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1 Introduction

The breaking of the combined charge-parity (CP) symmetry in weak interactions arises
in the Standard Model (SM) from a single irreducible complex phase in the Cabibbo-
Kobayashi-Maskawa matrix [1, 2]. Direct CP violation, namely differences in the de-
cay rates between CP-conjugate processes, results from the interference between two or
more amplitudes that have different weak and strong phases. The CP asymmetries in
B~ — DE:))_D(*)O decays! are defined as
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where D*~ refers to the D*(2010)~ and D** to the D*(2007)° mesons.

Interference of dominant tree-level amplitudes with sub-dominant loop-level and an-
nihilation amplitudes (figure 1) produces nonzero direct CP asymmetries in the decays of
B mesons to two charm mesons. These are predicted to be small in the SM, up to 1%
for decays involving b— cés transitions and up to 5% for decays involving b— ccd tran-
sitions [3-6], as shown in table 1. These values may be enhanced by poorly understood

QCD penguin diagrams [7] or contributions from models beyond the SM (BSM) such as

The inclusion of charge-conjugate processes is implied throughout except in the discussion of asymme-
tries.



c u c
B~ Do 0
T u u u w

Figure 1. Illustration of (left) tree, (centre) loop and (right) annihilation diagram contributions
to the decay B~ — D~DC in the SM. Similar diagrams, with the d quark replaced by an s quark,
apply to the decay B~ — D7 DY. These diagrams also apply to decays with excited charm mesons.

Decay Ref. [3] Ref. [4] Ref. [5] Ref. [6] Measured [8]
B~— D;D° —0.28 +0.06 — —0.267007  —0.144+0.25 —0.4+0.7
B~ — D D%  —0.065 4 0.005 — —0.07508  —0.01+0.10 -
B~— D;D*  0.045+0.015 — 0.037002  0.08+0.03 -
B~— D~ D° 495+1.08 06796 44}l - 1.6+25
B-— D D*  —080+035 0501 —0654 - 13+ 18
B~ — D*~ DY 1.19+0.16 0.1199 1.270% - —6+13
B~ — D*~D*0 1.19 £ 0.16 0.2199 1.2703 - —15+ 11

Table 1. Predictions in the SM (first four columns) and world average measurements (final column)
of CP asymmetries for B~ decays to two charm mesons in percent.

supersymmetry [3], supergravity [5] and a fourth generation of quarks [6]. A combined
analysis of CP asymmetries and branching fractions would help to discriminate between
potential BSM effects and enhanced QCD penguin contributions.

This paper describes a measurement of the CP asymmetry of the seven
B — DE:)) “ D™ decays shown in table 1. In addition, measurements are presented of
the branching fraction ratios

B(B~— D D% B(D~— Ktn—7")
B(B-— D; D% B(Dy — K+K—7-)

R(D~D°/D;D°) = (1.2)

and
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The most precise measurements of the CP asymmetries in B~ — D(_S)D0 decays
use data collected by the LHCb experiment at centre-of-mass energies of /s =
7TeV and 8 TeV corresponding to an integrated luminosity of 3fb~! of proton-proton
(pp) collisions [9]. Measurements of the CP asymmetries for B~ — D®~D®0 de-
cays are provided by the Belle and BaBar experiments [10, 11].  No previous



measurements of AY(B~— D7 D*) and A“Y(B~— D~ D) exist. The branching
fractions B(B~ — Dy DY) = (9.0 4+0.9) x 1073, B(B~— D~ D") = (3.8 £ 0.4) x 10~* and
B(B~— D*~D") = (3.9 4 0.5) x 10~ have been measured by Belle [11, 12] and BaBar [13,
14]; LHCb has measured the branching fraction of B~ — D; D° decays relative to B® —
D; D" decays [15]. The world average values are R(D™ DO/D D% = (74+1.1) x 1072
and R(D*~D°/D~D%) = 0.29 + 0.05 [8].

The measurements presented in this paper use pp collision data collected by the
LHCb experiment, corresponding to an integrated luminosity of 9fb~!, of which 1fb~!
was recorded at centre-of-mass energy /s = 7TeV, 2fb~! at /s = 8 TeV and 6fb~*
Vs =13 TeV. The data taken at 7 and 8 TeV are referred to as Run 1, and the data taken
at 13TeV as Run 2.

Decays are reconstructed in the D7 D°, D~ D° or D*~ DY final states. Decays involving
one D~ or D** meson are partially reconstructed with a photon or neutral pion that is not
reconstructed. These decays manifest themselves as broad structures in the invariant mass
distributions of the charm meson candidate pairs, below the B~ mass. Charm mesons are
reconstructed in the D°— K—nt, D' K—rtr—nt D= Ktr 7, Dy - K- Ktn~
and D*~ — D%~ decay modes. In the B~ — D*~ DU final state, at least one of the neutral
charm mesons is required to decay as D°— K~nt. When measuring R(D*~D°/D~DY),
only decays of the D? from the D*~ to K+n~ are considered to minimise uncertainties
from differences between the D*~D° and D~ DY decay modes.

The measurements of A°Y (B~ — DE:)) ~ D™ are determined from the raw asymme-

tries

(1.4)
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where N indicates the observed, uncorrected yield in the respective decay channel. The
raw asymmetries differ from the CP asymmetries due to charge asymmetries in production
of the B~ meson and detection of the final states. Since the asymmetries are small,
higher-order terms corresponding to products of the asymmetries can be neglected, and
the following relation holds

ACP = -Araw - -AP - -AD7 (15)

where Ap is the asymmetry in the production cross-sections, o, of B¥ mesons,

_o(B7)—a(BY)
AP: O'(B_)—FO'(B"F)’ (16)
and Ap is the asymmetry of the detection efficiencies, ¢,
e(B~— D" D00 — ¢(B+— DD
— (s) (s)
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Production and detection asymmetries are evaluated with measurements from calibration
data samples that are corrected to match the kinematics of the signal decays.



