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Abstract The decay D → K−π+ is studied in a sample
of quantum-correlated DD̄ pairs, based on a data set corre-
sponding to an integrated luminosity of 2.93 fb−1 collected at
the ψ(3770) resonance by the BESIII experiment. The asym-
metry between CP-odd and CP-even eigenstate decays into
K−π+ is determined to be AKπ = 0.132 ± 0.011 ± 0.007,
where the first uncertainty is statistical and the second is sys-
tematic. This measurement is an update of an earlier study
exploiting additional tagging modes, including several decay
modes involving a K 0

L meson. The branching fractions of
the K 0

L modes are determined as input to the analysis in
a manner that is independent of any strong phase uncer-
tainty. Using the predominantlyCP-even tag D → π+π−π0

and the ensemble of CP-odd eigenstate tags, the observable
Aπππ0

Kπ is measured to be 0.130 ± 0.012 ± 0.008. The two
asymmetries are sensitive to r Kπ

D cos δKπ
D , where r Kπ

D and
δKπ
D are the ratio of amplitudes and phase difference, respec-

tively, between the doubly Cabibbo-suppressed and Cabibbo-
favoured decays. In addition, events containing D → K−π+
tagged by D → K 0

S,Lπ+π− are studied in bins of phase
space of the three-body decays. This analysis has sensitivity
to both r Kπ

D cos δKπ
D and r Kπ

D sin δKπ
D . A fit to AKπ , Aπππ0

Kπ

and the phase-space distribution of the D → K 0
S,Lπ+π−

tags yields δKπ
D =

(
187.6+8.9

−9.7
+5.4
−6.4

)◦
, where external con-

straints are applied for r Kπ
D and other relevant parameters.

This is the most precise measurement of δKπ
D in quantum-

correlated DD̄ decays.

1 Introduction

The decay D0 → K−π+ and its suppressed counterpart
D0 → K+π− play an important role in flavour physics.1 In
particular, precise studies of D0-D̄0 oscillations have been
performed by measuring the dependence of the ratio of the
D0 → K+π− to D0 → K−π+ decay rates on decay time
[1–3]. Furthermore, high sensitivity to theCP-violating weak
phase γ of the Cabibbo–Kobayashi–Maskawa Unitarity Tri-
angle is attainable by measuring observables in the decay
B− → DK−, D → K+π−, where D signifies a superposi-
tion of D0 and D̄0 states [4,5]. Finally, observables asso-
ciated with D0 → K−π+ and D0 → K+π− serve as
important benchmarks for attempts to understand whether
the observed level of CP violation in charm decays can be

j Also at Frontiers Science Center for Rare Isotopes, Lanzhou University,
Lanzhou 730000, People’s Republic of China

k Also at Lanzhou Center for Theoretical Physics, Lanzhou University,
Lanzhou 730000, People’s Republic of China

l Also at the Department of Mathematical Sciences, IBA, Karachi, Pak-
istan

a e-mail: besiii-publications@ihep.ac.cn (corresponding author)
1 Charge conjugation is implicit throughout this paper.

accommodated within the Standard Model [6]. All of these
studies can benefit from improved knowledge of the param-
eters governing D0 → K∓π± decays, which is obtainable
from charm-threshold data collected by the BESIII experi-
ment.

The magnitude of the ratio of the doubly Cabibbo-
suppressed D0-decay amplitude to the D̄0 Cabibbo-favoured
amplitude, r Kπ

D , and the strong-phase difference between
them, δKπ

D , are defined by

r Kπ
D exp

(
−iδKπ

D

)
= 〈K+π−|D0〉

〈K+π−|D̄0〉 , (1)

and are important parameters for describing any process
that involves the K∓π± final state.2 In such processes it is
also necessary to account for the effects of D0-D̄0 oscil-
lations. This phenomenon is governed by the parameters
x = 2(m1 −m2)/(Γ1 + Γ2) and y = (Γ1 − Γ2)/(Γ1 + Γ2),
where m1,2 and Γ1,2 are the mass eigenstates and their cor-
responding decay widths, respectively. Here CP violation
is neglected in both tree-mediated charm decays and oscil-
lations, which is a good approximation [8]. When mea-
suring D0-D̄0 oscillations in D0 → K+π− and D0 →
K−π+ decays, the time-dependent decay rate is, at lead-
ing order, a function of r Kπ

D and the rotated parameter
y′ = y cos δKπ

D − x sin δKπ
D . Hence, knowledge of r Kπ

D and
δKπ
D is required in order to determine the oscillation param-

eters. Conversely, studies with other decays of observables
sensitive to x and y, and a measurement of the branching-
fraction ratio B(D0 → K+π−)/B(D0 → K−π+) can be
used to perform an indirect determination of the strong-phase
difference. The current ensemble of charm measurements
yields r Kπ

D = (5.87 ± 0.02) × 10−2, δKπ
D =

(
191.7+3.6

−3.8

)◦
,

x = (4.07 ± 0.44) × 10−3 and y = (6.47 ± 0.24) × 10−3

[8].
The CP asymmetry in B− → DK−, D → K+π−

decays has been measured by the LHCb collaboration to be
ACP = −0.451±0.026, where the uncertainty includes both
statistical and systematic contributions, but is dominated by
the former [9]. This observable has the following dependence
on the underlying physics parameters:

ACP = 2rBr Kπ
D sin(δB + δKπ

D ) sin γ

(rB)2 + (r Kπ
D )2 + 2rBr Kπ

D cos(δB + δKπ
D ) cos γ

,

(2)

where γ ≈ 65◦, and rB ≈ 0.1 is the amplitude ratio and
δB ≈ 130◦ the strong-phase difference associated with the
B-meson decay [10]. The least well known of the parame-
ters in this expression is δKπ

D , for which the current precision

2 Equation (1), subsequent expressions, and strong-phase differences
are given in the convention CP|D0〉 = |D̄0〉. Note that Ref. [7] uses an
alternative definition that leads to a 180◦ offset in the reported value of
δKπ
D .
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available from charm observables alone induces an uncer-
tainty on the predicted value ofACP that is around three times
larger than that of the experimental determination. LHCb
has recently performed a global fit of all its measurements
that are sensitive to γ from b-hadron decays, including ACP ,
together with the ensemble of its charm-mixing results [10].

This fit yields δKπ
D =

(
190.0+4.2

−4.1

)◦
, which is a significantly

more precise value than that obtained from charm data alone.
Hence, improved knowledge of δKπ

D from the charm system
is desirable to obtain maximum information on γ from b-
hadron data.

Since the discovery of CP violation in charm decays
by the LHCb collaboration in 2019 [6], much discussion
has taken place on whether the observed non-zero value of
ΔACP , which is the difference in CP asymmetries between
the modes D0 → K+K− and D0 → π+π−, can be accom-
modated within the Standard Model [11]. One way to vali-
date the Standard Model explanation would be to find a con-
sistent picture of SU(3)-flavour-breaking effects from final-
state interactions across the family of charmed meson decays
to two pseudoscalars. This approach has been pursued in
Ref. [12], which performs a fit to ΔACP and the measured
branching fractions of two-body decays of D0, D+ and D+

s
mesons. An output of this exercise is the prediction that
δKπ
D = (183 ± 5.7)◦. Therefore a determination of this phase

difference, with similar or better precision to the prediction,
will provide an indirect test of whether the observed value of
ΔACP is compatible with Standard Model expectations.

