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Quantum-correlated DD̄ pairs collected by the BESIII experiment at the ψð3770Þ resonance
corresponding to an integrated luminosity of 2.93 fb−1 are used to study the D0 → K0

Sπ
þπ−π0 decay

mode. The CP-even fraction of D0 → K0
Sπ

þπ−π0 decays is determined to be 0.235� 0.010� 0.002,
where the first uncertainty is statistical and the second is systematic.

DOI: 10.1103/PhysRevD.108.032003

I. INTRODUCTION

The complex phase of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix is the only source of the CP violation within
the quark sector of the Standard Model (SM) [1]. However,
this source of CP violation is too weak to explain the huge
matter-antimatter asymmetry in the Universe. This fact
motivates precise studies of flavor transitions to test the
CKM paradigm and to search for evidence of CP violation
beyond the SM. The unitarity triangle is a graphical
representation of the CKM matrix in the complex plane,

with angles denoted as α, β, and γ [2]. An improved
measurement of the angle γ is of particular importance in
studies ofCP violation. Comparisons between the values of
γ obtained from direct measurements [2] and global CKM
fits [3] provide an important test of CKM unitarity and
allow for searches for new physics beyond the SM.
The angle γ of the unitarity triangle is measured in

decays which are sensitive to interference between favored
b → c and suppressed b → u quark transition amplitudes
[4]. Typically, the interference is measured in B� → Dh�

decays, whereD is an admixture ofD0 and D̄0 flavor states
and h� is either a charged pion or kaon. The theoretical
uncertainty of the measurement of γ through this approach
is negligible [5]. The current uncertainty of the γ meas-
urement is statistically dominated [4]. Therefore, including
more D-decay modes is desirable to improve the precision
of the γ measurement. One of the important classes of
B� → Dh� measurement is the so-called “Gronau-
London-Wyler” strategy, in which the D decay is recon-
structed in a CP eigenstate [6]. This strategy can be
extended to encompass quasi-CP eigenstates that are
predominantly CP odd or even [7]. This approach requires
the CP-even fraction, quantified by the parameter Fþ, to be
known. A promising quasi-CP eigenstate is the decay
D → K0

Sπ
þπ−π0, which has a higher branching fraction

than decays to individualCP eigenstates and is known to be
predominantly CP odd from a measurement performed
with data collected by CLEO-c corresponding to an
integrated luminosity of 0.82 fb−1 that yielded the result
Fþ ¼ 0.238� 0.012� 0.012 [8]. In this paper, we present
an improved determination of this parameter made with
quantum-correlated DD̄ pairs based on a data sample of
2.93 fb−1 taken at the ψð3770Þ resonance by the BESIII
detector.

II. FORMALISM

The wave function for the pairs of neutral charm
mesons produced at the ψð3770Þ resonance is antisym-
metric because of their odd charge conjugation. This
quantum correlation allows the CP-even fraction Fþ of
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D0 → K0
Sπ

þπ−π0 decay to be determined with double-tag
(DT) [9] yields, in which the D meson is reconstructed in
the signal decay, and the D̄meson is reconstructed in one of
several tag modes [10]. The tag modes used in this analysis
are summarized in Table I.
The expected DT yield is given by [7]

NDT ¼ 2NDD̄BðSÞBðTÞεðSjTÞ
× ½1 − ð2Fþ − 1Þð2FTþ − 1Þ�; ð1Þ

where NDD̄ is the number of D0D̄0 pairs [11] produced at
the ψð3770Þ resonance, S (T) denotes the signal mode
D → K0

Sπ
þπ−π0 (tag mode), BðSÞ [BðTÞ] is the branching

fraction of the D0 decaying into the S (T), εðSjTÞ is the DT
efficiency, and Fþ (FTþ) is the CP-even fractions for the
D → S (D → T) decay. In addition, Eq. (1) omits terms
of order Oðx2D; y2DÞ ∼ 10−5 associated with D0D̄0 mixing
effects, where xD and yD are the mixing parameters [2]. The
dependency on the NDD̄, BðTÞ, and single-tag (ST)
efficiency of the tag mode is removed by measuring the
ST yield of the tag mode T. The expected ST yield for the
tag mode T is given by [7]

NSTðTÞ ¼ 2NDD̄BðTÞεðTÞ; ð2Þ

where εðTÞ is the ST efficiency. A further correction of
1=½1 − ð2FTþ − 1ÞyD� is applied to NST to account forD0D̄0

mixing effects. With assumption of εðSjTÞ ¼ εðSÞ · εðTÞ,
the ratio of NDT to NST can be written as

R ¼ BðSÞεðSÞ½1 − ð2Fþ − 1Þð2FTþ − 1Þ�: ð3Þ

For CP-even (CP-odd) tag modes, FTþ is equal to 1 (0).
Then the corresponding ratio R− (Rþ) for the CP-tag mode
T is given by

R∓ ¼ BðSÞεðSÞ½1 − η�T ð2Fþ − 1Þ�; ð4Þ

where ηþT (η−T ) is the CP eigenvalue of the CP-even
(CP-odd) tag mode T. With such CP-eigenstate tag modes,
the CP-even fraction is given by

Fþ ¼ Rþ

Rþ þ R− ; ð5Þ

which has no dependence on BðSÞ and εðSÞ. For a quasi-
CP-tag mode T of known CP-even fraction FTþ, the
CP-even fraction of the signal mode is

Fþ ¼ RþFTþ
RT − Rþ þ 2RþFTþ

; ð6Þ

where RT is the ratio of the measured DT yield to the
measured ST yield for the tag mode T. The signal decay
D → K0

Sπ
þπ−π0 can also be used as a self-tag mode.