Ratios of branching fractions are measured for the fully reconstructed decays where
high precision is achievable. These ratios are derived from the ratio of the efficiency-
corrected yields,

N(B~— D=D% e(B~— D; D)
N(B~— D5 DY) e(B~— D~-DY)’

R(D~D'/D;D°) = (1.8)
The detection efficiency e includes the acceptance, reconstruction and selection effi-

ciencies, and is determined using simulated samples of signal decays. The quantity
R(D*~D%/D~ DY) is measured analogously.

2 Detector and simulation

The LHCb detector [16, 17] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < n < 5, designed for the study of particles containing b or ¢
quarks. The detector includes a high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [18], 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 [19, 20] placed downstream of the magnet.

The tracking system provides a measurement of the momentum, p, of charged particles
with a relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV/c.
The minimum distance of a track to a primary pp collision vertex (PV), the impact pa-
rameter, is measured with a resolution of (15 4 29/pr) um, where pr 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 [21]. Photons,
electrons and hadrons are identified by a calorimeter system consisting of scintillating-pad
and preshower detectors, an electromagnetic calorimeter (ECAL) and a hadronic calorime-
ter (HCAL). Muons are identified by a system composed of alternating layers of iron and
multiwire proportional chambers [22]. The online event selection is performed by a trig-
ger [23], which consists of a hardware stage, based on information from the calorimeter
and muon systems, followed by a software stage, which applies a full event reconstruction.

At the hardware trigger stage, events are required to have a muon with high pt or a
hadron, photon or electron with high transverse energy in the calorimeters. For hadrons,
the typical transverse energy threshold is 3.5 GeV. Signal candidates may be accepted if
the candidate itself causes a positive decision for the hadron trigger, hereafter called trigger
on signal (TOS), or due to the other particles produced in the pp collision, hereafter called
trigger independent of signal (TIS). The software trigger requires a two-, three- or four-
track secondary vertex with a significant displacement from any PV. At least one track
should have pp > 1.7 GeV/c and X12p with respect to any PV greater than 16, where X12p is
defined as the difference in the vertex-fit x? of a given PV reconstructed with and without
the considered particle. A multivariate algorithm [24, 25] is used for the identification of
secondary vertices consistent with the decay of a b hadron.

Simulated events are used for the evaluation of signal efficiencies and in the training
of multivariate classifiers. Additionally, simulation of the invariant-mass and kinematic



distributions of signal candidates are important for measuring the raw asymmetry and
determining the production and detection asymmetries, respectively. In the simulation,
pp collisions are generated using PYTHIA [26, 27] with a specific LHCb configuration [28].
Decays of hadronic particles are described by EVTGEN [29], in which final-state radiation
is generated using PHOTOS [30]. The interaction of the generated particles with the de-
tector, and its response, are implemented using the GEANT4 toolkit [31, 32] as described
in ref. [33]. The simulated B~ production cross-section is corrected to match the observed
spectrum of B~ — D7 D° decays in data where the background is subtracted using the
m(Dg D) sidebands. The correction is applied as a function of the transverse momentum
and rapidity of the B~ meson and the number of tracks in the event, using a gradient
boosted reweighter [34] technique. The weights are determined separately for Run 1 and
Run 2. In the cases where the D® — K~nt7~ 7T decay is simulated according to a uni-
form distribution in the phase space, a gradient boosted reweighter is used to correct the
simulation as a function of the two- and three-body invariant mass combinations of the
DY decay products to match background-subtracted data. In addition, corrections using
control samples are applied to the simulated events to improve the agreement with data
regarding particle identification (PID) variables, the momentum scale and the momentum
resolution. The visible momentum distribution of the B~ meson is softer in decays with
an unreconstructed particle. For such decays, the kinematic distributions are estimated
by weighting the simulated distributions of fully reconstructed decays by a function of the
form p~® where the power is established using the observed function in data.

3 Candidate selection

Charm meson candidates are reconstructed by combining 2, 3 or 4 good-quality final-state
tracks that have a significant impact parameter with all reconstructed PVs. The tracks
are required to form a high-quality vertex and the scalar sum of the pr of the tracks
must exceed 1.8 GeV/c. To reduce background from misidentified particles, the pion and
kaon candidates must also satisfy loose criteria on DLLg,, the ratio of the likelihood
between the kaon and pion PID hypotheses. Since the detection asymmetry of kaons
is large and the interaction cross-section of charged kaons with matter varies rapidly at
low momenta [8], all kaons are required to have momenta greater than 3.0 GeV/c. The
reconstructed mass of D°, Dy and D~ candidates is required to be within 25MeV/c? of
their known values [8]. For channels with a fully reconstructed D*~ meson that decays to
D7~ the mass difference Am between the D*~ and the D candidates is required to be
within 10 MeV/c? of the known value [8]. If more than one charm-meson candidate is formed
from the same combination of tracks, only the most compatible with the charm-meson
hypothesis according to the DLLg of the tracks and, for D(_S) candidates, the consistency
of the mass of two opposite-charged tracks with that of the ¢(1020) meson, is selected.

