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Beam energy: 1.0 - 2.3 GeV
Energy spread: 5x10-4

Lpeak: 0.7x1033/cm2s
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• D Tagging 
• Measurement of yCP in D0-D0 oscillation
• GGSZ Analysis of D0→K0π+π-
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D Tagging
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Figure 4: D pair production.

Table 1: Tagging modes used and semileptonic signal.

Type Modes

CP+ K+K−, π+π−, KSπ0π0

CP− K0
Sπ

0, K0
Sω, K

0
Sη

l± Keν, Kµν

In the process e+e− → ψ(3770) → D0D̄0, D0 and D̄0 are produced in pairs. Our
experimental technique is D tagging, fully reconstruction of individual D0 or D̄0 is
called single tag(ST), reconstruction of bothD0 and D̄0 is called double tag(DT). (In
branching ratio measurements, given yields of ST and DT, absolute branching ratio
could be determined without needing to know the luminosity or D0D̄0 production
cross section.)

In this analysis, we choose CP modes: K+K−, π+π−, KSπ0π0 which are CP -
even, and the CP -odd states KSπ0, K0

Sω and KSη(modes with KS are not CP
modes exactly, see Appendix A.) as the CP tagging modes, called the CP tagged D
or the hadronic D, Keν and Kµν as the semileptonic signal, called the semileptonic
D.

The total branching ratio ofD goes to inclusive eX is about 6.5%, in whichKeν is
the main process, branching ratio is about 3.55%. Other semileptonic processes, such
as πeν, K∗eν, Kπ0eν..., they have smaller branching fractions and lower efficiencies
that couldn’t have much impact on our final results. Also for the same reason, we
use Kµν, not other semimunic modes.
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Fig. 1. Fit to the invariant mass Mπ+π−π0 for events reconstructed from data. The 
solid line is the total fit and the dashed line shows the polynomial background. The 
shaded area shows the signal region and cross-hatched areas show the sidebands.

Table 2
Requirements on "E for ST D candidates.

Mode Requirement (GeV)

K + K − −0.020 < "E < 0.020
π+π− −0.030 < "E < 0.030
K 0

S π
0π0 −0.080 < "E < 0.045

K 0
S π

0 −0.070 < "E < 0.040
K 0

S ω −0.050 < "E < 0.030
K 0

S η −0.040 < "E < 0.040

2.1. Single tags using CP modes

To identify the reconstructed D candidates, we use two vari-
ables, the beam-constrained mass MBC and the energy difference 
"E , which are defined as

MBC ≡
√

E2
beam/c4 − |p⃗D |2/c2, (5)

"E ≡ E D − Ebeam, (6)

where p⃗D and E D are the momentum and energy of the D can-
didate in the e+e− center-of-mass system, and Ebeam is the beam 
energy. The D signal peaks at the nominal D mass in MBC and at 
zero in "E . We accept only one candidate per mode per event; 
when multiple candidates are present, the one with the small-
est |"E| is chosen. Since the correlation between "E and MBC
is found to be small, this will not bias the background distribution 
in MBC. We apply the mode-dependent "E requirements listed in 
Table 2.

For K +K − and π+π− ST modes, if candidate events contain 
only two charged tracks, the following requirements are applied to 
suppress backgrounds from cosmic rays and Bhabha events. First, 
we require at least one EMC shower separated from the tracks of 
the ST with energy larger than 50 MeV. Second, the two ST tracks 
must not be both identified as muons or electrons, and, if they 
have valid TOF times, the time difference must be less than 5 ns. 
Based on MC studies, no peaking background is present in MBC in 
our ST modes except for the K 0

Sπ
0 mode. In the K 0

Sπ
0 ST mode, 

there are few background events from D0 → ρπ . From MC studies, 
the estimated fraction is less than 0.5%; this will be considered in 
the systematic uncertainties.

The MBC distributions for the six ST modes are shown in Fig. 2. 
Unbinned maximum likelihood fits are performed to obtain the 
numbers of ST yields except in the K 0

Sω mode, for which a binned 
least-square fit is applied to the MBC distribution after subtrac-
tion of the ω sidebands. In each fit, the signal shape is derived 
from simulated signal events convoluted with a bifurcated Gaus-
sian with free parameters to account for imperfect modeling of the 
detector resolution and beam energy calibration. Backgrounds are 
described by the ARGUS [32] function. The measured ST yields in 

Table 3
Yields and efficiencies of all ST and DT modes, where NCP± (NCP±;l ) and εCP±
(εCP±;l ) denote signal yields and detection efficiencies of D → CP± (D D → CP±; l), 
respectively. The uncertainties are statistical only.