Denoting the ratio of the DT yield of the self-tag mode
to the corresponding ST yield by RS, the CP-even fraction
is given by

Fþ ¼ RS

R− : ð7Þ

There is nodirectmeasurementofFþ for themixedCP-tag
modes D → K0

S;Lπ
þπ−. However, quantum-correlated

studies indicate that F
K0

S;Lπ
þπ−

þ is close to 0.5 for both decay
modes [12]. It follows from Eq. (1) that using these decays
integrated over all phase space as tag modes gives very low
sensitivity to Fþ of the signal mode. Therefore, a localized
measurement is pursued, in which the DT yields are
measured in the pairs of eight bins in the Dalitz plot of
D → KS;Lπ

þπ−. The binning scheme adopted is the “equal
Δδ binning” of Ref. [13], as shown as Fig. 1. The expected
DT yield with the K0

Sπ
þπ− final state in the ith bin can be

written as [12]

Mi ¼ h½Ki þ K−i − 2ci
ffiffiffiffiffiffiffiffiffiffiffiffiffi
KiK−i

p
ð2Fþ − 1Þ�; ð8Þ

and the corresponding expected yield for the K0
Lπ

þπ−

case as

FIG. 1. The binning of the D → K0
S;Lπ

þπ− Dalitz plot. The
color scale represents the absolute value of the bin number jij,
where i is negative for the bin with mK0

S;Lπ
þ < mK0

S;Lπ
− .

TABLE I. The tag modes used in this analysis.

Type Tag modes

CP even KþK−; πþπ−; K0
Sπ

0π0; K0
Lω; K

0
Lπ

0

CP odd K0
Sπ

0; K0
SηðγγÞ; K0

Sη
0ðηπþπ−Þ; K0

Sη
0ðγπþπ−Þ

Quasi-CP πþπ−π0; πþπ−πþπ−

Mixed CP K0
S;Lπ

þπ−

Self-tag K0
Sπ

þπ−π0
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M0
i ¼ h0

h
K0

i þ K0
−i þ 2c0i

ffiffiffiffiffiffiffiffiffiffiffiffiffi
K0

iK
0
−i

p
ð2Fþ − 1Þ

i
; ð9Þ

where for the decay D → K0
Sπ

þπ− (D → K0
Lπ

þπ−), h (h0)
is a normalization factor, Ki (K0

i) is the flavor-tagged
fraction of D0 → K0

Sπ
þπ− (D0 → K0

Lπ
þπ−) with the final

state in the ith bin, and ci (c0i) is the amplitude-weighted
average of cosine of the strong-phase difference [12].
An event can migrate between the bins because of the
finite detector resolution. To improve the momentum
resolution of the final-state particles and suppress the
migration between phase-space bins, the invariant mass
of the K0

Sπ
þπ− final state is constrained to the known D0

mass [2] denoted as MD
PDG.

III. DETECTOR AND DATA SAMPLES

The BESIII detector [14] records symmetric eþe−
collisions provided by the BEPCII storage ring [15] in
the center-of-mass energy range of 2.0 to 4.95 GeV, with a
peak luminosity of 1 × 1033 cm−2 s−1 achieved at center-
of-mass energy

ffiffiffi
s

p ¼ 3.77 GeV. BESIII has collected
large data samples in this energy region [16]. The cylin-
drical core of the BESIII detector covers 93% of the full
solid angle and consists of a helium-based multilayer drift
chamber (MDC), a plastic scintillator time-of-flight system
(TOF), and a CsI(Tl) electromagnetic calorimeter (EMC),
which are all enclosed in a superconducting solenoidal
magnet providing a 1.0 T magnetic field [17]. The solenoid
is supported by an octagonal flux-return yoke with resistive
plate counter muon identification modules interleaved
with steel. The charged-particle momentum resolution at
1 GeV=c is 0.5%, and the dE=dx resolution is 6% for
electrons from Bhabha scattering. 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 produced with a Geant4-based

[18] MC package, which includes the geometric description
of the BESIII detector and the detector response, are used to
determine detection efficiencies and to estimate back-
grounds. The simulation models the beam-energy spread
and initial-state radiation (ISR) in the eþe− annihilations
with the generator KKMC [19]. The inclusive MC sample
includes the production ofDD̄ pairs, the non-DD̄ decays of
the ψð3770Þ, the ISR production of the J=ψ and ψð3686Þ
states, and the continuum processes incorporated in KKMC

[19]. All particle decays are modeled with EvtGen [20] using
branching fractions taken from the PDG [2]. Final-state
radiation from charged final-state particles is incorporated
using the PHOTOS package [21]. For each tag mode, signal
MC samples for ST and DT are produced. The multibody
decay is generated with available amplitude modes or the
expected intermediate resonance involved.