Measurements of δKπ
D may be performed at charm thresh-

old, which are complementary to the indirect determination
that comes from D0-D̄0-oscillation studies. The two mesons
produced through the process e+e− → ψ(3770) → DD̄
exist in an anti-symmetric wavefunction. If one meson is
reconstructed in the signal decay D → K−π+ and the other
is reconstructed in a so-called tagging mode that is not a
flavour eigenstate, but rather a superposition of D0 and D̄0,
the signal meson will also be in a superposition of these two
states and the overall decay rate will depend on the phase
difference between them.

In this paper, charm-threshold data from the BESIII exper-
iment are analysed to measure δKπ

D by following the above
strategy. Two classes of tagging mode are exploited: CP
eigenstates (and quasi CP eigenstates), which bring sensitiv-
ity to r Kπ

D cos δKπ
D , and the self-conjugate, multi-body decays

K 0
S,Lπ+π−, which bring information on both r Kπ

D cos δKπ
D

and r Kπ
D sin δKπ

D . As r Kπ
D is well known, the results of the

two analyses may be used to determine δKπ
D . Both analyses

make extensive use of studies performed for previous BESIII
publications:

– The CP-eigenstate analysis is an update of a previ-
ous measurement [7], which it augments with additional

decay modes to achieve increased sensitivity. Informa-
tion on the CP-tagged yields for the majority of modes
is taken from an earlier analysis [13], while the yields for
the tagging modes reconstructed in isolation, required
for normalisation purposes, are measured and presented
here. Several new tags are added to the measurement,
including decays that have K 0

L mesons in the final state.
It is important that the branching fractions of these so-
called K 0

L X modes, which are necessary inputs to the
analysis, are determined with methods that make no
use of D → K−π+ decays. Hence this paper also
reports branching-fraction measurements for these chan-
nels, performed in a manner that relies solely on other
CP eigenstates as tagging modes.

– The yields of events containing both D → K−π+
and D → K 0

S,Lπ+π− decays have been measured by
BESIII for the input they provide on the strong-phase
variation over the phase space of the multi-body modes
[14,15]. Here, this procedure is inverted: the earlier mea-
surement is re-performed with the D → K−π+ inputs
removed, and the resulting knowledge of the multi-body
strong-phase variation and related parameters, and the
measured yields of D → K−π+ decays tagged by
D → K 0

S,Lπ+π−, are exploited together to gain sen-

sitivity to r Kπ
D cos δKπ

D and r Kπ
D sin δKπ

D .

This paper is organised as follows. The detector, data sets
and simulation samples are outlined in Sect. 2. Section 3
presents the determination of the branching fractions of the
D → K 0

L X modes, the results of which are used in the
measurement with CP-eigenstate tags in Sect. 4. The mea-
surement with D → K 0

S,Lπ+π− tags is described in Sect. 5.
In Sect. 6, the measurements are combined to obtain a deter-
mination of δKπ

D . A summary and outlook are presented in
Sect. 7.

2 Detector, data sets, and simulation samples

The data analysed were collected by the BESIII detec-
tor [16] from symmetric e+e− collisions provided by the
BEPCII storage ring [17] at a centre-of-mass energy of
3773 MeV, and correspond to an integrated luminosity of
2.93 fb−1. The cylindrical core of the BESIII detector cov-
ers 93% of the full solid angle and consists of a helium-
based multilayer drift chamber (MDC), a plastic scintilla-
tor time-of-flight system (TOF), and a CsI(Tl) electromag-
netic calorimeter (EMC), which are all enclosed in a super-
conducting solenoidal magnet providing a 1.0 T magnetic
field. The solenoid is supported by an octagonal flux-return
yoke with resistive-plate-counter muon-identification mod-
ules interleaved with steel. The charged-particle momentum
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resolution at 1 GeV/c is 0.5%, and the resolution of the ion-
isation loss dE /dx is 6% for electrons from Bhabha scatter-
ing. The EMC measures photon energies with a resolution of
2.5% (5%) at 1 GeV in the barrel (end-cap) region. The time
resolution in the TOF barrel region is 68 ps, while that in the
end-cap region is 110 ps.

Simulated data samples are produced with a geant4-
based [18] Monte Carlo (MC) package, which includes the
geometric description of the BESIII detector and the detector
response. The simulation models the beam-energy spread and
initial-state radiation (ISR) in the e+e− annihilations with
the generator kkmc [19]. The inclusive MC sample, which
is used to study background contributions and is an order of
magnitude larger than the real data set, includes the produc-
tion of D0 D̄0 and D+D− pairs from decays of the ψ(3770),
decays of the ψ(3770) to light hadrons or charmonia, the
production of J/ψ and ψ(3686) states through ISR, and
the continuum processes incorporated in kkmc [19]. Addi-
tional large samples are generated for exclusive final states
in order to determine signal efficiencies. The known decay
modes are modelled with evtgen [20] using branching frac-
tions reported by the Particle Data Group (PDG) [21], and
the remaining unknown charmonium decays are modelled
with lundcharm [22,23]. Final-state radiation (FSR) from
charged final-state particles is incorporated using photos
[24]. No attempt is made to implement quantum-coherence
effects in the ψ(3770) sample.

3 Measurement of D0 → K 0
LX branching fractions

with CP-eigenstate tags

The measurement of r Kπ
D cos δKπ

D relies on the signal mode
being reconstructed together with tagging CP eigenstates in
so-called double-tag events. A valuable subset of these CP
eigenstates contains the decays D → K 0

Lπ0, D → K 0
Lω and

D → K 0
Lπ0π0, collectively denoted as K 0

L X final states (the
low level of CP violation that exists in the neutral kaon sys-
tem is neglected). In order to make use of these modes in
the analysis, it is necessary to know their branching frac-
tions, so that the observed yield of double-tag events can
be compared to the expectation in the absence of quantum
correlations. The branching fraction of D0 → K 0

Lπ0 was
measured by the CLEO collaboration with a relative preci-
sion of 7%, using a selection of flavour-specific decays as
tagging modes including D → K−π+ [25]. CLEO also
measured this branching fraction and those of D → K 0

Lω

and D → K 0
Lπ0π0 with a wider selection of tags as outputs

of a global analysis focused on the determination of δKπ
D

[26], however, these results are not included in the PDG. The
branching fraction of D0 → K 0

Lω has recently been mea-
sured by BESIII with a relative precision of 3%, again using
the flavour-specific tags including D → K−π+ [27]. It is

desirable to determine these quantities not only with the best
possible precision, but also in a manner that is independent
of D → K−π+, so that they can be used as uncorrelated
inputs in the δKπ

D analysis. This goal is achieved by selecting
events in which the D → KL X decays are tagged by decays
into other CP-eigenstate modes.