ST Mode NCP± εCP± (%)

K + K − 54 494 ±251 61.32 ±0.18
π+π− 19 921 ±174 64.09±0.18
K 0

S π
0π0 24 015 ±236 16.13 ±0.08

K 0
S π

0 71 421 ±285 40.67±0.14
K 0

S ω 20 989 ±243 13.44 ±0.07
K 0

S η 9878 ±117 34.39 ±0.13

DT Mode NCP±;l εCP±;l (%)

K + K − , K eν 1216 ±40 39.80 ±0.14
π+π− , K eν 427 ±23 41.75 ±0.14
K 0

S π
0π0, K eν 560 ±28 11.05±0.07

K 0
S π

0, K eν 1699 ±47 26.70 ±0.12
K 0

S ω, K eν 481 ±30 9.27±0.07
K 0

S η, K eν 243 ±17 22.96 ±0.11
K + K − , Kµν 1093 ±37 36.89 ±0.14
π+π− , Kµν 400 ±23 38.43 ±0.15
K 0

S π
0π0, Kµν 558 ±28 10.76±0.08

K 0
S π

0, Kµν 1475 ±43 25.21 ±0.12
K 0

S ω, Kµν 521 ±27 8.75±0.07
K 0

S η, Kµν 241 ±18 21.85 ±0.11

the signal region of 1.855 GeV/c2 < MBC < 1.875 GeV/c2 and the 
corresponding efficiencies are given in Table 3.

2.2. Double tags of semileptonic modes

In each ST event, we search among the unused tracks and 
showers for semileptonic D → K e(µ)ν candidates. We require that 
there be exactly two oppositely-charged tracks that satisfy the 
fiducial requirements described above.

In searching for Kµν decays, kaon candidates are required to 
satisfy L(K ) > L(π). If the two tracks can pass the criterion, the 
track with larger L(K ) is taken as the K ± candidate, and the 
other track is assumed to be the µ candidate. The energy de-
posit in the EMC of the µ candidate is required to be less than 
0.3 GeV. We further require the Kµ invariant mass MKµ to be 
less than 1.65 GeV/c2 to reject D → Kπ backgrounds. The total 
energy of remaining unmatched EMC showers, denoted as Eextra, 
is required to be less than 0.2 GeV to suppress D → Kππ0 back-
grounds. To reduce backgrounds from the D → K eν process, the 
ratio RL′ (e) ≡ L′(e)/[L′(e) + L′(µ) + L′(π) + L′(K )] is required 
to be less than 0.8, where the likelihood L′(i) for the hypothesis 
i = e, µ, π or K is formed by combining EMC information with 
the dE/dx and TOF information.

To select K eν events, electron candidates are required to satisfy 
L′(e) > 0.001 and R′

L′ (e) > 0.8, where R′
L′ (e) ≡ L′(e)/[L′(e) +

L′(π) + L′(K )]. If both tracks satisfy these requirements, the one 
with larger R′

L′ (e) is taken as the electron. The remaining track is 
required to satisfy L(K ) > L(π).

The variable Umiss is used to distinguish semileptonic signal 
events from background:

Umiss ≡ Emiss − c|p⃗miss|, (7)

where,

Emiss ≡ Ebeam − E K − El, (8)

p⃗miss ≡ −
[

p⃗K + p⃗l + p̂ST

√
E2

beam/c2 − c2m2
D

]
, (9)
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Fig. 1. Fit to the invariant mass Mπ+π−π0 for events reconstructed from data. The 
solid line is the total fit and the dashed line shows the polynomial background. The 
shaded area shows the signal region and cross-hatched areas show the sidebands.
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D Tagging is used for selecting events.
Single Tag, Fully reconstruct one D decay
Double Tag, when the partner D is also reconstructed.

Single Tag (ST):

Tag modes are reconstructed requiring a 
certain window for the ΔE variable.344 BESIII Collaboration / Physics Letters B 744 (2015) 339–346

Fig. 2. The MBC distributions for ST D candidates from data. The solid line is the total fit and the dashed line shows the background contribution described by an ARGUS 
function.

E K (l) ( p⃗K (l)) is the energy (three-momentum) of K ∓ (l±), p̂ST is 
the unit vector in the direction of the reconstructed CP-tagged D
and mD is the nominal D mass. The use of the beam energy and 
the nominal D mass for the magnitude of the CP-tagged D im-
proves the Umiss resolution. Since E equals to |p⃗|c for a neutrino, 
the signal peaks at zero in Umiss.