IV. EVENT SELECTION

Charged tracks detected in the MDC are required to be
within a polar angle (θ) range of jcos θj < 0.93, where θ is
defined with respect to the z axis, which is the symmetry
axis of the MDC. For charged tracks not originating from
K0

S decays, the distance of the closest approach to the
interaction point must be less than 10 cm along the z axis,
jVzj, and less than 1 cm in the transverse plane, jVxyj.
Particle identification (PID) for charged tracks combines
measurements of the specific ionization energy loss in the
MDC (dE=dx) and the flight time in the TOF to form
likelihoods LðhÞðh ¼ K and π) for each hadron h hypoth-
esis. Charged kaons and pions are identified by comparing
the likelihoods for kaon and pion hypotheses, LðKÞ >
LðπÞ and LðπÞ > LðKÞ, respectively.
Photon candidates are identified using showers in the

EMC. The deposited energy of each shower must be more
than 25 MeV in the barrel region (jcos θj < 0.80) and more
than 50 MeV in the end-cap region (0.86 < jcos θj <
0.92). To suppress electronic noise and showers unrelated
to the event, the difference between the EMC time and the
event start time is required to be within [0, 700] ns.
Each K0

S candidate is reconstructed from two oppositely
charged tracks satisfying jVzj < 20 cm. The two charged
tracks are assigned as πþπ− without imposing further PID
criteria. They are constrained to originate from a common
vertex and are required to have an invariant mass within
½0.485; 0.510� GeV=c2. The decay length of the K0

S can-
didate is required to be greater than twice the vertex
resolution away from the interaction point.
Pairs of selected photon candidates are used to reconstruct

π0 (η) candidates. The invariant masses of the photon
pairs are required to be within ½0.110; 0.155�ð½0.480;
0.580�Þ GeV=c2. To improve the momentum resolution, a
kinematic fit is applied to constrain the γγ invariant mass to
the known π0ðηÞ mass [2], and the χ2 of the kinematic fit is
required to be less than 20. The fitted momenta of the π0ðηÞ
are used in the subsequent analysis. The ω candidates are
selected by requiring the invariant mass of the πþπ−π0

combination to be within ½0.750; 0.820� GeV=c2. The η0 →
πþπ−η and η0 → γπþπ− decays are used to reconstruct η0
mesons, with the invariant masses of the πþπ−η and πþπ−γ
required to lie within ½0.938; 0.978� GeV=c2.
For the D → KþK− and D → πþπ− tag modes, the

background from cosmic rays and Bhabha events are
suppressed with the following requirements [22]. First,
the two charged tracks used as the CP tag must have a TOF
time difference less than 5 ns, and they must not be
consistent with being a muon pair or an electron-positron
pair. To be a muon candidate, the track must have
jχdE=dxj < 5, 0.15 < EEMC < 0.30 GeV, and dμ > 40 or
dμ > 80p − 60, where χdE=dx [23] is the χ for the hypoth-
esis of muon in the PID with dE=dx, EEMC is deposited
energy in the EMC by the track, dμ is the penetration depth
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in the muon identification modules with unit of center
meter, and p is the momentum of the track. To be an
electron (positron) candidate, the track must have greater
probability (combing the dE=dx and flight time) being an
electron (positron) than being a kaon or pion. If the
corresponding EMC shower is reconstructed, the track
must satisfy (1) E=p > 0.8 if j cos θj < 0.70, or
(2) E=p > −7.5j cos θj þ 6.05 if 0.7 < j cos θj < 0.8, or
(3) E=p > 0.6 if j cos θj > 0.85, where E=p is the ratio of
the deposited energy in the EMC to the momentum of the
track and θ is the polar angle of the shower. Second, there
must be at least one EMC shower (other than those from the
CP-tag tracks) with an energy larger than 50MeVor at least
one additional charged track detected in the MDC. For the
D → πþπ−π0 and D → πþπ−πþπ− tag modes, events are
rejected if any combination of mπþπ− lies in the mass
window of ½0.481; 0.514� GeV=c2 in order to suppress the
background from K0

S decays.

V. DETERMINATION OF THE ST YIELD

The tag modes that do not involve a K0
L are fully

reconstructed. The signal candidate of the fully reconstructed
tag mode is identified by the beam-energy constrained mass

MBC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam − p2

D

q
; ð10Þ

where Ebeam and pD are the beam energy and reconstructed
momentum of the D candidate in the eþe− center-of-mass
frame, respectively. If multiple combinations are recon-
structed for an event, the combination with the lowest value
of jΔEj is retained for further analysis, where ΔE is the
difference between theEbeam and the reconstructed energy. To
suppress combinatorial background, the value ofΔE for each
event is required to be within the �3σΔE around the peak of
the ΔE distribution, where σΔE is the resolution of the
distribution.
Figure 2 shows the MBC distributions of the ST D

candidates for the fully reconstructed tag modes. The ST
yields for the tag modes are obtained by an unbinned
maximum-likelihood fit to theMBC distributions. In the fit,
the signal component is described by the MC-simulated
shape. To account for the difference in resolutions between
the MC simulation and data, the MC-simulated shape for
each mode is convolved with a Gaussian function with free
parameters. The background component is modeled with
an ARGUS function [24], where the slope parameter is a
free parameter, and the end point is fixed to the beam