In events with at least one DE:)) ~ candidate and at least one D candidate, the charm
mesons are combined to form a B~ candidate if the combination has a pp greater than
4.0 GeV/e, forms a good-quality vertex and points back to a PV. The reconstructed decay

time of the charm meson candidates with respect to the B~ vertex divided by its uncer-



tainty, t/oy, is required to exceed —3 for Dy and D° mesons. This requirement is increased
to +3 for the longer-lived D~ meson to eliminate background from B~ — D%~ 77~ de-
cays where the positively charged pion is misidentified as a kaon. Candidate B~ decays that
are compatible with the combination of a B® — D®~xt(z=7t) or B —» D nt(x nt)
decay with one or three charged tracks, according to the invariant mass of a subset of the
tracks forming the candidate, are rejected. To eliminate duplicate tracks, the opening angle
between any pair of final-state particles is required to be at least 0.5 mrad. The invariant-
mass resolution of B~ decays is significantly improved by applying a kinematic fit [35].
This fit constrains the invariant masses of the D% and the D(_S) candidates to their known
values [8], all trajectories of the decay products from the D(;), D, D*= and B~ decays to
originate from their corresponding decay vertex, and the B~ candidate to originate from
the PV with which it has the smallest x%.

To reduce the combinatorial background while maintaining high signal efficiency, a
multivariate selection based on a boosted decision tree (BDT) [36, 37] is employed. The
BDT classifiers exploit kinematic and PID properties of selected candidates, namely: the
fit quality of the B, D(;) and DY candidate decay vertices; the value of X12P of the B~
candidate; the values of ¢/, of the B~ D(_S) and D° candidates; the unconstrained recon-
structed masses of the D(;) and D° candidates; the Am for the D*~ candidate; and the
reconstructed masses of the pairs of opposite-charge tracks from the D(_S) candidate. In
addition, for each D(;) and D° candidate, the smallest value of pp and the smallest value of
X%p among the decay products and the smallest (largest) value of DLLg, among all kaon
(pion) candidates, are included as input variables for the BDT classifiers.

The BDT classifier for the branching fraction measurement is trained with a reduced set
of variables that are accurately modelled in simulation or whose data-simulation differences
can be corrected using the Cabbibo-favoured B~ — D; D° decay. The variables removed
are: the vertex fit quality and ¢/o; for the D(;) candidates and D candidates from a D*~;
the reconstructed masses of the pairs of opposite-charge tracks from the D(_S) candidate;
the Am of the D*~ candidate; and the values of DLL .

The BDT classifiers are trained separately for the D7 D°, D~D° and D*~D° final
states, for the D° — K7t and D°— K~ 7nt7n~ 7t decay channels and for the Run 1 and
Run 2 data samples. The BDT training uses corrected simulated signal samples and data
in the upper mass sideband of the B~ meson (5350 < m(DE:;_DO) < 6200 MeV/c?) as
background. To increase the size of the background sample, the charm meson invariant-
mass intervals are increased from +25MeV/c? to £75MeV/c? and so-called wrong-sign
B~ — DE:)) ~ D candidates are also included. Five-fold cross-training [38] is used to avoid
biases in the calculation of the output of the BDT classifiers. No dependence of the BDT
classifiers on candidate charge or magnet polarity is observed.

The BDT classifiers combines all input variables into a single discriminant. The opti-
mal requirement on this value is determined by maximizing Ng/v/Ng + Np, where Ng is
the expected signal yield, determined from the initial signal yield in data multiplied by the
efficiency of the BDT requirement from simulation, and Np is the background yield in a
+20 MeV/c? interval around the B~ mass. This selection has an efficiency of 87% to 98%
and a background rejection of 81% to 98%.



Up to 3% of events in data passing all selection and within £40 MeV/c? of the B~ mass
contain more than one B* or B~ candidate in a given decay channel. For the measurement
of AP all candidates are retained to avoid biasing the detection asymmetries, while for
measurements of the branching fractions, only one randomly selected candidate is retained

per event.

4 Measurement of the raw asymmetries and yields

Raw asymmetries and yields are determined with an extended maximum-likelihood fit
to the invariant-mass distribution of B~ — Dg:))_DO candidates in the data. The fit

is performed in the range 4870 < m(DE:)) ~ DY) < 5400 MeV/c? in bins of width 1 MeV/c?.
The fit is performed simultaneously on the B~ and BT candidates and separate fits are
performed for Run 1 and Run 2 data and for each D° meson decay mode. The model
includes: components for the signal decays; decays of a B~, B® or BY meson to D*D®)
where one or both excited charm mesons emit a photon or pion that is not reconstructed;
partially reconstructed decays of a B~ or B meson to a P-wave charm meson excitation
(referred to as D**) plus another charm meson; B~ — DYK~ K+~ decays; cross-feed of
Cabbibo-favoured B~ — D; D° decays to Cabbibo-suppressed B~ — D~D° decays; and
the combinatorial background.

The invariant-mass distribution of B~ — DE:)) DO decays is described by the sum of
a Gaussian function and a double sided Crystal Ball (DSCB) function, which is a Crystal
Ball [39] function extended to have power-law tails on both the low-mass and the high-
mass sides. The DSCB and Gaussian functions share a common peak position. The tail
parameters of the DSCB function and the ratio of the integrals of the DSCB and Gaussian
components are fixed from simulation. The ratio of the widths of the DSCB and Gaussian
functions is constrained from simulation. The peak position and the overall width are free
parameters in the fit to data.