To illustrate the method, consider the CP-even case D →
K 0

Lπ0. Let N (K 0
Lπ0|T−) be the yield of double-tag events,

which is the number of D → K 0
Lπ0 decays tagged by a

mode T− that is a CP-odd eigenstate, and ε(K 0
Lπ0|T−) be

the efficiency for reconstructing such events. Furthermore,
let N (T−) be the number of single-tag events, which is the
number of observed decays to theCP-odd eigenstate, with no
requirements on the other charm-meson decay in the event,
and ε(T−) be the corresponding reconstruction efficiency.
Then the branching fraction of theCP-even charm eigenstate
D+ can be written as

B(D+ → K 0
Lπ0) = N (K 0

Lπ0|T−)

N (T−)
· ε(T−)

ε(K 0
Lπ0|T−)

, (3)

and the branching fraction of the flavour-eigenstate, which is
a superposition of CP-even and CP-odd eigenstates, is half
of this:

B(D0 → K 0
Lπ0) = 0.5 × B(D+ → K 0

Lπ0) . (4)

In the case where several CP tags are used, this branching
fraction is given by

B(D0 → K 0
Lπ0) =

∑
N (K 0

Lπ0|T i−)

2
∑

N (T i−) ε(K 0
Lπ0|T i−)/ε(T i−)

, (5)

where the sum runs over all tags with the symbols for each tag
designated by the superscript i . TheCP-odd tags that are used
in the analysis are D → K 0

Sπ
0, D → K 0

Sη, D → K 0
Sη

′ and
D → K 0

Sω. The D-meson decay products are reconstructed
through the modes: K 0

S → π+π−, π0 → γ γ , η → γ γ and
π+π−π0, η′ → π+π−γ and π+π−η, with η → γ γ , and
ω → π+π−π0. CP-violation and matter-interaction effects
within the neutral-kaon system are not considered because
their impact is negligible in comparison to the experimental
sensitivity.

The same relation applies to the CP-even mode D →
K 0

Lω, and an analogous one for the CP-odd decay D →
K 0

Lπ0π0 for which CP-even tagging modes, T+, are
employed. The CP-even tags used in the branching-fraction
analysis are D → K+K−, D → π+π−, D → K 0

Sπ
0π0

and D → π+π−π0. The latter mode has a CP-odd impurity
of around 3% that must be corrected [28].

Charged tracks must satisfy |cos θ | < 0.93, where θ is the
polar angle with respect to the direction of the positron beam.
The distance of closest approach of the track to the interac-
tion point is required to be less than 10 cm in the beam direc-
tion (or 20 cm for the daughters of K 0

S candidates) and less
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than 1 cm in the plane perpendicular to the beam (no require-
ment for K 0

S daughters). The dE /dx and time-of-flight mea-
surements are used to calculate particle-identification (PID)
probabilities for the pion and kaon hypotheses. The track is
labelled a kaon or pion candidate, depending on which PID
probability is higher.

Photon candidates are selected from showers deposited
in the EMC, with energies larger than 25 MeV in the barrel
(|cos θ | < 0.80) or 50 MeV in the end cap (0.86 < |cos θ | <

0.92). In order to suppress beam background or electronic
noise, the shower clusters are required to be within [0, 700] ns
of the start time of the event. When forming π0 (η) candi-
dates from pairs of photons, one photon is required to lie in
the barrel region, where the energy resolution is the best, and
the invariant mass of the pair is required to be within [0.115,
0.150] ([0.480, 0.580]) GeV/c2. To improve momentum res-
olution, a kinematic fit is performed, where the reconstructed
π0 (η) mass is constrained to the known value [21] and the
resulting four-vector is used in the subsequent analysis. When
building ω and η → π+π−π0 candidates, the invariant mass
of the π+π−π0 combination is required to lie within [0.750,
0.820] GeV/c2 and [0.530, 0.565] GeV/c2, respectively. The
invariant mass of the π+π−γ and π+π−η system used to
form the η′ candidate must fall within [0.940, 0.970] GeV/c2

and [0.940, 0.976] GeV/c2, respectively.
Candidate K 0

S mesons are reconstructed from pairs of
tracks with opposite charge, and with no PID requirements.
A flight-significance criterion is imposed, in which the dis-
tance from the beam spot to the decay vertex, normalised
by the uncertainty on this quantity, is required to be greater
than two. In addition, a constrained vertex fit is performed
for each candidate, retaining those with a resulting invariant
mass within [0.487, 0.511] GeV/c2.

To suppress combinatorial background, the energy differ-
ence, ΔE = ED − √

s/2 is required to be within ±3σΔE

around the ΔE peak, where σΔE is the ΔE resolution and ED

is the reconstructed energy of a D candidate in the rest frame
of the e+e− collision. Cosmic and Bhabha backgrounds in
the tag modes D → K+K− and π+π− are suppressed by
demanding that the two charged tracks have a TOF time
difference less than 5 ns and that neither track is identified
as an electron or a muon. The π+π− vertex in the mode
D → π+π−π0 must have a flight significance of less than
two, in order to reject D → K 0

Sπ
0 decays.

Events containing a K 0
L meson cannot be fully recon-

structed and so are selected using a missing-mass technique.
The tagging mode is reconstructed, and its momentum, pT, is
measured in the centre-of-mass frame of the e+e− collision.
If more than one candidate is found, the one with the smallest
value of |ΔE | per mode is retained. Then the total energy,
EX , and momentum, pX, of the charged particles and π0 can-
didates not associated with the tagging mode are determined.

This information allows the missing-mass squared,

M2
miss = (

√
s/2 − EX )2/c4 − |pT + pX|2/c2, (6)

to be calculated, which should peak at the squared mass of
the K 0

L meson for signal events.
Vetoes are applied to suppress specific backgrounds.

Events are rejected in the selection of D → K 0
Lω decays

that contain η candidates or unused π0 candidates in order
to suppress contamination from D → ηω and D → π0ω,
respectively. Similarly, background from D → π0π0π0 is
suppressed in the selection of D → K 0

Lπ0π0 decays by
discarding events with unused π0 candidates. In addition,
events containing unused charged tracks are also rejected for
all selections, which suppresses contamination involving η-
meson decays, and combinatorial backgrounds particularly
in the higher M2

miss region.
Figure 1 shows the M2

miss distribution for each of the sig-
nal decays integrated over all the tagging modes, apart from
the case of D → K 0

Lπ0π0 where the background level is
significantly higher for D → π+π−π0 tags, and hence is
shown separately for these tags and for all other tags com-
bined. Clear signal peaks are observed around the squared
mass of the K 0

L meson, but background contributions are
also visible or known to exist from studies of the MC sim-
ulation. In the selection of D → K 0

Lπ0 there is contami-
nation from D → π0π0, D → ηπ0 and D → K 0

Sπ
0π0

decays, which occur at low, intermediate and high values of
M2

miss, respectively. In the case of D → K 0
Lω, there is back-

ground from D → ηω decays at low M2
miss, and a small

contribution from D → π+π−π0π0 decays. Both of these
CP-odd signals have an approximately 2% background that
arises from non-resonant D → K 0

Sπ
+π−π0 decays pol-

luting the D → K 0
Sω tags. The most conspicuous peak-

ing background in the D → K 0
Lπ0π0 analysis arises from

D → π0π0π0 decays at low M2
miss, but there is also a contri-

bution from D → ηπ0π0 under the signal. For all selections
there is a continuous spectrum of background that comes
from ψ(3770) → DD̄ events and continuum qq̄ production
(apart from in the D → K 0

Lω analysis, where this contribu-
tion is negligible).

An unbinned maximum-likelihood fit is performed to
determine the signal contribution for each of the distribu-
tions shown in Fig. 1. The range of each fit is the same as
that of the individual plots, which differs from sample to
sample on account of the different background sources. The
signal shape is modelled as a JohnsonSU function [29], with
parameters determined from fits to MC samples, convolved
with a Gaussian function to account for small differences in
resolution between data and simulation. The contributions of
the D → π0π0, K 0

Sπ
0π0, π+π−π0π0 and π0π0π0 back-

grounds are also fitted, with their shapes described by appro-
priate functions fitted to MC simulation. The non-peaking
ψ → DD̄ background is modelled with a second-order
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Fig. 1 Fits to the M2
miss distributions of D → K 0

Lπ0 candidates (I), D → K 0
Lω candidates (II), D → K 0

Lπ0π0 candidates reconstructed together
with D → π+π−π0 tags (III) and with all other tags (IV)

polynominal with coefficients determined in the data fit. The
size and distribution of all other background components are
taken from MC simulation, where in the case of D → ηπ0,
ηω and ηπ0π0, the contributions are doubled to take account
of the effect of quantum correlations, which are not included
in the simulation.