FIG. 2. Fits to theMBC distributions from the STD candidates. The corresponding decay modes are denoted by the labels on the plots.
The black points with error bars represent data. The blue solid curves are the fit results. The red and green dashed curves represent the
signal and background contributions of the fits, respectively.
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energy [25] in the center-of-mass frame. The fit results are
shown in Fig. 2. In addition to the combinatorial back-
ground, there are also peaking backgrounds that have
similar final states to the signal and are included in the
signal yield. The contamination rate of the peaking
background is estimated by analyzing the inclusive MC
sample. For the tag mode D → K0

Sπ
0 (K0

Sπ
0π0), the back-

ground level is 4.7% (0.4%) dominated by D → πþπ−π0

(πþπ−π0π0) decay. In the case of the D → K0
Sη

0ðπþπ−γÞ
tag mode, the peaking background is dominated by
D → K0

Sπ
þπ−π0 decay with a contamination rate of

3.1%. For the D → πþπ−π0 and D → πþπ−πþπ− tag
modes, the peaking backgrounds mainly originate from
D → K0

Sπ
0 and D → K0

Sπ
þπ− decays, which have con-

tamination rates of 5.2% and 3.5%, respectively. For the
self-tag mode D → K0

Sπ
þπ−π0, the main peaking back-

ground is from the D→K0
Sπ

þπ−γ and D→K0
SK

0
Sπ

0 decays
constituting 1.1% of the yield. The ST yields after peaking
background subtraction are summarized in Table II.
The D → K0

Lπ
0 and D → K0

Lω tag modes cannot be
fully reconstructed. Therefore, the effective ST yields are
calculated from Eq. (2). The effective STefficiencies for the
D → K0

Lπ
0 and D → K0

Lω tag modes, which are required
inputs for Eq. (2), are defined to be the ratios of the
corresponding DTefficiencies to the efficiency for the STof
the signal mode. The effective ST yields are also summa-
rized in Table II.

VI. DETERMINATION OF THE DT YIELD

The DT candidates for the fully reconstructed tag
modes are isolated with the beam-constrained masses for
the signal and tag modes denoted as MS

BC and MT
BC,

respectively. In the case of multiple combinations, the

combination with the least jMS
BC þMT

BC − 2MD
PDGj is

retained for further analysis. The ΔE variables for the
signal and tag modes are required to lie within the regions
given in Sec. V. To determine the DT yield, a two-dimen-
sional (2D) unbinned maximum-likelihood fit is performed
to the MS

BC versus MT
BC distribution. An example of the

MT
BC versus MS

BC distribution for the D → πþπ−π0 tag
mode is shown in Fig. 3. The signal component in the fit is
described by a 2D MC-simulated shape obtained from the
signal MC sample smeared with a Gaussian function in
each dimension. The Gaussian function is introduced to
account for the difference in resolutions between the MC
simulation and data. The mean and width of the Gaussian
function for each tag mode (the signal mode) are obtained
from the one-dimensional fit in the ST-yield determinations
for the corresponding tag mode (the signal mode). The
background component with the correctly reconstructed
signal mode (tag mode) and incorrectly reconstructed tag
mode (signal mode) is modeled by the product of the signal
and background shapes from the fits for the ST-yield
determinations of signal mode (tag mode) and tag mode
(signal mode), respectively. The parameters of the shapes
are fixed at the values obtained from the corresponding
one-dimensional fit. The background component where the
signal and tag mode are both reconstructed incorrectly is
modeled by the product of the background shapes from
corresponding fits for the ST-yield determinations. The
backgrounds involving swapped final-state particles from
the two charm mesons and continuum processes corre-
sponding to the diagonal band in Fig. 3 are modeled by the
product of a Gaussian function and the ARGUS function
rotated by 45° [26]. The end point of the ARGUS function
is fixed at the beam energy in the eþe− center-of-mass
frame. Figure 4 shows the projections of 2D fits on theMS

BC
distributions for the fully reconstructed tag modes.
According to studies performed with the inclusive MC
sample, there are small contributions from peaking

TABLE II. The DT and ST yields (NDT and NST) for each tag
mode. For the NST of fully reconstructed tag modes and NDT, the
first uncertainties are statistical and the second are systematic.