The invariant-mass distribution of B~, B® or B? meson decays to two charm mesons,
where one of the excited charm mesons emits a pion or photon that is not reconstructed, is
parameterised by a parabola convolved with a resolution function. The parameters of the
parabola depend analytically on the spin of the charm mesons and the missing particle,
the polarisation of the vector states in pseudoscalar to vector vector decays and the masses
of the particles in the decay chain [40, 41]. The parabola endpoints, which depend on the
particle masses, are allowed to vary from their expected values by a shift that is shared
with the shift of the fully reconstructed signal peak position from the B~ meson mass. The
parabola is multiplied by a linear function [40] with gradient shared between all decays to
the same final state, to account for the dependence of reconstruction and selection efficien-
cies on the invariant mass. The product is convolved with a resolution function that is the
sum of four Gaussian functions, of which two act as the core of the resolution function and
two act as the small high- and low-mass tails. The integral of the narrower core Gaussian
component and the width ratio between the two core Gaussian components are fixed to
match the integral of the Gaussian component and the width ratio between the Gaussian



and DSCB components in the fully reconstructed signal model. The tail parameters are
fixed using a fit of the resolution model to fully reconstructed signal simulation.

Decays of B~, BY or BY mesons to two excited charm mesons (denoted as B— D*D*),
where both excited charm mesons emit an unreconstructed pion or photon, exhibit a more
complicated invariant mass distribution. These distributions are obtained using simulation

.
decays. Kernel fits [42] to this simulation, multiplied by a linear function to include the

where the detector resolution is obtained from simulated fully reconstructed B~ — DE )) DY

dependence of efficiency upon invariant mass, are used to model these decays. The linear
gradient is shared between all such decays contributing to a final state.

Separate simulation samples are generated for each D*~, D*¥ and D}~ decay and
for both longitudinal and transverse polarisations in pseudoscalar decays to two vectors.
The relative yield corresponding to each D* decay is fixed according to known branching
fractions [8]. The longitudinal polarisation fraction corresponding to the B~ — D*~ D*0
signal decay varies freely in the D*~ DV final state to avoid a strong dependence of the results
on theory predictions. Elsewhere, polarisation fractions are fixed to measured values or
theory predictions [3-6, 8, 43, 44]. No measurements or predictions of f7,(B?— D*~D**)
are available, so this parameter is assigned a value of 50% in the baseline model. For decays
with two missing particles, the relative yields for the B~ and B° decays are fixed using the
measured branching fractions [8, 10, 44] and assuming equal production of the B~ and B
mesons. The ratios between the yields of the B? and B” meson decays to the same final
state are fixed according to: measured branching fractions [8, 45, 46] or predictions where
measurements are not available [3-5]; the ratio of the BY to BY fragmentation fractions
(fs/fa) [47); and the efficiency ratio £(BY)/e(B), which is estimated from the range of
values in studies of B? — D** DT decays at LHCb [45, 46].

Decays of a B meson to a D** meson plus a fully reconstructed charm meson (denoted
as B— D**D) where the decay chain of the D** contains one or more pions or photons
that are not reconstructed, enter the fit region at low invariant mass. The model of these
decays includes the Df(2300), D1(2420), D1(2430), D3(2460), D%,(2317) and Ds;(2460)
mesons and all decay chains of each D** that have non-negligible branching fractions. The
invariant-mass model for each decay is obtained in the same way as for B— D*D* with
two missing particles and shares the efficiency gradient. The relative yield of each decay
is fixed using measured D** and D* branching fractions [8, 13|, assuming in the baseline
model equal branching fractions for each B— D**D decay and equal production of B~
and B° mesons.

The yield of the Cabibbo-favoured B~ — DYK~KTn~ decay is strongly suppressed
by the invariant mass and ¢/o; requirements on the D; meson, but it still forms a non-
negligible background. This background is modelled by a DSCB function. The peak posi-
tion is shared with the fully reconstructed signal. Other shape parameters are determined
from a fit to simulated decays and corrected for the difference in the resolution between
data and simulation using fully reconstructed signal. The yields are determined from the
D sidebands and are approximately 3% of the fully reconstructed signal yield. Cross-feed
of Cabibbo-favoured B~ — D; D decays to the D~ D final state is suppressed by PID re-
quirements, but simulated samples predict that the yield of this cross-feed is 4% of the yield



of the B~ — D~ DO decay. This misidentified background is modelled by the sum of two
Gaussian functions with a shared mean, and the shape parameters are obtained from a fit to
simulated samples. The combinatorial background is described by an exponential function.

To improve precision on the raw asymmetries of signal decays, the raw asymmetries
of background processes are constrained wherever constraints are available from external
inputs or other channels in this analysis. The value of A, for the B(Os) — D*~ D*T decay,
involving a CP-symmetric final state, is constrained to the detection asymmetry of the
partially reconstructed decay products (section 5). The time-integrated raw asymmetry of
the B — D~ D** decay is approximated as

Araw(B° = D™D*") = A(B° = D™ D*") + Ap (B — D™ D), (4.1)

where A°T(B°— D~D**) has been measured [8] and Ap(B°— D™ D**"poy) is the de-
tection asymmetry when the D*T is partially reconstructed as a D, and neglecting the
0(0.1%) contribution from time-dependent flavour oscillations convolved with the produc-
tion asymmetry. The raw asymmetry of the B®— D; D** decay is constrained to

Araw(B®— D; D*) = AP(B° = D; D*") + Ap(B° — D D{ffo4)) = Ap () +dAp(B°)