The fitted yield of D → K 0
Lω events contains non-

resonant D → K 0
Lπ+π−π0 background. The size of this

contribution is measured to be (8.5 ± 0.9)% by studying
the sidebands in either side of the ω peak in the π+π−π0

invariant mass. Fits are performed to the M2
miss distribution

in these regions and the results are interpolated within the ω

mass window.
The measured signal yield of double-tagged D → K 0

Lπ0

and D → K 0
Lω events is 1298±44 and 494±27, respectively.

About 60% of these events are tagged with D → K 0
Sπ

0

decays. The measured signal yield of D → K 0
Lπ0π0 events

is 551 ± 43 when tagged by D → π+π−π0 decays and
644 ± 31 when selected with the other tags. The efficien-

cies of the double-tag selection are determined using ded-
icated MC samples and, by way of example, are found to
be (22.07 ± 0.11)% for D → K 0

Lπ0 vs. D → K 0
Sπ

0,
(8.68 ± 0.07)% for D → K 0

Lω vs. D → K 0
Sπ

0, and
(8.67 ± 0.06)% for D → K 0

Lπ0π0 vs. D → π+π−π0

double tags, where daughter BFs are not included and the
uncertainties are statistical. Information on the determina-
tion of the single-tag yields for the CP-eigenstates can be
found in Sect. 4. These yields and the corresponding selec-
tion efficiencies are given in Table 3. Taking these inputs, and
making use of Eq. (5), the branching fractions of the three
signal modes are measured to be

B(D0 → K 0
Lπ0) = (0.97 ± 0.03 ± 0.02) %

B(D0 → K 0
Lω) = (1.09 ± 0.06 ± 0.03) %

B(D0 → K 0
Lπ0π0) = (1.26 ± 0.05 ± 0.03) %,

where the results have been corrected for the π0 → γ γ and
ω → π+π−π0 branching fractions [21]. The first uncer-
tainty is statistical and the second systematic. The results
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for D0 → K 0
Lπ0 and D0 → K 0

Lω are consistent with those
obtained with flavour tags by CLEO and BESIII [25,27]. The
results for D0 → K 0

Lω and D0 → K 0
Lπ0π0 are around two

and three sigma higher, respectively, than those reported in
the CLEO global analysis [26], but are more precise.

The only sources of potential systematic bias in the mea-
surement are associated with the yield determinations and
the knowledge of the double-tag efficiencies. All uncertain-
ties related to the efficiency of the tag modes cancel in the
ratio of double-tag to single-tag efficiencies in the denom-
inator of Eq. (5). The assigned systematic uncertainties are
summarised in Table 1.

The uncertainties on the single-tag yields are listed in
Table 3, and are propagated to the branching-fraction mea-
surement. Uncertainties on the MC values for the individ-
ual charged-pion tracking and PID efficiencies, relevant for
the D → K 0

Lω analysis are both assigned to be 0.5% [30].
The uncertainty of the MC efficiency for reconstructing and
identifying a neutral pion is set to be 1.0% [30]. All signal
modes have a veto imposed for events with unused charged
tracks, and subsets have a veto in place for events with
unused π0 candidate or an η candidate. Following Ref. [27],
uncertainties of 1.0%, 0.9% and 0.1% are assigned for each
of these three conditions, reflecting the differences in effi-
ciency between data and MC as measured in double-tagged
D → K 0

Sπ
0 events. The uncertainty in the contamination

from modes containing an η meson (ηX background) is
estimated by varying the contributions within one standard
deviation of their measured branching fractions, and that of
the non-resonant π+π−π0 background in the K 0

Lω sam-
ple from propagating the statistical uncertainty in the fits to
the sideband regions. The parameters of the functions used
to describe the signal have uncertainties from their fits to
MC samples, which are propagated to the yield measure-
ments. In the case of the D → π+π−π0 tag a correction
of 1/Fπππ0

+ must be applied to the double-tag yield, where

Fπππ0

+ = 0.973 ± 0.017 is the measured CP-even fraction
of this mode [28], thereby inducing a corresponding uncer-
tainty in the yield measurement. Finally, the limitation in
the knowledge of the double-tag efficiencies arising from the
finite size of the MC samples contributes a small uncertainty.

Various robustness tests are conducted; these have been
successfully passed and thus lead to no additional systematic
uncertainty. These include verifying that consistent results
are obtained when comparing subsets of tagging modes, and
establishing that no signal is observed when attempts are
made to reconstruct events containing two tag decays of the
same CP eigenvalue.

Table 1 Systematic uncertainties for the D → K 0
L X branching frac-

tions. For D → K 0
Lπ0π0 the results are shown separately for events

tagged with D → π+π−π0 decays and with other modes. Entries
marked with ‘-’ are where the source is not relevant. All uncertainties
are relative and given in %

Source K 0
Lπ0 K 0

Lω K 0
Lπ0π0

π+π−π0 Other

Single-tag yields 0.4 0.9 0.6 0.4

π± tracking – 1.0 – –

π± PID – 1.0 – –

π0 reconstruction 1.0 1.0 2.0 2.0

Track veto 1.0 1.0 1.0 1.0

π0 veto – 0.9 0.9 0.9

η veto – 0.1 – –

ηX background 0.3 0.4 0.5 0.5

ω background – 0.8 – –

Signal shape 0.9 0.7 1.6 2.0

Fπππ0

+ – – 1.7 –

MC sample size 0.3 0.5 0.6 0.3

B(ω → πππ0) – 0.8 – –

Total 1.8 2.8 3.6 3.2

4 Measurement of AKπ and Aπππ0

Kπ

Observables sensitive to δKπ
D can be constructed from

ratios of event yields of suitably chosen samples. Let
N (K−π+|T+) be the number of D → K−π+ decays tagged
by a mode that is a fully reconstructed CP-even eigenstate,
and ε(K−π+|T+) be the efficiency for reconstructing such
events. Then the branching fraction of the CP-odd charm
eigenstate D− can be written as

B(D− → K−π+) = N (K−π+|T+)

N (T+)
· ε(T+)

ε(K−π+|T+)
. (7)

An analogous expression may be written for the branching
fraction of the CP-even eigenstate D+ when tagged by a
CP-odd decay. However, when the CP tag involves a K 0

L
meson, the double-tagged events must be reconstructed by a
missing-mass technique, and it is not possible to reconstruct
a single-tag sample. In this case knowledge of the branching
fraction of the CP eigenstate is required to interpret the yield
of double tags. For example, if the tag is CP even then

B(D− → K−π+) = N (K−π+|T+)

2NDD̄B(D0 → T+)
· 1

ε(K−π+|T+)
,

(8)

where NDD̄ = (10, 597 ± 28 ± 98) × 103 is the number of
neutral D-meson pairs produced in the data set [31].
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The asymmetry of the effective branching fraction is
defined as

AKπ ≡ B(D− → K−π+) − B(D+ → K−π+)

