B0 candidate samples is
studied using pseudoexperiments, where an ensemble of datasets is generated with asymmetric
background yields. The magnitude of the asymmetry generated is determined from an
alternative fit to the data. The pseudoexperiments are fit with the default model and biases
in the fitted observables are taken as the systematic uncertainty.

4.4 Results of the reconstructed mass fit

The reconstructed B candidate mass distributions for different D decay modes are shown
with the results of the fit overlaid in figures 1–3. The yields of the favoured decays,
NKπ, NKπππ, Ns,πK , and Ns,πKππ are found to be roughly 3800, 3600, 8800, and 8200,
respectively. The CP -violating observables determined in the fit for B0 →DK∗0 decays are
given in table 4 and the results of B0

s → DK∗0 are given in table 5. The results from the B0
s

decays conform to the expectation of unobservable effects of interference: all Rs
CP parameters

are consistent with unity within one standard deviation, and no statistically significant
asymmetries are observed. However, statistically significant evidence of interference is seen
in the B0 → DK∗0 results, most notably in RKK

CP at the 3σ level and R4π
CP at the 2σ level.
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Figure 2. Reconstructed mass distributions for selected candidates in the (left) B0 and (right) B0

samples for the (top) D → Kπππ and (bottom) D → πKππ decay modes. The fit projections are
overlaid.

Parameter Value
AKπ 0.031± 0.017± 0.015
R+

πK 0.069± 0.013± 0.005
R−

πK 0.093± 0.013± 0.005
AKπππ −0.012± 0.018± 0.016
R+

πKππ 0.060± 0.014± 0.006
R−

πKππ 0.038± 0.014± 0.006
RKK

CP 0.811± 0.057± 0.017
AKK

CP −0.047± 0.063± 0.015
Rππ

CP 1.104± 0.111± 0.026
Aππ

CP −0.034± 0.094± 0.016
R4π

CP 0.882± 0.086± 0.033
A4π

CP 0.021± 0.087± 0.016

Table 4. Fitted CP -violating observables related to B0 → DK∗0 decays. The first stated uncertainties
are statistical and the second are systematic.

An approximately 2σ tension is observed between the values of RKK
CP and Rππ

CP , which are
expected to be consistent, but this difference is attributed to a statistical fluctuation. The
asymmetries AKK

CP and Aππ
CP are consistent with each other. In aggregate, the results are

self-consistent, as evidenced by our interpretation of the parameters in section 5.
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Figure 3. Reconstructed mass distributions for selected candidates in the (left) B0 and (right) B0

samples for the (top) D → ππ, (centre) D → KK, and (bottom) D → ππππ decay modes. The fit
projections are overlaid.

Statistical precision on the CP -violating observables has improved by around 60% in
comparison to the previous results in ref. [13], an improvement which is consistent with the
increase in signal yield. Central values are also consistent taking into account correlations
and the more accurate determination of the contribution of charmless decays with the
larger dataset.

5 Interpretation and conclusions

The measured parameters from table 4 can be expressed in terms of the fundamental physics
parameters of interest, γ, rDK∗

B0 , and δDK∗

B0 , and some additional inputs. These additional
inputs include the coherence factor κB0 , which quantifies the dilution of the interference
effects of interest due to the selected B0 → DK+π− decays that do not proceed through
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Parameter Value
As,πK −0.009± 0.011± 0.020
R+

s,Kπ 0.004± 0.002± 0.006
R−

s,Kπ 0.004± 0.002± 0.006
As,πKππ −0.029± 0.012± 0.021
R+

s,Kπππ 0.019± 0.004± 0.007
R−

s,Kπππ 0.015± 0.004± 0.007
Rs,KK

CP 1.000± 0.034± 0.016
As,KK

CP 0.062± 0.032± 0.021
Rs,ππ

CP 0.996± 0.057± 0.023
As,ππ

CP −0.001± 0.056± 0.021
Rs,4π

CP 1.010± 0.048± 0.033
As,4π

CP 0.017± 0.044± 0.022

Table 5. Fitted CP -violating observables related to B0
s → DK∗0 decays. The first stated uncertainties

are statistical and the second are systematic.

an intermediate K∗0 resonance. The value of this parameter measured by ref. [30] is used,
which placed identical requirements on the K∗0 candidate to those presented in this article.
There is additional dependence on the hadronic parameters associated with the D meson
decays to a final state X: rX

D , δX
D , and κX

D for ADS decays, and the CP -even fraction F X
+

for GLW decays. The values of the ADS parameters are taken from ref. [5] for the D → Kπ

decay (except for κKπ
D , which is exactly one) and from ref. [42] for the D → Kπππ decay.