(4.2)
where the first two terms on the right hand side have been measured in ref. [48], and
Ap(B®) [48] is multiplied by a dilution factor that is assigned a value of 0.5 in the
baseline model to account for time-dependent flavour oscillations. Theoretical predic-
tions of AP (B~ — D:~D*Y) and ACP(B?S)—> Dg*)fD*Jr) [3-6] are not used to avoid a
strong dependence of the results on Standard Model assumptions. The precision on
ACP(B~ = D* D™ in the DD channel is much worse than in the D*~D® channel
due to the lower branching fraction of D*~ — D~ x° compared to D*~ — D7t and the
broader invariant-mass distribution resulting from an additional unreconstructed particle.
Therefore AP (B~ — D*~D®*)0) are constrained in the D~D° channel to measurements
in the D*~D° channel. The raw asymmetry of the B~ — D; D cross-feed to the D~ D
channel is equal to the raw asymmetry in the D; D° channel. The CP asymmetries of
Cabbibo-favoured single-charm B~ meson decays are expected to be small, since they are
dominated by a single decay amplitude. The value of A" (B~ — D°K~K*+7~) has not
been measured but A“C (B~ — Dr~ntr~) = (0.2 + 1.1)% [8], which is a decay with the
same flavour structure, has been measured. Therefore, a CP asymmetry with double the
uncertainty, AT (B~ — DK~ K*7~) = (0.0 + 2.2)% is assigned in the constraint of the
raw asymmetry of this background.

The invariant mass distributions of the B* candidates and the fitted models, summed
over all centre-of-mass energies and over all D" decay modes, are shown in figure 2.
The charge-combined yields of the fully reconstructed decays in each channel, sum-
ming over all datasets, are N(D; DY) = 230500 4+ 500, N(D~D%) = 11490 + 120 and
N(D*~D%) = 3100 + 70. The measured raw asymmetries, alongside the production and
detection asymmetries that will be evaluated in the next section, are given in table 2.

Ratios of branching fractions between decays with one missing particle and fully re-
constructed decays measured from the above fits are in agreement with known values.



To assess bias on the raw asymmetries and the coverage of the statistical uncertainties,
pseudoexperiments are generated according to Poisson statistics while accounting for the
fraction of B?S) — D*~D** decays that produce two candidates. Biases in the raw asym-
metries are at least five times smaller than the corresponding statistical uncertainties, no
undercoverage is observed and overcoverage is below 20%.

5 Production and detection asymmetries

The asymmetry of B~ meson production has been measured by the LHCb experiment
as a function of the B~ transverse momentum and rapidity and at centre-of-mass en-
ergies of 7, 8 and 13 TeV using Bt — JAY K™ decays [49, 50] with a measured value of
AP (BT — JpK*) = (0.18 4 0.30)% [8]. The value of Ap for signal decays is determined
by weighting these measurements by the kinematic distributions of selected signal can-
didates in simulation. The asymmetry ranges from —0.6% to —1.5%, depending on the
centre-of-mass energy and the kinematic distribution of the signal decay.

The total detection asymmetry is the sum of all individual sources of detection asym-
metry. Asymmetries from the nuclear interaction of final-state particles with the detec-
tor material, track reconstruction and acceptance contribute to the detection asymmetry.
While the detection asymmetry is dominated by the K~ nuclear interaction asymmetry,
the other sources produce small but non-negligible effects. The difference in detection
asymmetry between kaons and pions,

e(K—7nt)—e(Ktn™)

Axr = ) 1 e (K )

(5.1)

is determined by weighting the difference in raw asymmetry between prompt
Dt — K—rntrt and DT — K%rt decays, corrected for the detection and CP asymme-
tries of the K [51, 52], by the kinematic distribution of signal. This asymmetry is between
—0.6% and —1.0% per K. The detection asymmetry for residual pions,

e(mf) —e(n”)

A e(nt) +e(n)

(5.2)

is determined by weighting an asymmetry determined by comparing the yields of fully
to partially reconstructed D** — (D°— K~-ntn~7nt)n" decays [53] by the momentum
distribution of signal pions. The asymmetry is up to —0.4% for the soft 7+ from the D*T
decay, or up to —0.2% for other pions.

Particle identification information is used in the selection of candidates, including in
the BDT classifiers. Effective PID criteria are defined as the PID requirements that produce
the same mean DLL g, as the BDT requirement. The charge asymmetry in the efficiency of
the effective PID criteria, App, is determined as a function of track kinematics and event
multiplicity from a sample of D** — (D — K~7n)nt decays that are selected without
PID requirements. Since the BDT classifiers use PID information, the PID asymmetry
is calculated using simulation without the BDT selection. Charge asymmetries are also
calculated for the PID criteria that are applied to the calibration samples used to evaluate
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Figure 2. Invariant-mass distribution of (top row) B~ — D; D° candidates, (middle row)
B~ — D~ DY candidates and (bottom row) B~ — D*~ DY candidates, separated by charge into (left)
B~ and (right) BT candidates. The fitted model described in the text is also drawn. The invariant-
mass distributions of B— D**D decays where the fitted yield is less than zero are not drawn.
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Decay Araw Ap Ap

D; DY -13+£02£01 -11+£03+£03 -0.7%+0.2
DD  —24+11409 -114+04+03 -0.8=+0.2
D;D*  —-08+084+04 —-11404+03 -0.8=+0.2
D~DY 1.6£10+£02 -11£044+0.3 0.1+£0.2
D~D* 13420413 —-1.14+0.4+0.3 0.1£0.2
D*=D° 244+16+£02 -124+04+0.3 0.2+£0.3
D*~D*0 13+£21+16 —-1.1£0.5£0.3 0.1£0.2

Table 2. Values of A, Ap and Ap in percent, averaged over all D° decay modes and data-
taking periods. The uncertainties on A, are statistical and systematic, respectively. The first
uncertainty on Ap contains all sources of uncertainty except that on AT (BT — JApK ™), which is
the second uncertainty.