B(D− → K−π+) + B(D+ → K−π+)
, (9)

which to O (
x, y, (r Kπ

D )2
)

has the following relationship to
the physics parameters:

AKπ = −2r Kπ
D cos δKπ

D + y

1 + (r Kπ
D )2

. (10)

Thus a measurement of the asymmetry allows r Kπ
D cos δKπ

D
to be determined, provided that other inputs are used to con-
strain y and r Kπ

D .
An earlier BESIII analysis [7] exploited eight CP-

eigenstate tags. The modes D → K 0
Sη

′, D → K 0
Sφ,

K 0
Lπ0, K 0

Lω and K 0
Lπ0π0 are now added. One of the orig-

inal eight tags was D → ρ0π0, a sub-mode of the decay
D → π+π−π0. The recent determination of Fπππ0

+ [28],
theCP-even fraction of the three-body final state, now allows
the inclusive decay to be used instead, which benefits the pre-
cision of the measurement due to the higher yield. Although
Fπππ0

+ is very close to unity, it is still necessary to account for
the small CP-odd content of the decay. Therefore a second
asymmetry is defined

Aπππ0

Kπ ≡ B(DX → K−π+) − B(D+ → K−π+)

B(DX → K−π+) + B(D+ → K−π+)
, (11)

where DX is the superposition of D− and D+ mesons tagged
by D → π+π−π0. To O (

x, y, (r Kπ
D )2

)
the dependence of

this second asymmetry on the physics parameters is:

Aπππ0

Kπ =
(−2r Kπ

D cos δKπ
D + y

)
Fπππ0

+
1 + (r Kπ

D )2 + (1 − Fπππ0

+ )
(
2r Kπ

D cos δKπ
D + y

) . (12)

The two asymmetries are both constructed from CP-odd
tagged data and therefore have correlated uncertainties. How-
ever, this correlation can be taken into account when both
asymmetries are combined to determine r Kπ

D cos δKπ
D .

It is noteworthy that the CP tag K 0
Sφ has potential S-

wave contamination under the φ peak that would lead to the
reconstructed decay not being fully CP odd. In this case, due
to the low yield and hence low impact on the overall analysis,
the tag is treated as a perfect eigenstate and this assumption
is investigated as part of the systematic studies.

A summary of the tags employed in the determination of
AKπ and Aπππ0

Kπ is given in Table 2. There are three modes
which were not considered in the B(D0 → K 0

L X) analysis
because of their limited statistical power: D0 → K 0

Sφ, π0π0

and K 0
Sπ

0π0. The first of these decays is reconstructed via
φ → K+K− with the requirement that the invariant mass
of the kaon-pair squared lies within 0.010 GeV2/c4 of the
known φ-mass squared.

Table 2 Summary of CP-eigenstate tag modes used in the determina-
tion of AKπ and Aπππ0

Kπ

CP even K+K−, π+π−, π0π0

K 0
Sπ

0π0, K 0
Lπ0, K 0

Lω

Quasi CP even π+π−π0

CP odd K 0
Sπ

0, K 0
Sη, K 0

Sη
′,

K 0
Sω, K 0

Sφ, K 0
Lπ0π0

The single-tag yields are determined through fits to the
beam-constrained mass

MBC =
√

(
√
s/2)2/c4 − |pD|2/c2, (13)

for candidates lying within the ±3σΔE window. Here pD is
the momentum of the D candidate in the rest frame of the
e+e− collision. The fitted distributions are shown in Fig. 2
for the CP-even and CP-odd modes. The signal shape is a
template obtained from the corresponding signal MC, which
is then convolved with a Gaussian function. The amount
and shape of the peaking background contributions are taken
from inclusive MC simulation. The peaking background is
largest in the D0 → K 0

Sπ
0π0 sample, where it is about 5% of

the signal. For some modes this contribution is at a negligible
level and is omitted in the fit. The shapes of the combinatorial
background are described with an ARGUS function [32]. The
single-tag yields from these fits are listed in Table 3, together
with the efficiencies determined from MC simulation. These
results can be used to determine the branching fraction for
each decay mode and are found to be compatible with those
values reported in the PDG [21].

Double-tag events containing both D → K−π+ and a
tag mode are selected. The yields of the fully reconstructed
events are determined from a fit to the MBC distribution on
the tag side and those of the events containing a D → K 0

L X
tag are obtained by fitting the M2

miss distributions. In the main
the selection criteria, fit procedure and hence measured yields
are identical to those reported in Ref. [13], and so are not
detailed here. Potential peaking backgrounds lying under the
signal are estimated from MC simulation and, where nec-
essary, corrected for quantum correlations. The only differ-
ences in selection are for the events tagged with D → K 0

Lω

and D → K 0
Lπ0π0 where the requirements are adjusted to

match those discussed in Sect. 3, and for D → K 0
Sφ where

the window imposed on the K+K− invariant mass is made
narrower to ensure the minimum level of S-wave contam-
ination. The sample of double tags containing D → π0π0

decays was not selected in the analysis described in Ref. [13],
and is added for the current study. The measured yields, and
the selection efficiencies as determined from MC simulation,
are presented in Table 4 and the fitted distributions for the
new or updated double tags are shown in Fig. 3.
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Fig. 2 Fits to MBC distributions of single-tag candidates for the CP-even (I–IV), quasi CP-even eigenstate (V) and CP-odd eigenstates (VI–XII)

The D+, DX and D− → K−π+ branching fractions are
displayed in Fig. 4 for each tag. A least-squared fit is per-
formed for the CP eigenstates, taking account of the sys-
tematic uncertainties and their correlations, which yields
B(D− → K−π+) = (4.445 ± 0.060 ± 0.056)% with
a fit quality per number of degrees of freedom (n.d.f.) of
χ2/n.d.f. = 11.1/5 and B(D+ → K−π+) = (3.406 ±
0.059 ± 0.038)% with χ2/n.d.f. = 10.4/7. Here the first
uncertainty is statistical and the second systematic. The
branching fraction obtained with the D → π+π−π0 tag is

B(DX → K−π+) = (4.424 ± 0.076 ± 0.080)%, which,
as expected, lies very close to the measurement of the
D− → K−π+ branching fractions. From these branching
fractions it is found

AKπ = 0.132 ± 0.011 ± 0.007

Aπππ0

Kπ = 0.130 ± 0.012 ± 0.008,

with correlation coefficients of 0.38 and 0.16 for the statistical
and systematic uncertainties respectively. The result forAKπ

is consistent with that reported in Ref. [7] and is more precise.
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Table 3 Summary of single-tag yields. Also shown are the selection
efficiencies as determined from MC simulation, which are defined rel-
ative to the exclusive final state in which each channel is reconstructed.
The uncertainties are statistical only

Tag Yield Efficiency (%)

K+K− 55,696 ± 256 63.01 ± 0.05

π+π− 20,403 ± 175 67.71 ± 0.08

π0π0 7012 ± 179 40.69 ± 0.12

K 0
Sπ

0π0 29,328 ± 265 21.33 ± 0.04

π+π−π0 129,601 ± 717 44.34 ± 0.02

K 0
Sπ

0 72,632 ± 294 40.50 ± 0.04

K 0
Sη(γ γ ) 10,769 ± 131 36.11 ± 0.09

K 0
Sη(πππ0) 3054 ± 67 17.76 ± 0.11

K 0
Sη

′(γ ππ) 10,427 ± 136 24.55 ± 0.07

K 0
Sη

′(ππη) 3723 ± 70 15.27 ± 0.07

K 0
Sω 25,794 ± 288 17.78 ± 0.03

K 0
Sφ 4297 ± 69 11.20 ± 0.06

Table 4 Summary of double-tag yields. Also shown are the selection
efficiencies as determined from MC simulation, which are defined rel-
ative to the exclusive final state in which each channel is reconstructed.
The uncertainties are statistical only