Mode NDT NST

KþK− 602.5� 25.2� 3.1 56088.8� 254.7� 39.3
πþπ− 215.4� 15.6� 1.1 20601.9� 179.1� 33.0

K0
Sπ

0π0 180.5� 14.9� 1.2 21871.9� 212.0� 100.6

K0
Lπ

0 1209.4� 102.0� 14.2 120901.3� 3994.0

K0
Lω 402.1� 29.5� 9.4 48400.5� 1373.7

K0
Sπ

0 207.5� 15.6� 1.3 71046.2� 284.4� 56.8

K0
Sη 23.3� 5.3� 0.1 9647.3� 114.6� 3.9

K0
Sη

0
πþπ−η 5.3� 2.5� 0.0 3250.5� 62.4� 8.8

K0
Sη

0
πþπ−γ 21.4� 5.2� 0.1 7954.4� 107.2� 29.4

K0
Sπ

þπ−π0 257.8� 18.3� 1.8 122688.0� 455.0� 147.2

πþπ−π0 990.8� 35.2� 6.8 113407.9� 591.0� 139.1

πþπ−πþπ− 503.1� 27.6� 5.7 68274.9� 429.6� 84.7

FIG. 3. The distribution of MT
BC versus MS

BC for the DT
candidates tagged by the D → πþπ−π0 tag mode.
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backgrounds for each mode. The dominant components for
the signal and tag modes are the same as those in the
determination of ST yields. The peaking background yields
are determined by analyzing the inclusive MC sample and

are corrected for the quantum correlation with Eq. (1). For
theD → K0

Sπ
þπ− tag mode, the DTyields in the eight pairs

of bins are determined with the same method as described
above. The fitted results are shown in Fig. 5.

FIG. 4. The projections of the 2D fits on theMS
BC distribution. The black points represent the data. Overlaid is the fit projection in the

continuous red line. The blue dashed line indicates the combinatorial component.

FIG. 5. The projections of the 2D fits on theMS
BC distribution in the eight pairs of bins for theD → K0

Sπ
þπ− tag mode. The black points

represent the data. Overlaid is the fit projection in the continuous red line. The blue dashed line indicates the combinatorial component.
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The DT candidates tagged by the D → K0
Lπ

0 and
D → K0

Lω tag modes cannot be fully reconstructed.
They are selected by the variable M2

miss defined as

M2
miss ¼

�
Ebeam −

X
i

Ei

�
2

−
���X

i

p⃗i

���2; ð11Þ

where
P

i Ei is the sum of the reconstructed energies of the
tag mode, and

P
i p⃗i is the sum of the reconstructed

momenta of the signal mode and tag mode. The distribution
from correctly reconstructed DT candidates peaks around
the squared mass of the K0

L meson. To suppress back-
ground, events with excess reconstructed charged tracks or
π0 candidates are rejected. The DTyields are determined by
fitting to the M2

miss distribution. In this fit, the signal is
described by an MC-simulated shape, which is convolved
with a Gaussian with free parameters. The combinatorial
background is modeled with a second-order Chebyshev
function. The yield of peaking background for the
D → K0

Sπ
0 (D → K0

Sω) decay is estimated with the inclu-
sive MC sample and is corrected for quantum correlations.
The peaking background in the D → K0

Lπ
0 (D → K0

Sω) tag
mode originates fromD → ηπ0 (D → ηK0

Sπ
0) decays and is

modeled by an MC-simulated shape with its yield fixed
according to the results from the study of the inclusive MC
sample. For the D → K0

Lω tag mode, the nonresonant
background fromD → K0

S;Lπ
þπ−π0 is estimated with the ω

sideband events in theMπþπ−π0 distribution. Figure 6 shows
the fit results for the two tag modes. The DT yields for the
D → K0

Lπ
þπ− tag mode in the eight pairs of bins are

determined with the same method. The corresponding fit
results in the eight pairs of bins are shown in Fig. 7.

FIG. 6. Fits to the M2
miss distributions of the D → K0

Lπ
0 (top)

and D → K0
Lω (bottom) tag modes. The points with error bars

represent data, the blue dashed curves are the fitted combinatorial
backgrounds, the dashed red and magenta lines show the
MC-simulated signal and peaking background shapes, respec-
tively, and the blue solid curves show the total fits.

FIG. 7. Fits to theM2
miss distributions in the eight pairs of bins of theD → K0

Lπ
þπ− tag mode. The points with error bars represent data,

the blue dashed curves are the fitted combinatorial backgrounds, the dashed red and magenta lines show the MC-simulated signal and
peaking background shapes, respectively, and the blue solid curves show the total fits.
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VII. SYSTEMATIC UNCERTAINTIES ON THE
YIELD DETERMINATIONS

A. The ST yields

The ST yields for the fully reconstructed tag modes are
determined by fitting the MBC distributions after sub-
tracting the peaking background yields estimated from
the inclusive MC sample. The uncertainty associated with
the fit is estimated by floating the end point, which is fixed
in the baseline fit, of the ARGUS function. The difference
in the yield to that of the baseline fit is taken as the
systematic uncertainty. The uncertainties for the different
tag modes lie in the range of [0.1, 0.3]%. The uncertainties
on the peaking background yields are estimated by varying
the quoted branching fractions [2] by �1σ and range from
0.1% to 0.5%.
For the D → K0

Lπ
0 and D → K0

Lω tag modes, the
uncertainties for the effective ST yields calculated as
Eq. (2) are associated with NDD̄ and the product of the
branching fractions and efficiencies of the two tag modes.
The uncertainty of NDD̄ which is 1.0% has been estimated
in the measurement of the DD̄ cross section [11]. The
uncertainties of the products of the branching fractions and
efficiencies for the D → K0

Lπ
0 and D → K0

Lω tag modes
have been estimated in the branching fraction measure-
ments of the two tag modes [27,28]. They are 3.1% and
2.6% for the D → K0

Lπ
0 and D → K0

Lω tag modes,
respectively. These uncertainties are propagated to the
effective ST yields.