A and A, which are often tighter than those applied to the signal candidates. The
largest values of Apip are induced by the comparatively tight PID requirements applied to
the calibration samples used to evaluate A, in Run 1 and are up to +0.3%.

The hardware trigger requirements may also induce a charge asymmetry. The TIS
asymmetry, Arrg, is independent of the signal decay but may depend on the pr(B~) and the
magnet polarity and has been measured using B — EDMJFVHX decays [54]. After weighting
by the kinematics of the signal decay and averaging over magnet polarities, the asymmetry
is evaluated to be (0.0 4 0.2)%, where the uncertainty comes from the calibration sample
size. The efficiency of the hadron hardware trigger TOS requirement for pions and kaons of
both charges has been measured as a function of transverse energy and position at the sur-
face of the HCAL with a sample of D** — (D°— K~ 7)7" decays [55]. Corrections are
applied for the overlapping energy deposits from other tracks in the decay and the underly-
ing event, and relative miscalibration between HCAL cells. The corresponding asymmetry,
ATos, is determined in bins of (pr(B~),n(B~)) using an unbiased sample of simulated
TIS signal candidates. To determine the average value of Argg, this binned measurement
is weighted by the kinematics of simulated signal candidates passing the hadron hardware
trigger TOS requirement. The resulting asymmetry is larger for final states containing an
odd number of kaons and is at most —0.2%. The corrections to the CP asymmetries are ob-
tained by multiplying each asymmetry by the fraction of selected candidates in background-
subtracted data that pass the TIS or TOS requirements, which are both approximately 60%.

The production and total detection asymmetries evaluated using this method are given
for each decay in table 2.

6 Efficiencies

The detector acceptance and the efficiencies of final-state particle reconstruction and selec-
tion are evaluated using simulated samples. These samples are corrected with per-candidate
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weights to better model the production of signal decays and the detector response. In addi-
tion to the weights described in section 2 to correct the B~ production distribution and the
angular structure of the D® — K~ ntn~nT decay, weights are applied to correct the effi-
ciency of the hardware trigger, track reconstruction and PID criteria. The efficiency of the
hadron hardware trigger TOS requirement, e7og, is measured in bins of (pr(B~),n(B7))
as described in section 5. Per-bin weights that correct mismodelling of eTog and the ex-
clusively TIS (xTIS) efficiency, exTis = 1 — e10os, for events passing the hardware trigger
TIS requirement, are evaluated as the ratio between the measured and simulated efficien-
cies. The appropriate weight is applied to each candidate, which modifies the hardware
trigger efficiency by up to 3%. Weights to correct the tracking efficiency as a function of
track momentum and pseudorapidity are determined using J/i)— ptu~ decays [56], and
are applied to each final-state particle, resulting in a change of up to 6%. The efficiencies
in data of PID requirements are derived as described in section 5, and differ from the
simulated efficiencies by up to 3%. Each efficiency correction is derived separately for each
data-taking year and magnet polarity.

7 Systematic uncertainties

An overview of the systematic uncertainties from all sources, averaged over D° decay
modes, are listed in tables 3 and 4 for the CP asymmetry measurements and table 5 for
the branching fraction measurements. The following paragraphs describe the systematic
effects and their evaluation in detail.

The variation in the raw asymmetries and yields when using the alternative models
for the invariant-mass distribution of signal and background contributions described below
are assigned as the systematic uncertainties associated with the choice of invariant-mass
shapes. For fully reconstructed double-charm decays and double-charm decays with one
missing particle, the resolution is described with a double Gaussian function instead of
a Gaussian plus DSCB function. For B — D*D* decays with two missing particles and
B — D**D decays, the effect of detector resolution is removed from the invariant-mass
distribution. The systematic uncertainty associated with the incomplete knowledge of
the branching fractions of B— D**D decays [8] is estimated as the standard deviation
of the asymmetries obtained when including only one B— D**D decay at a time. This
results in the largest systematic uncertainty on AY from the double charm model. The
combinatorial background is described by a linear instead of an exponential function.

The yield and width of the single-charm background are varied by their statistical
uncertainties. The cross-feed is described by a single instead of a double Gaussian function
and its yield is varied by its statistical uncertainty. Systematic uncertainties are assigned
for all external inputs that are fixed in the model as the change in raw asymmetry when
varying the numerical values of the external inputs by their uncertainties. These external
inputs include asymmetries, branching fractions, polarisation fractions, fs/fg, the dilution
factor and efficiency ratios. For parameters where no external input is used, the assigned
uncertainty covers the full range of possible values, namely 100% for asymmetries, 50% for
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Runl Run2 Runl Run2 Runl Run 2

B — D;DO B-— D DO B~ — D*~ DY
Double charm model 0.01 0.02 0.11 0.08 0.21 0.18
Single charm model 0.05 0.05 — — — —

Cross-feed model — — 0.00 0.00 — —
Combinatorial model  0.01 0.00 0.14 0.13 0.52 0.15
External inputs 0.05 0.06 0.01 0.00 0.04 0.01
Total 0.07 0.08 0.18 0.15 0.56 0.23

B~— D;D* B~— D D B~— D*D®
Double charm model ~ 0.14  0.23  1.10  1.04 1.51  1.19

Cross-feed model — — 0.00 0.00 — —

Combinatorial model  0.08 0.04 1.14 0.92 4.49 1.02

External inputs 0.55 0.38 0.14 0.12 0.11 0.11

Total 0.57 0.45 1.59 1.40 4.74 1.57
B~ — D= D°

Double charm model  0.78 0.51
Combinatorial model  0.55 0.22
External inputs 0.89 0.73
Total 1.31 0.91

Table 3. Systematic uncertainties on the raw asymmetries in percent, averaged over all D° decay
modes.

polarisation fractions and 0.5 for the dilution factor. The largest systematic uncertainties
arise due to the absence of knowledge on A“Y(B?— D~ D**) and f1(B?— D*~D**).