Tag Yield Efficiency (%)

K+K− 1646 ± 42 43.21 ± 0.11

π+π− 592 ± 25 46.50 ± 0.11

π0π0 235 ± 16 30.42 ± 0.10

K 0
Sπ

0π0 804 ± 30 12.34 ± 0.07

K 0
Lπ0 2590 ± 60 25.05 ± 0.10

K 0
Lω 1357 ± 49 15.95 ± 0.07

π+π−π0 3647 ± 63 28.20 ± 0.10

K 0
Sπ

0 1697 ± 42 28.36 ± 0.10

K 0
Sη(γ γ ) 230 ± 16 24.97 ± 0.09

K 0
Sη(πππ0) 66 ± 9 13.04 ± 0.07

K 0
Sη

′(γ ππ) 220 ± 16 15.81 ± 0.07

K 0
Sη

′(ππη) 95 ± 10 10.14 ± 0.06

K 0
Sω 643 ± 28 12.07 ± 0.07

K 0
Sφ 106 ± 10 7.11 ± 0.06

K 0
Lπ0π0 1301 ± 54 12.96 ± 0.07

In the determination of the branching fractions, the effects
of several sources of possible systematic bias are evalu-
ated, which are then propagated to the asymmetries. The
most significant of these arises from the knowledge of the
D → K 0

L X branching fractions. However, the uncertainties
from this source that enter the determination of the D± →
K−π+ branching fractions are significantly smaller than
those reported in Sect. 3, as many of the contributions consid-
ered in Table 1 are common to both the D → K 0

L X branching
fraction and the double-tag efficiency in the denominator of

Eq. (8), and thus cancel. All double-tag efficiencies incur a
relative uncertainty of 1% associated with the knowledge of
the reconstruction and identification efficiencies of the pion
and kaon in the D → K−π+ decay. There are also uncer-
tainties arising from the knowledge of NDD̄ , the single-tag
yields and the finite size of the MC samples used to determine
the efficiencies. The effect of possible S-wave contamina-
tion in the D → K 0

Sφ decay is studied, based on the results
reported in Ref. [33], and is found to be negligible. The sys-
tematic uncertainties on AKπ and Aπππ0

Kπ are summarised in
Table 5.

Using the measured asymmetries and external inputs for y,
(r Kπ

D )2 and Fπππ0

+ [8,28], it follows from Eqs. (10) and (12)
that

r Kπ
D cos δKπ

D = −0.0634 ± 0.0048 ± 0.0030 ± 0.0004 ,

where the final uncertainty arises from the knowledge of the
external inputs.

5 Measurement of r Kπ
D cos δKπ

D and r Kπ
D sin δKπ

D with
D → K 0

S,Lπ+π− tags

When the self-conjugate multi-body decay D → K 0
Sπ

+π−
is reconstructed as a tagging mode to D → K−π+, the
strong-phase variation over its Dalitz plot can be exploited
to yield valuable information on δKπ

D . This strong-phase vari-
ation has been measured in studies at charm threshold by both
the CLEO and BESIII collaborations [14,15,33].

The D → K 0
Sπ

+π− Dalitz plot has axes correspond-
ing to the squared invariant masses m2− = m(K 0

Sπ
−)2

and m2+ = m(K 0
Sπ

+)2 for each K 0
S and pion combina-

tion. Eight pairs of bins are defined symmetrically about
the line m2− = m2+ such that the bin number changes
sign under the exchange (m2−,m2+) ↔ (m2+,m2−). The bins
are labelled −8 to 8 (excluding 0), with the positive bins
lying in the region m2+ > m2−. The strong-phase differ-
ence between symmetric points in the Dalitz plot is given

by Δδ
K 0
Sππ

D ≡ δ
K 0
Sππ

D (m2+,m2−)− δ
K 0
Sππ

D (m2−,m2+). The bin
boundaries are chosen such that each bin spans an equal range

in Δδ
K 0
Sππ

D (the so-called ‘equal-ΔδD binning scheme’), as

shown in Fig. 5 where the variation in Δδ
K 0
Sππ

D is assumed
to follow that predicted by an amplitude model [34]. It is
important to appreciate that though a model is used to define
the bin boundaries, the values of ci and si that are used come
from direct measurements, and therefore cannot be biased
through the choice of binning scheme.

Measurements performed with quantum-correlated DD̄
pairs determine ci , the cosine, and si , the sine of the
strong-phase difference weighted by the D0-decay ampli-
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Fig. 3 Fits to M2
miss distributions of double-tag candidates for the D → K 0

Lω (I) and D → K 0
Lπ0π0 (II) modes, and MBC distributions of

double-tag candidates for the D → π0π0 (III) and D → K 0
Sφ (IV) modes

tude AK 0
Sππ (m2+,m2−) in bin i :

ci =
∫
i dm2+ dm2− A+A− cos Δδ

K 0
Sππ

D (m2+,m2−)√∫
i dm2+ dm2− (A+)2

∫
i dm2+ dm2− (A−)2

, (14)

where

A+ = |AK 0
Sππ (m2+,m2−)| and A− = |AK 0

Sππ (m2−,m2+)|,
with an analogous expression for si . Note that from these
definitions it follows that c−i = ci and s−i = −si in the
absence of CP violation.

When employing D → K 0
Sπ

+π− as a tag mode, it is also
necessary to know Ki , which is the probability of a single
D0 decay occurring in bin i :

Ki =
∫

i
dm2+dm2−(A+)2

/∑
j

∫

j
dm2+dm2−(A+)2, (15)

where the sum in the denominator is over all bins. This quan-
tity may be measured in flavour-tagged decays.

Events in which one meson decays to K−π+ (K+π−) and
the other to K 0

Sπ
+π− are labelled with a negative (positive)

bin number if m2− < m2+. Let Y (K−π+|K 0
Sπ

+π−)i be the
yield of double-tagged events in bin i after correcting for any
efficiency variation over the Dalitz plot. Then it can be shown
that [13]

Y (K−π+|K 0
Sπ

+π−)i = H

(
Ki +

(
r Kπ
D

)2
K−i

−2r Kπ
D

√
Ki K−i

[
ci cos δKπ

D − si sin δKπ
D

])
, (16)

where H is a bin-independent normalisation factor. Hence a
fit of Y (K−π+|K 0

Sπ
+π−)i can be used to determine both

r Kπ
D cos δKπ

D and r Kπ
D sin δKπ

D .
Signal decays may also be tagged with the mode D →

K 0
Lπ+π−. The same binning scheme is used, but the tag

decay is now described by the parameters c′
i , s

′
i and K ′

i . The
yield of double-tagged events after correction for efficiency
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Fig. 4 Branching fractions of D− → K−π+, DX → K−π+ and
D+ → K−π+ determined with different tag modes. The outer error
bars show the full uncertainty and the inner error bars the statistical
uncertainty. The blue bands indicate the averaged result over each set
of tags, and the vertical dotted line shows the measured central value of
the D0 → K−π+ branching fraction [21]

variation is given by

Y (K−π+|K 0
Lπ+π−)i = H ′

(
K ′
i +

(
r Kπ
D

)2
K ′−i

+ 2r Kπ
D

√
K ′
i K

′−i

[
c′
i cos δKπ

D − s′
i sin δKπ

D

] )
, (17)

with H ′ the bin-independent normalisation factor for this tag.
The K (′)

i , c(′)
i and s(′)

i parameters have been measured
by BESIII for D → K 0

S,Lπ+π− decays [14,15]. The

K (′)
i parameters were determined by tagging the multi-body

decays with the modes D → K−π+, D → K−π+π0, D →
K−π+π+π− and D → K−e+νe (for D → K 0