For the two-body GLW modes, F hh
+ is exactly one, and the value of F 4π

+ = 0.746 ± 0.013
is taken from an average of the results from ref. [43] and ref. [44]. The GLW observables
Ahh(ππ)

CP and Rhh(ππ)
CP relate to these parameters through

Ahh(ππ)
CP =

2κB0rDK∗

B0

(
2F

hh(ππ)
+ − 1

)
sin

(
δDK∗

B0

)
sin (γ)

1 +
(
rDK∗

B0

)2
+ 2κB0rDK∗

B0

(
2F

hh(ππ)
+ − 1

)
cos

(
δDK∗

B0

)
cos (γ)

,

Rhh(ππ)
CP =

1 +
(
rDK∗

B0

)2
+ 2κB0rDK∗

B0

(
2F

hh(ππ)
+ − 1

)
cos

(
δDK∗

B0

)
cos (γ)

1 +
(
rDK∗

B0

)2 (
rKπππ

D

)2 + 2κB0rDK∗
B0 rKπππ

D κKπππ
D cos

(
δDK∗

B0 − δKπππ
D

)
cos (γ)

.

(5.1)

The R+
πK(ππ) and R−

πK(ππ) observables can be expressed, neglecting effects of charm
mixing, as

R±
πK(ππ) =

(
rDK∗

B0

)2
+

(
r

Kπ(ππ)
D

)2
+ 2κB0rDK∗

B0 r
Kπ(ππ)
D κ

Kπ(ππ)
D cos

(
δDK∗

B0 + δ
Kπ(ππ)
D ± γ

)
1 +

(
rDK∗

B0

)2 (
r

Kπ(ππ)
D

)2
+ 2κB0rDK∗

B0 r
Kπ(ππ)
D κ

Kπ(ππ)
D cos

(
δDK∗

B0 − δ
Kπ(ππ)
D ± γ

) .

(5.2)
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Figure 4. Confidence levels from a frequentist analysis of the B0-related CP -violating observables
from (left) just this analysis and (right) this analysis combined with the results from ref. [47] on the
CKM angle γ.

Additional corrections are made due to the effects of charm mixing, as described in ref. [45],
which are of the order of 1%. Finally, the parameters AKπ and AKπππ can be expressed as

AKπ(ππ) =
2κB0κ

Kπ(ππ)
D r

Kπ(ππ)
D sin

(
δDK∗

B0 − δ
Kπ(ππ)
D

)
sin(γ)

1 +
(
rDK∗

B0

)2 (
r

Kπ(ππ)
D

)2
+ 2κB0κ

Kπ(ππ)
D r

Kπ(ππ)
D cos

(
δDK∗

B0 − δ
Kπ(ππ)
D

)
cos(γ)

.

(5.3)

With eqs. (5.1)–(5.3), the measured CP -violating observables from table 4, and the
aforementioned inputs, limits are set on the (γ, rDK∗

B0 , δDK∗

B0 ) parameter space using the
GammaCombo package [46], which can implement both profile-likelihood and frequentist
methods. The correlations of statistical and systematic uncertainties for the measured CP -
violating observables are accounted for with correlation matrices shown in appendix A. Four
solutions are found, and constraints on the parameter space are shown in figures 4–6. It
should be noted that the probability contours shown in the two-dimensional figures do not
correspond to 1σ, 2σ, 3σ, etc. when projected to one dimension. The preferred solution
determines γ to be 172◦ with an approximate Gaussian uncertainty of 6◦ and δDK∗

B0 to
be 296◦ with an approximate Gaussian uncertainty of 8◦. However, the second-preferred
solution is consistent with the world-average of direct measurements of γ =

(
66.2+3.4

−3.6

)◦
[4],

finding γ to be 62◦ with an approximate Gaussian uncertainty of 8◦ and δDK∗

B0 to be 187◦

with an approximate Gaussian uncertainty of 6◦. As can be seen in figure 5, all solutions
give a consistent determination of rDK∗

B0 , with the preferred solution of this analysis finding
rDK∗

B0 = 0.235 ± 0.017.
A combined analysis of these results with the measurement of CP -violating observables

from B0 → DK∗0 with D → K0
Sh+h− from ref. [47] is also performed. As the D → K0

Sh+h−

decay probes D strong phases other than those close to 0 and π, this breaks the 90◦ degeneracy
of the solutions found for γ in this analysis and provides additional precision. Projections
of the allowed parameter space from the combined analysis are shown in figures 4–6. We
estimate the central values and uncertainties of the three primary parameters of interest
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Figure 6. Confidence level contours from a profile-likelihood analysis of the CP -violating observables
from (left) just this analysis and (right) this analysis combined with the results from ref. [47] projected
to the γ-δDK∗0

B0 plane. Contours contain 68.3%, 95.4%, and 99.7% of the distribution.

with the Plugin method of GammaCombo, which implements a frequentist approach. The
determinations of the Plugin method including all of the measured D decay modes in
B0 → DK∗0 are γ =

(
63.2+6.9

−8.1

)◦
, rDK∗

B0 = 0.233± 0.016, and δDK∗

B0 =
(
192.1+6.7

−6.1

)◦
.

In summary, measurements of CP -violating observables in B0
(s) → DK∗0 decays are

presented in this article. These are the most precise measurements to date and provide the
most stringent limits to date on γ from B0 decays. The CP -violating observables in B0

s decays
are found to be consistent with no CP violation. A combined analysis of the CP -violating
observables from B0 decays finds a solution for γ that is consistent with the measurement
from B+ decays reported in the HFLAV average [4].
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A Correlation matrices

The statistical correlation matrices of the determined CP -violating observables are shown
in table 6. The systematic correlations are shown in table 7.
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