Statistical uncertainties from the size of the calibration and simulated signal sam-
ples used to obtain asymmetry and efficiency corrections are propagated as systematic
uncertainties. Additionally, each correction involves the measurement of the asymmetry
in discrete phase space bins. The finite size of these bins may introduce a bias, which is
estimated and assigned as a systematic uncertainty by doubling the bin size in each di-
mension. The size of the simulation samples results in negligible systematic uncertainties
on the corrections to the CP asymmetries.

There is an wuncertainty of 0.3% on Ap(B~) from the uncertainty on
AP (Bt — JpK™*) [8]. The correction of Apaw(K°) to Ag, carries uncertainties from
detector material modelling and knowledge of the dependence of the asymmetry on the
kinematics of the K, which are overall negligible. A bias may arise from the assumption
that the efficiency of PID requirements for all tracks are independent, when in reality, for
example, the Cherenkov rings may overlap. The size of this bias is measured in simula-
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D; DY D~DY D*=D°
Runl Run2 Runl Run2 Runl Run?2

Final state

Ap 0.42 0.43 0.41 0.43 0.48 0.48
AP (Bt — JWK*T)  0.30 0.30 0.30 0.30 0.30 0.30
Axr 0.28 0.11 0.04 0.04 0.10 0.00
Ar 0.09 0.09 0.06 0.06 0.18 0.17
Apip 0.29 0.03 0.25 0.11 0.55 0.10
Aris 0.08 0.10 0.08 0.10 0.09 0.11
Aros 0.01 0.03 0.01 0.02 0.01 0.01
Weighting 0.01 0.00 0.04 0.00 0.01 0.00
Part. rec. weighting  0.03 0.02 0.02 0.01 0.03 0.01
Total 0.67 0.55 0.58 0.55 0.82 0.61

Table 4. Systematic uncertainties on the corrections for A in percent, averaged over all D°
decay modes.

R(D~D°/D; D% R(D*~D°/D~DO)

Source
Run 1 Run2 Runl Run 2

Double charm model 0.8 0.1 1.2 0.4
Single charm model 0.3 0.3 — —
Cross-feed model 0.0 0.0 0.0 0.0
Combinatorial model 0.1 0.0 0.5 0.2
Hardware trigger efficiency 0.6 0.1 1.4 0.2
Tracking efficiency 0.4 0.3 14 1.1
PID efficiency 0.8 0.6 1.6 0.7
Simulation sample size 0.8 0.9 1.1 1.1
Multiple candidate removal 0.1 0.1 0.2 0.4
BDT variable mismodelling 0.8 0.1 1.0 0.4
Track x? mismodelling 0.5 0.1 0.5 0.1
Weighting 0.1 0.0 0.1 0.0
Total 1.8 1.2 3.3 1.9

Table 5. Relative systematic uncertainties on branching fraction ratios, in percent, averaged over
all D° decay modes.
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tion and is found to be consistent with zero. The uncertainty on the bias is assigned as
a systematic uncertainty and is one of the largest uncertainties on the PID asymmetries
and efficiencies. The use of PID requirements that double the inefficiency compared to the
effective PID requirements results in a change of up to 0.1% in Apip, and this difference
is assigned as the systematic uncertainty corresponding to the definition of the effective
PID requirement. Not applying the BDT selection when determining Apip softens the
kinematic spectrum, therefore, a systematic uncertainty is assigned as the difference when
the BDT requirement is applied, which is found to be negligible.

The efficiency of the hadron hardware trigger depends on the transverse energy and po-
sition at the surface of the HCAL of all final-state particles in a decay. Use of the simulated
TIS candidates to evaluate Apos and the efficiencies of the TOS and xTIS requirements
necessitates the assumption that this dependence can be simplified to a variation in bins of
(pr(B7),n(B7)). The bias associated with this simplification is estimated as the change
when the measurement is instead binned in the maximum transverse energy of the final-
state particles that are within the HCAL acceptance. Corrections for overlapping energy
deposits and HCAL cell miscalibration are not included in the evaluation of the hardware
trigger TOS requirement efficiency for Run 1 data, and the resulting bias is estimated as
the effect of not including these corrections for Run 2 data. These two contributions are
the dominant sources of systematic uncertainty on the hardware trigger efficiency and are
negligible when considering Aros.

The uncertainty on the material budget results in a 1.4% (1.1%) uncertainty on the
fraction of kaons (pions) that are not reconstructed because they undergo a hadronic
interaction before the final tracking station. This results in an uncertainty of the same size
per final-state particle on the efficiencies. Correcting the calibration simulation in different
event multiplicity variables results in small variations in the tracking efficiency [56], which
are propagated as a systematic uncertainty.