Sπ
+π−

only). In order to interpret the hadronic decays as pure flavour
tags, it is necessary to correct their yields for the contribu-
tion of the doubly Cabibbo-suppressed amplitude. In the case
of D → K−π+ this contribution manifests itself through
the second two terms in Eqs. (16) and (17), which carry
the information on r Kπ

D and δKπ
D . Therefore, for the cur-

rent analysis, the K (′)
i parameters are re-determined without

any D → K−π+ inputs, by calculating a weighted average
over the other flavour-tag results, and taking advantage of
the most recent measurements of the hadronic parameters of
the decays D → K−π+π0 and D → K−π+π+π−, which
are required to correct for the doubly Cabibbo-suppressed
contamination in these modes [13]. The background esti-
mations, which are around 3% for D → K 0

Sπ
+π− and

Table 5 Systematic uncertainties for AKπ and Aπππ0

Kπ

Source AKπ Aπππ0

Kπ

B(D0 → K 0
L X) 0.0039 0.0027

Tracking and PID 0.0021 0.0043

NDD̄ 0.0014 0.0010

Single-tag yields 0.0040 0.0049

MC sample size 0.0039 0.0043

Total 0.0072 0.0083

Fig. 5 Dalitz plot of D → K 0
Sπ

+π− decays, showing the equal-ΔδD
binning schemes

6% for D → K 0
Lπ+π−, are unchanged from the origi-

nal analysis. Also unchanged are the acceptance corrections,
which vary by up to a relative ±10% per bin. These cor-
rections also account for migration effects between the bins,
due to the finite invariant-mass resolution, which vary in the
range of (3 − 12)% for D → K 0

Sπ
+π− and (3 − 18)%

for D → K 0
Lπ+π−. Table 6 shows the re-calculated K (′)

i
parameters and the Y (K−π+|K 0

S,Lπ+π−)i values follow-
ing this procedure. The latter numbers have been normalised
to unity to allow for a convenient comparison with the K (′)

i
values.

The K (′)
i values are also used as inputs in the determi-

nation of the D → K 0
S,Lπ+π− strong-phase parameters.

Therefore, it is desirable to re-calculate the values of c(′)
i and

s(′)
i with the updated K (′)

i inputs. The results are shown in
Table 7, and are found to be very similar to those reported
in Refs. [15]. Furthermore, the differences in the correlation
matrices between the two sets of results are negligible. This
behaviour is as expected, given the small weight that the
D → K−π+ inputs have in the original analysis.

A χ2 fit is performed to the normalised yields in the
32 phase-space bins of the two tagging modes, as listed in
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Table 6 Normalised yields of
D → K−π+ versus
D → K 0

S,Lπ+π− double tags,
corrected for acceptance effects
in bins of the Dalitz plot. Also
shown are K (′)

i values for
D → K 0

S,Lπ+π−, calculated
with no D → K−π+ inputs.
The uncertainties for the yields
are statistical, and in the case of
K (′)
i include both the statistical

component and that from the
doubly Cabibbo-suppressed
correction

Bin Y (K−π+ Ki Y (K−π+ K ′
i|K 0

Sπ
+π−)i |K 0

Lπ+π−)i

1 0.1701 ± 0.0062 0.1780 ± 0.0033 0.1758 ± 0.0053 0.1859 ± 0.0033

2 0.0892 ± 0.0046 0.0873 ± 0.0024 0.0806 ± 0.0039 0.0789 ± 0.0023

3 0.0689 ± 0.0039 0.0668 ± 0.0021 0.0678 ± 0.0033 0.0628 ± 0.0021

4 0.0253 ± 0.0024 0.0232 ± 0.0013 0.0284 ± 0.0023 0.0224 ± 0.0013

5 0.0796 ± 0.0042 0.0847 ± 0.0024 0.0806 ± 0.0036 0.0728 ± 0.0021

6 0.0592 ± 0.0039 0.0567 ± 0.0021 0.0657 ± 0.0034 0.0620 ± 0.0020

7 0.1219 ± 0.0055 0.1261 ± 0.0029 0.1305 ± 0.0047 0.1255 ± 0.0027

8 0.1308 ± 0.0057 0.1347 ± 0.0030 0.1246 ± 0.0048 0.1363 ± 0.0030

−1 0.0973 ± 0.0046 0.0811 ± 0.0023 0.0824 ± 0.0035 0.0955 ± 0.0025

−2 0.0228 ± 0.0024 0.0189 ± 0.0011 0.0233 ± 0.0020 0.0218 ± 0.0013

−3 0.0220 ± 0.0022 0.0202 ± 0.0012 0.0203 ± 0.0020 0.0206 ± 0.0012

−4 0.0130 ± 0.0018 0.0160 ± 0.0011 0.0144 ± 0.0017 0.0128 ± 0.0010

−5 0.0452 ± 0.0032 0.0540 ± 0.0020 0.0433 ± 0.0028 0.0386 ± 0.0016

−6 0.0115 ± 0.0018 0.0121 ± 0.0010 0.0131 ± 0.0017 0.0100 ± 0.0009

−7 0.0118 ± 0.0018 0.0119 ± 0.0010 0.0169 ± 0.0019 0.0159 ± 0.0013

−8 0.0315 ± 0.0029 0.0284 ± 0.0015 0.0323 ± 0.0024 0.0381 ± 0.0017

Table 7 Values of c(′)
i and s(′)

i for D → K 0
S,Lπ+π−, calculated with no D → K−π+ inputs. For each value the first uncertainty is statistical and

the second is systematic

Bin ci si c′
i s′

i

1 0.708 ± 0.020 ± 0.009 0.126 ± 0.076 ± 0.017 0.796 ± 0.020 ± 0.013 0.135 ± 0.078 ± 0.017

2 0.676 ± 0.036 ± 0.019 0.336 ± 0.134 ± 0.015 0.854 ± 0.036 ± 0.018 0.274 ± 0.137 ± 0.016

3 −0.002 ± 0.047 ± 0.018 0.893 ± 0.113 ± 0.021 0.174 ± 0.047 ± 0.016 0.840 ± 0.118 ± 0.022

4 −0.601 ± 0.053 ± 0.017 0.724 ± 0.142 ± 0.022 -0.501 ± 0.055 ± 0.019 0.785 ± 0.146 ± 0.022

5 −0.964 ± 0.019 ± 0.013 0.018 ± 0.081 ± 0.009 -0.972 ± 0.021 ± 0.017 -0.009 ± 0.089 ± 0.009

6 −0.561 ± 0.062 ± 0.025 −0.595 ± 0.147 ± 0.032 -0.392 ± 0.069 ± 0.026 -0.649 ± 0.153 ± 0.036

7 0.044 ± 0.057 ± 0.023 −0.689 ± 0.143 ± 0.030 0.465 ± 0.057 ± 0.019 -0.553 ± 0.160 ± 0.032

8 0.398 ± 0.036 ± 0.017 −0.477 ± 0.091 ± 0.027 0.631 ± 0.036 ± 0.016 -0.402 ± 0.099 ± 0.026

Table 6, with r Kπ
D cos δKπ

D and r Kπ
D sin δKπ

D as free parame-
ters. The expected yield values in the fit assume the distribu-
tions described by Eqs. (16) and (17) and use the values of

K (′)
i from Table 6, and the values of c(′)

i and s(′)
i from Table 7.