The Umiss distributions are shown in Fig. 3, where the tagged-D
is required to be in the region of 1.855 GeV/c2 < MBC <
1.875 GeV/c2. DT yields, obtained by fitting the Umiss spectra, are 
listed in Table 3. Unbinned maximum likelihood fits are performed 
for all modes except for modes including ω. For modes including 
an ω, binned least-square fits are performed to the ω sideband-
subtracted Umiss distributions. In each fit, the K eν or Kµν signal 
is modeled by the MC-determined shape convoluted with a bifur-
cated Gaussian where all parameters are allowed to vary in the fit. 
Backgrounds for K eν are well described with a first-order polyno-
mial. However, in the Kµν mode, backgrounds are more complex 
and consist of three parts. The primary background comes from 
D → Kππ0 decay. To better control this background, we select 
a sample of D → Kππ0 in data by requiring Eextra > 0.5 GeV, in 
which the Umiss shape of Kππ0 is proved to be basically the same 
as that in the region of Eextra < 0.2 GeV in MC simulation. The se-
lected Kππ0 sample is used to extract the resolution differences 
in the Umiss shape of Kππ0 in MC and data, and to obtain the 
D → Kππ0 yields in Eextra > 0.5 GeV region. Then, in fits to Umiss, 
the Kππ0 is described by the resolution-corrected shape from MC 
simulations and its size is fixed according to the relative simulated 
efficiencies of the Eextra > 0.5 GeV and Eextra < 0.2 GeV selection 
criteria. The second background from K eν events is modeled by a 
MC-determined shape. Its ratio to the signal yields is about 3.5% 
based on MC studies and is fixed in the fits. Background in the 
third category includes all other background processes, which are 
well described with a first-order polynomial.

3. Systematic uncertainties

Most sources of uncertainties for the ST or DT efficiencies, such 
as tracking, PID, and π0, η, K 0

S reconstruction, cancel out in de-
termining yCP . The main systematic uncertainties come from the 
background veto, modeling of the signals and backgrounds, fake 
tagged signals, and the CP-purity of ST events, as shown in Ta-
ble 4.

The cosmic and Bhabha veto is applied only for the K K and 
ππ ST events which have only two tracks. The effect of this veto 
is estimated based on MC simulation. We compare the cases with 
and without this requirement and the resultant relative changes in 

ST efficiencies are about 0.3% for both the K K and ππ modes. The 
resulting systematic uncertainty on yCP is 0.001.

Peaking backgrounds are studied for different ST modes, espe-
cially for ρπ backgrounds in the K 0

Sπ
0 tag mode and K 0

Sπ
+π−π0

backgrounds in the K 0
Sω tag mode. Based on a study of the inclu-

sive MC samples, the fraction of peaking backgrounds in K 0
Sπ

0 is 
0.3%. The uncertainties on yCP caused by this is about 0.001. Un-
certainties from the sideband subtraction of peaking backgrounds 
for the K 0

Sω mode are studied by changing the sideband and signal 
regions; changes in the efficiency-corrected yields are negligible.

Fits to the MBC and Umiss spectra could induce systematic er-
rors by the modeling of the signal and background shape. The MC-
determined signal shapes convoluted with a Gaussian are found 
to describe the data well, and systematic uncertainties from the 
modeling of the signal are assumed to be negligible. To estimate 
uncertainties from modeling of backgrounds, different methods are 
considered. For the CP ST yields, we include an additional back-
ground component to account for the ψ(3770) → D D process with 
a shape determined by MC simulation whose yield is determined 
in the fit. The uncertainties in the fits to MBC are uncorrelated 
among different tag modes, and the obtained change on yCP is 
0.001. For the DT semileptonic yields, the polynomial functions 
that are used to describe backgrounds in our nominal fits are re-
placed by a shape derived from MC simulations. For the Kµν
mode, the size of the main background Kππ0 is fixed in our nom-
inal fit, so the statistical uncertainties of the number of selected 
Kππ0 events introduces a systematic error. To estimate the asso-
ciated uncertainty, we vary its size by ±1 standard deviation based 
on the selected Kππ0 samples. Systematic uncertainties due to 
the Umiss fits are treated as positively correlated among different 
tag modes. We take the maximum change on the resultant yCP , 
that is 0.006, as systematic uncertainty.

The DT yields are obtained from the fit to the Umiss spectra. 
However, one also has to consider events that peak at Umiss but are 
backgrounds in the MBC spectra, the so-called fake tagged signals. 
This issue is examined by fitting to the MBC versus Umiss two-
dimensional plots. From this study, the fake tagged signal compo-
nent is proved to be very small. The resulting difference on yCP is 
0.002 and assigned as a systematic uncertainty.

We study the CP-purities of ST modes by searching for same-CP
DT signals in data. Assuming CP conservation in the charm sector, 
the same-CP process is prohibited, unless the studied CP modes 
are not pure or the initial C-odd D0 D0 system is diluted. The CP
modes involving K 0

S are not pure due to the existence of small 
CPV in K 0–K 0 mixing [6]. However, this small effect is negligible 

Example fits

DD pairs are produced while running at 3.773 GeV ~93% the time

Double Tag (DT):

Depending on the D decay that is being 
studied, MBC or some other variable will 
be used to calculate double tag yields.