The efficiency of removing multiple candidates is not well modelled by simulation, so
the fraction of candidates removed is assigned as a systematic uncertainty. The value of
X3p of the B~ candidate, and the vertex fit quality and ¢/o; of the D° candidate are used
as inputs to the BDT classifiers and their distributions in simulation do not match those in
data. A systematic uncertainty is attributed as the change in efficiency when the simulation
is corrected as a function of these distributions with a weighting procedure. The y? quality
of the track fit is also poorly reproduced, and a requirement is applied on this variable
in the offline selection. The inefficiency of this requirement is estimated in background-
subtracted data and simulation by extrapolating the distribution. The inefficiencies in data
and simulation are propagated to an estimate of the bias on the simulated efficiency that
is assigned as a systematic uncertainty.

The uncertainty on the weights to correct the production distribution and four-body
DY decay are determined by resampling the training dataset [57] and changing the model in
the background subtraction. For partially reconstructed decays, the systematic uncertainty
on the weight function that relates the kinematics of fully and partially reconstructed de-
cays is established by varying the power-law parameter by its statistical uncertainty and
by performing the correction in pr(B~) instead of p(B™). A correction in the kinematics
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D;D* D:=D° D;D*® D-D° D-D* D*D° D* D*

s
D;D° 1
D:=D° 0.335 1

D; D*0 0.431 -0282 1

D-D° 0.386  0.186  0.234 1

D~D* 0.183 0227  0.180 0.195 1

D* DY 0.286  0.161  0.177  0.166  0.130 1

D*=D*0 0.190 0.227 0.211 0.168 0.311 0.189 1

Table 6. Total correlations between the measured A°F.

of the B~ meson cannot resolve discrepancies in the kinematics of the final-state particles,
which is relevant to detection asymmetries depending on the final-state particle kinematic
distributions. However, this correction results in a change to the final-state particle kine-
matic distributions of similar size to the discrepancies. Therefore, for the relevant detection
asymmetries, the difference with and without the weights for partially reconstructed decay
kinematics is assigned as a systematic uncertainty. In all cases, the systematic uncertainty
associated with both weighting procedures is negligible.

8 Results and conclusions

The CP asymmetries are measured by correcting the raw asymmetries for the production
and detection asymmetries using eq. (1.5). Measurements from different D decay channels
and different data taking periods are combined taking into account correlations of the
systematic uncertainties [58]. The resulting measurements are

AP (B~ — D; DY)
AF(B~— D~ DY)
AY(B~ = D; D)
AP(B~— D~ DY)
)
D")
)

(+0.5 £ 0.2 £ 0.5 £ 0.3)%,
(—0.54+1.1+1.0+0.3)%,
(+1.1£0.8+0.6£0.3)
(+2.54+1.0+£0.4+0.3)
(- )
( )
( )

X

)

X

)

AP (B~ = D~ D"
AF(B~—= D*~D°
ACP(B N D*—D*O

X

02+£20£144+0.3
+3.3+1.6 £0.6 +0.3)%,
+2.3+2.1+£1.7+0.3)%,

Y

where the first uncertainty is statistical, the second is systematic, and the third is from
AP (Bt — JapKt). The associated correlations are given in table 6. No evidence of CP
violation is seen. The AP for each decay is compared between Run 1 and Run 2, final
states and magnet polarities, and no difference is larger than two standard deviations.
The measurement of R(D~D°/D_ D) is presented in table 7 and R(D*~D°/D~DV)
in table 8. These results are in agreement with the world averages. The correlation
between the measured R(D~D°/D; D) and R(D*~D°/D~D°) is —47%. Measurements
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DY decay mode Run 1 Run 2 Run 142

K7t 6.884+0.24+£0.12 735+£0.12+£0.11 7.22+£0.11+0.10
K rntn—nt 6.93+£038+0.23 7.40+0.18£0.15 7.30+0.16£0.14
Combined 6.89+0.20£0.12 7.36+0.10£0.10 7.25+£0.09+0.09

Table 7. R(D~D"/D; D°)/1072 for each D° decay mode, for Run 1 and Run 2 and the combined
measurement. The first uncertainty is statistical and the second is systematic.

DY decay mode Run 1 Run 2 Run 1+2

K7t 0.328 £ 0.023 £ 0.011  0.256 £ 0.009 £ 0.005 0.271 £ 0.008 £ 0.005
K rntn—nt 0.316 +0.033 £ 0.015 0.272 +£0.012 £ 0.008 0.278 + 0.012 + 0.007
Combined 0.324 £ 0.019 £ 0.010 0.262 £+ 0.007 £ 0.005 0.271 £ 0.007 £ 0.005

Table 8. R(D*~D°/D~ D) for each D° decay mode, for Run 1 and Run 2 and the combined
measurement. The first uncertainty is statistical and the second is systematic.

of R(D=D°/D; D®) and R(D*~D°/D~D") are compared between Run 1 and Run 2 data,
different D decay channels and different hardware trigger decisions. All measurements are
consistent within three standard deviations. The effect upon the branching fraction ratios of
varying the BDT and PID requirements is also studied. In total, 48 tests are performed, of
which none results in a change in the central value of more than three standard deviations.

In conclusion, the most precise CP asymmetry measurements for seven
B™— DE:; “D™0  decays are performed, including the first measurements of
AP (B~ — D~ D) and AP (B~ — D7 D*°). No evidence for CP violation is found. The
measurements of A“C (B~ — D(_S)DO) are in agreement with and supersede the earlier
LHCb measurement that uses only Run 1 data [9]. Ratios between the branching fractions
of fully reconstructed B~ — Dé:)) DY decays are also measured. The measurements
presented in this paper substantially improve knowledge of B~ meson decays to two charm
mesons, which can help to constrain BSM models [3, 5, 6].
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