The correlation matrices for c(′)
i and s(′)

i are taken from Ref.
[15]. The results and the χ2/n.d.f. are presented in Table 8
for the default fit for both tagging modes, as well as for sep-
arated fits to D → K 0

Sπ
+π− and D → K 0

Lπ+π−. All fits
are of good quality, and the two tags give compatible results.
Figure 6 displays the fit to the full set of double tags.

The systematic uncertainties on the fit results come from
two sources: the uncertainties on the values of K (′)

i , which
consist of the statistical component listed in Table 6 together
with a significantly smaller contribution associated with the
doubly Cabibbo-suppressed correction, and those on the val-
ues on c(′)

i and s(′)
i from Table 7. To quantify the effect of this

imperfect knowledge, the fit is repeated many times with the

values of these parameters randomly modified according to
a Gaussian function of width set to the known uncertainty
on each parameter, with correlations considered in the c(′)

i

and s(′)
i cases. The spread in the distribution of fit results is

assigned as the systematic uncertainty.
The results, including the systematic uncertainties, are

r Kπ
D cos δKπ

D = −0.0562 ± 0.0081 ± 0.0050 ± 0.0010

r Kπ
D sin δKπ

D = −0.011 ± 0.012 ± 0.007 ± 0.003,

where the first uncertainties are statistical, the second are
from the knowledge of the K (′)

i parameters and the third

from the knowledge of the c(′)
i and s(′)

i parameters. The cor-
relation coefficient between the two results is 0.02. The mea-
sured value for r Kπ

D cos δKπ
D is in good agreement with that

obtained from the AKπ and Aπππ0

Kπ measurements, reported
in Sect. 4.
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Table 8 Fit results for the
D → K−π+ decays tagged
separately with D → K 0

Sπ
+π−,

D → K 0
Lπ+π− and with both

tags together. The uncertainties
are statistical only

Sample r Kπ
D cos δKπ

D r Kπ
D sin δKπ

D χ2/n.d. f.

K 0
Sπ

+π− −0.0521 ± 0.0128 0.000 ± 0.017 16.5/14

K 0
Lπ+π− −0.0590 ± 0.0104 −0.020 ± 0.015 21.1/14

K 0
S,Lπ+π− −0.0562 ± 0.0081 −0.011 ± 0.012 38.6/30

Fig. 6 Fits to the D → K−π+ sample tagged with D → K 0
Sπ

+π−
decays and D → K 0

Lπ+π− decays

6 Determination of δKπ
D

The value of δKπ
D is determined from a χ2 fit that uses

the measurements of AKπ and Aπππ0

Kπ as inputs, as well
as the results for r Kπ

D cos δKπ
D and r Kπ

D sin δKπ
D obtained

from the D → K 0
S,Lπ+π− analysis. The dependencies of

AKπ , Aπππ0

Kπ are taken from Eqs. (10) and (12), respectively.

The auxiliary parameters r Kπ
D , y and Fπππ0

+ are also fitted,
but with Gaussian constraints set according to the external
measurements reported in Refs. [8,28]. All known corre-
lations are taken in account. This exercise returns δKπ

D =(
187.6+10.4

−11.6

)◦
with a fit quality of χ2/n.d.f. = 0.9/3. In

order to estimate the relative contributions of the statisti-
cal and systematic uncertainties to this result, the fit is re-
performed taking only the statistical component of the uncer-
tainties on the measured observables. A comparison of the
result from this fit to that of the default procedure leads to

Table 9 Results for δKπ
D for different fit configurations as described in

the text

Configuration δKπ
D [◦]

Default 187.6+10.4
−11.6

r Kπ
D and y free 191.1+13.6

−14.4

r Kπ
D and y fixed 187.6+10.4

−11.6

r Kπ
D sin δKπ

D alone 190.8+14.7
−14.0

the conclusion that the the statistical uncertainty is
(+8.9

−9.7

)◦

and the systematic uncertainty is
(+5.4

−6.4

)◦
.

Other fit configurations are investigated, the results of
which are presented in Table 9. Removing the external con-
straints on r Kπ

D and y degrades the sensitivity by around 40%;
on the contrary, fixing these parameters to the central values
of the external measurements leads to negligible change in the
result. When taking only r Kπ

D sin δKπ
D as input the sensitiv-

ity degrades by around 30%, indicating that the observables
sensitive to r Kπ

D cos δKπ
D make a valuable contribution to the

default result.

7 Summary and outlook

A double-tag strategy has been employed to determine the
branching fraction of three D → K 0

L X decays, yielding the
results

B(D0 → K 0
Lπ0) = (0.97 ± 0.03 ± 0.02) %

B(D0 → K 0
Lω) = (1.09 ± 0.06 ± 0.03) %

B(D0 → K 0
Lπ0π0) = (1.26 ± 0.05 ± 0.03) %,

where the first uncertainty is statistical, and the second sys-
tematic. These measurements are the most precise yet per-
formed that are independent of any uncertainty associated
with the knowledge of strong-phase parameters, making
them valuable inputs for studies of such quantities.

Using a wide ensemble of tagging modes, including these
D → K 0

L X decays, an updated measurement has been per-
formed of AKπ , the asymmetry between CP-odd and CP-
even D-meson decays into K−π+. In addition, for the first
time, a determination has been made of Aπππ0

Kπ , the asym-
metry between D → K−π+ decays tagged with CP-odd
eigenstate modes and the predominantly CP-even decay
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D → π+π−π0. The following values are obtained:

AKπ = 0.132 ± 0.011 ± 0.007

Aπππ0

Kπ = 0.130 ± 0.012 ± 0.008.

The result for AKπ supersedes that reported in Ref. [7], and
is around 30% more precise. Both of these observables are
sensitive to r Kπ

D cos δKπ
D .

These asymmetry measurements have been complemented
by a study of events containing both D → K−π+ and
D → K 0

S,Lπ+π− decays, in which the distributions of the
three-body modes across their phase spaces are sensitive to
both r Kπ

D cos δKπ
D and r Kπ

D sin δKπ
D . A fit to these distribu-

tions, together with the asymmetry measurements, gives

δKπ
D =

(
187.6+8.9

−9.7
+5.4
−6.4

)◦
,

where r Kπ
D , y and Fπππ0

+ have been constrained to their
externally measured values. This result, which is the most
precise to be obtained from quantum-correlated DD̄ data, is
compatible with that from a global analysis of charm-mixing
measurements [8] and has a similar uncertainty. It is also con-
sistent with the value determined from the fit to the LHCb
b-decay and charm-mixing studies [10], and with the predic-
tion made from the phenomenological analysis of two-body
charm-meson decay observables [12], but has lower precision
than both. However, over the coming few years it is expected
that BESIII will accumulate substantially larger data samples
at the ψ(3770) resonance [35], which will allow the sensi-
tivity of the δKπ

D measurement to be significantly improved.
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