B. The DT yields

The DT yields for the fully reconstructed tag modes
are determined by the 2D fits to the MS

BC versus MT
BC

distributions after subtracting the estimated peaking back-
ground after correcting for the effects of quantum corre-
lations. Since the fit strategies are the same for all tag
modes, the largest DT sample, which is that involving the
D → πþπ−π0 tag mode, is adopted to estimate the uncer-
tainties introduced by the fits in order to minimize the
effects of statistical fluctuations. For the uncertainty arising
from the signal models, the 2D MC-simulated shape
without a smearing Gaussian resolution function is taken
as the alternative model. The change of the signal yield
0.34% is taken as the uncertainty. For the background
shapes, the fixed parameters of the ARGUS functions are
changed to free parameters in the fit. The change in the
signal yield, which is 0.13%, is assigned as the correspond-
ing uncertainty. With the same method, we also use the
second and third largest DT sample involving D → KþK−

and D → πþπ−πþπ− to estimate the uncertainties. The
estimated uncertainties are at the same level as correspond-
ing uncertainties estimated with the D → πþπ−π0 tag
mode. Therefore, it is reasonable to take the D→πþπ−π0
tag modewith the highest yield to estimate the uncertainties
associated with the fits. The uncertainties due to the

peaking background subtraction with the inclusive MC
sample are estimated with the uncertainties of the corre-
sponding branching fractions [2] and Fþ for quantum
correlations [7,8,12,29]. The estimated uncertainties are in
the range of [0.1, 1.0]%. The propagated systematic
uncertainties for the tag modes are listed in Table II.
For the D → K0

Lπ
0 and D → K0

Lω tag modes, the yields
are determined from the fits to the M2

miss distribution after
subtracting the peaking background yield estimated from
the inclusive MC sample and data studies. The systematic
uncertainties from the fits to the M2

miss distributions have
several components. To assess that uncertainty coming
from the background shape, the second-order Chebyshev
function is replaced by a third-order Chebyshev function.
The resulting differences in the yields, 1.1% for the
D → K0

Lπ
0 tag mode and 0.17% for the D → K0

Lω tag
mode, are assigned as the uncertainties from the fit
procedure. The uncertainties from the peaking background
subtractions are estimated by varying the assumed branch-
ing fractions [2] and Fþ for the quantum correlation
corrections [7,8,12,29] by �1σ. For the D → K0

Lω tag
mode, the contribution of the peaking background from the
nonresonant D → K0

S;Lπ
þπ−π0 final state is estimated by

fitting the M2
miss distribution from the ω sidebands. The

uncertainty on the fitted peaking background yield is taken
as the uncertainty from the sample size of sideband events.
The sidebands are altered to estimate the uncertainty due to
the choice of sideband regions. The estimated uncertainties
from the peaking background subtractions are 0.32% and
2.1% for the D → K0

Lπ
0 and D → K0

Lω tag modes,
respectively. The combined systematic uncertainty of the
DT yield for each tag mode is summarized in Table II.

VIII. THE F+ MEASUREMENT

A. Measurement with the CP-tag modes

The expected ratio of the DT yield to the corresponding
ST yield is calculated from Eq. (4). Implicity in this
expression is the assumption of εðSjTÞ ¼ εðSÞ · εðTÞ.
However, studies of the signal MC samples indicate
that this assumption is not always true. Therefore, a
correction factor of εðSÞ · εðTÞ=εðSjTÞ is applied to the
measurement of R� for each tag mode, where εðSÞ, εðTÞ,
and εðSjTÞ are determined by the MC simulation. The
factors εðSÞ · εðTÞ=εðSjTÞ vary dependent on the tag modes
and are in the range [0.87, 1.09]. The uncertainties of the
factors arising from the sizes of the MC samples are also
propagated to the corresponding measured R�. Following
Eq. (1) and (2), the expected εðSÞεðTÞ=εðSjTÞ can be
written as

εðSÞεðTÞ
εðSjTÞ ¼ NSTðSÞNSTðTÞ½1 − ð2Fþ − 1Þð2FTþ − 1Þ�

2NDTNDD̄
:

ð12Þ
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Therefore, we can validate the correction factor with the
data incorporated with the FTþ from the previous measure-
ment and Fþ from the measurement with theD → K0

Sπ
þπ−

and D → K0
Lπ

þπ− tag modes (see Sec. VIII C) since there
is no assumption of εðSjTÞ ¼ εðSÞεðTÞ in the measurement.
The estimated correction factors εðSÞ · εðTÞ=εðSjTÞ of data
are consistent with corresponding values of theMC samples
considering the uncertainties. Therefore, it is reasonable to
apply the correction factor estimated with theMC sample to
the measurement of R�. Figure 8 shows the measured R�
values for each tag mode after applying this correction. The
mean values of Rþ and R− are determined by least χ2 fits.
The χ2� for R� in the fit is constructed as follows:

χ2� ¼
X
ij

ðR�
i − hR�iÞðR�

j − hR�iÞðV�Þ−1ij ; ð13Þ

where hR�i is the mean value of R�, R�
i (R�

j ) is the ratio of
theDTyield to the corresponding STyield of the ith (jth) tag

mode, and V�
ij is the covariance between modes i and j. The

measured values of R� for the different tag modes are
independent, except for the D → K0

Lπ
0 and D → K0

Lω tag
modes, where there is a correlation coefficient of 0.02
introduced by the common use of NDD̄. The fitted result
for hR�i is shown as the yellow bands in Fig. 8. These
results from the CP-tag modes lead to a value of Fþ ¼
0.229� 0.013, where the uncertainty includes both statis-
tical and systematic contributions. Reperforming the fit with
only the statistical uncertainties included on the inputs
allows the statistical and systematic contributions on the
fit uncertainty to be isolated, with the statistical uncertainty
found to be 0.013 and the systematic uncertainty to be 0.001.
It is necessary to apply a correction to this result for Fþ

to account for the fact that the signal efficiency is in
principle different for DT events involving CP-even and
CP-odd tag modes. This is because the distribution over
phase space of final-state particles will be different for
decays of the signal mode when it is tagged as CP odd or
CP even. For example, the intermediate process D → K0

Sη
exists in signal decays tagged by the CP-odd eigenstates,
but not for CP-even tag modes. Comparison of DT events
containing CP-even and CP-odd tag modes shows that the
momentum and cos θ distributions of the signal decay are
very similar, apart from that of the K0

S momentum. Studies
of these K0

S momenta distributions, together with the
known variation in reconstruction efficiency with K0

S
momentum [30], are used to determine that the ratio of
the efficiency of the signal mode tagged by CP-even
eigenstates to that of the efficiency of the signal mode
tagged by CP-odd eigenstates is 1.008� 0.06. Applying
this ratio as a correction leads to the result from
CP-tagged events of Fþ ¼ 0.229� 0.013� 0.002. An
additional systematic component for the potential differ-
ence in the efficiencies has been included, which is
estimated by the difference between this central value
and the one obtained from the corrected fit. This result is
consistent with that obtained from CLEO-c data [8] with
CP-tag modes and is a factor 1.6 more precise.

B. Measurements with the quasi-CP-tag
and self-tag modes

Using Eq. (6), Fþ is determined with the quasi-CP-tag
modes D → πþπ−π0 and D → πþπ−πþπ−, where the RT

is also corrected with the factor εðSÞ · εðTÞ=εðSjTÞ for
the same reason mentioned in Sec. VIII A. The CP-even
fractions of these modes denoted as Fπþπ−π0þ and Fπþπ−πþπ−þ
are taken from Refs. [7,29]. The value of Rþ is taken from
the measurement with the CP-tag modes described in
Sec. VIII A. The ratios of the DT yields to the correspond-
ing ST yields of the D → πþπ−π0 and D → πþπ−πþπ− tag
modes are calculated with the corresponding ST and
DT yields listed in Table II. After propagating the uncer-
tainties from the input parameters, Fþ is determined to be

FIG. 8. The Rþ values (top) for the CP-odd tag modes and the
R− values (bottom) for the CP-even tag modes. The horizontal
error bars show the total uncertainty for each measurement. The
yellow bands show the fitted values with uncertainties.
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0.227� 0.014� 0.003 with D → πþπ−π0 tag mode and
0.227� 0.016� 0.003 with D → πþπ−πþπ− tag mode.
Here the systematic uncertainties are assigned in the same
way as for the measurement with the CP-tag modes.
The self-tag yield is also sensitive to Fþ, as shown in

Eq. (7). The ratio of the DT yield for the self-tag mode
to the corresponding ST yield is determined with the
corresponding yields listed in Table II and is corrected
with the factor εðSÞ · εðTÞ=εðSjTÞ. The value of R− is
taken from the measurement with the CP-tag modes. The
CP-even fraction measured from the self-tag mode is
Fþ ¼ 0.244� 0.019� 0.002. Here the systematic uncer-
tainty is assigned using the same method as for the
measurement with the CP-tag modes.

C. Measurement with the D → K0
Sπ

+π −
and D → K0

Lπ
+π − tag modes

The measurement of Fþ with the D → K0
Sπ

þπ− and
D → K0

Lπ
þπ− tag modes is performed with the measure-

ments of the populations in the eight bin pairs for the
two tag modes [7]. The measured DT yields for the
D → K0

Sπ
þπ− and D → K0

Lπ
þπ− tag modes after sub-

tracting peaking background in the eight bin pairs are
shown in Fig. 9, which are determined with the same
strategies described in Sec. VI. Equations (8) and (9) are
modified to account for migration effects and variations in
bin-to-bin efficiencies, such that the expected DT yield in
the ith bin pair as a function of Fþ is given by

Mi ¼ h
X8
j¼1

εij
h
KjþK−j−2cj

ffiffiffiffiffiffiffiffiffiffiffiffiffi
KjK−j

p ð2Fþ−1Þ
i

ð14Þ

for the D → K0
Sπ

þπ− tag mode and

M0
i ¼ h0

X8
j¼1

ε0ij
h
K0

jþK0
−jþ2c0j

ffiffiffiffiffiffiffiffiffiffiffiffiffi
K0

jK
0
−j

q
ð2Fþ−1Þ

i
ð15Þ

for theD → K0
Lπ

þπ− tag mode, where εij (ε0ij) is the migra-
tion matrix determined from MC simulation describing

the efficiency for an event produced in the jth bin
and reconstructed in the ith bin. To determine the value
of Fþ, a log-likelihood fit is performed. The likelihood is
given by

−2 logL ¼ −2
X8
i¼1

lnGðNobs
i ; Nexp

i ðFþÞ; σNobs
i
ÞK0

S
− 2

X8
i¼1

lnGðNobs
i ; Nexp

i ðFþÞ; σNobs
i
ÞK0

L
þ

X8
i¼−8

�
Ki − Kinp

i

σKinp
i

�2

K0
S

þ
X8
i¼−8

�
Ki − Kinp

i

σKinp
i

�2

K0
L

þ
X16
i¼1

X16
j¼1

ðci − cinpi Þðcj − cinpj ÞðV−1Þij þ
X16
i¼1

X16
j¼1

�
εij − εinpij

σεinpij

�2

K0
S

þ
X16
i¼1

X16
j¼1

�
εij − εinpij

σεinpij

�2

K0
L

; ð16Þ

FIG. 9. Predicted and measured yields for the D → K0
Sπ

þπ−

(top) and D → K0
Lπ

þπ− (bottom) tag modes in each pair of bins.
The black points with error bars show the measured values.
The red lines show the predicted values from the fit, the dashed
blue lines correspond to Fþ ¼ 0, the dashed-dotted cyan lines
are forFþ ¼ 0.5 corresponding to no quantum correlation, and the
dashed-dotted green lines present the expected yieldswithFþ ¼ 1.
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where Nexp
i is the expected yield in the ith bin pair as a

function of Fþ, Ni
obs is the observed yield with peaking

background subtracted in the ith bin, σNi
obs
is the uncertainty

of the observed yield in the ith bin, Ki and σKi
are the

flavor-tagged fraction in bin i and its uncertainty, respec-
tively, and ci is the strong-phase parameter of the tag mode
in bin i with covariance matrix V. The Ki and ci parameters
are fit parameters, but constrained through Gaussian
functions. The means (Kinp

i and cinpi ) and covariances
(σKinp

i
and Vij) of the Gaussian functions for Ki and ci

are taken from the combined results from the BESIII
and CLEO Collaborations [12]. The elements of the
migration matrix are also fit parameters, but included
with χ2 constraints, with mean εinpij and width σεinpij

, where

the uncertainties arise from the finite size of the MC
sample. The fit is performed twice, once with the full
uncertainties included, and then with only the statistical
contributions. From these fits, it is found that Fþ is
0.244� 0.021� 0.006, where the first uncertainty is stat-
istical, and the second is systematic. Figure 9 shows the
DTyield in each bin, together with the expected yields with
the fitted value of Fþ, and the expected yields with other
values of Fþ. Individual fits performed with each tag mode
separately return compatible results, with 0.211� 0.029
for D → K0

Sπ
þπ− tag modes and 0.290� 0.037 for

D → K0
Lπ

þπ− tag modes, where the combined statistical
and systematic uncertainties are given.

D. Combination of results

Table III summarizes the results of Fþ determined with
different tag modes, which are seen to be consistent with
each other. A least χ2 fit is performed to combine the results
of Fþ, taking the uncertainties and correlations between the
results into account. The correlations are introduced
because of the common use of hRþi and hR−i in
Eqs. (5)–(7). The correlation coefficients between the
correlated tag modes are summarized in Table IV. The
combined result from all tag modes Fþ is 0.235�
0.010� 0.002, which is consistent with the result 0.238�
0.012� 0.012 [8] based on the CLEO-c data, but is a factor
1.7 times more precise. The result is also compatible with

the value Fþ ¼ 0.226� 0.020 deduced from the strong-
phase parameters ci, also determined with CLEO-c data [8].

IX. SUMMARY

The CP-even fraction Fþ of the D0 → K0
Sπ

þπ−π0 decay
is measured by analyzing 2.93 fb−1 of data collected atffiffiffi
s

p ¼ 3.773 GeV with the BESIII detector. The measure-
ment is performed with five categories of tag modes listed
in Table III, which give a consistent set of results.
The combined result is Fþ ¼ 0.235� 0.010� 0.002,
where the first uncertainty is statistical and the second
is systematic. This result is consistent with that obtained
from CLEO-c data [8], but is a factor 1.7 times more
precise. The measured Fþ is an important input for the
measurement of the unitarity triangle angle γ in B → DK,
D → K0

Sπ
þπ−π0 decays. Currently, the measurement is

dominated by statistical uncertainty. A future larger
data sample [31] allows us to improve the precision
significantly.
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