Both analyses that I will be talking about use D Tagging.

̅

̅

MBC distribution is fit to calculate 
tag yields.
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1. Introduction

1.1. Charm oscillation

It is well known that oscillations between meson and antime-
son, also called mixing, can occur when the flavor eigenstates 
differ from the physical mass eigenstates. These effects provide 
a mechanism whereby interference in the transition amplitudes 
of mesons and antimesons may occur. They may also allow for 
manifestation of CP violation (CPV) in the underlying dynamics 
[1,2]. Oscillations in the K 0–K 0 [3], B0–B0 [4] and B0

s –B0
s [5]

systems are established; their oscillation rates are well-measured 
and consistent with predictions from the Standard Model (SM) [6]. 
After an accumulation of strong evidence from a variety of exper-
iments [7–9], D0–D0 oscillations were recently firmly established 
by LHCb [10]. The results were soon confirmed by CDF [11] and 
Belle [12].

The oscillations are conventionally characterized by two dimen-
sionless parameters x = !m/" and y = !"/2", where !m and 
!" are the mass and width differences between the two mass 
eigenstates and " is the average decay width of those eigenstates. 
The mass eigenstates can be written as |D1,2⟩ = p|D0⟩ ± q|D0⟩, 
where p and q are complex parameters and φ = arg(q/p) is a 
CP-violating phase. Using the phase convention CP|D0⟩ = +|D0⟩, 
the CP eigenstates of the D meson can be written as

|DCP+⟩ ≡ |D0⟩ + |D0⟩√
2

, |DCP−⟩ ≡ |D0⟩ − |D0⟩√
2

. (1)
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The difference in the effective lifetime between D decays to CP
eigenstates and flavor eigenstates can be parameterized by yCP . In 
the absence of direct CPV , but allowing for small indirect CPV , we 
have [13]

yCP = 1
2

[
y cos φ

(∣∣∣∣
q
p

∣∣∣∣ +
∣∣∣∣

p
q

∣∣∣∣

)
− x sin φ

(∣∣∣∣
q
p

∣∣∣∣ −
∣∣∣∣

p
q

∣∣∣∣

)]
. (2)

In the absence of CPV , one has |p/q| = 1 and φ = 0, leading to 
yCP = y.

Although D0–D0 mixing from short-distance physics is sup-
pressed by the CKM matrix [14,15] and the GIM mechanism [16], 
sizeable charm mixing can arise from long-distance processes and 
new physics [1,17]. Current experimental precision [18] is not suf-
ficient to conclude whether physics beyond the SM is involved, and 
further constraints are needed. So far, the most precise determina-
tion of the size of the mixing has been obtained by measuring the 
time-dependent decay rate in the D → K ±π∓ channel [10–12]. 
However, the resulting information on the mixing parameters x
and y is highly correlated. It is important to access the mixing 
parameters x and y directly to provide complementary constraints.

In this analysis, we use a time-integrated method to extract yCP , 
as proposed in the references [19–22], which uses threshold D0 D0

pair production in e+e− → γ ∗ → D0 D0. In this process, the D0 D0

pair is in a state of definite C = −1, such that the two D mesons 
necessarily have opposite CP eigenvalues. The method utilizes the 
semileptonic decays of D meson and hence, avoids the complica-
tions from hadronic effects in D decays, thus provides a clean and 
unique way to probe the D0–D0 oscillation.

1.2. Formalism

In the semileptonic decays of neutral D mesons (denoted as 
D → l),9 the partial decay width is only sensitive to flavor content 
and does not depend on the CP eigenvalue of the parent D meson. 
However, the total decay width of the DCP± does depend on its CP
eigenvalue: "CP± = "(1 ± yCP). Thus, the semileptonic branching 
fraction of the CP eigenstates DCP± is BDCP±→l ≈ BD→l(1 ∓ yCP), 
and yCP can be obtained as

9 Charge-conjugate modes are implied.

Measurement of yCP in D0-D0 oscillation

BESIII Collaboration / Physics Letters B 744 (2015) 339–346 341

aw University of South China, Hengyang 421001, People’s Republic of China
ax University of the Punjab, Lahore-54590, Pakistan
ay University of Turin, I-10125, Turin, Italy
az University of Eastern Piedmont, I-15121, Alessandria, Italy
ba INFN, I-10125, Turin, Italy
bb Uppsala University, Box 516, SE-75120 Uppsala, Sweden
bc Wuhan University, Wuhan 430072, People’s Republic of China
bd Zhejiang University, Hangzhou 310027, People’s Republic of China
be Zhengzhou University, Zhengzhou 450001, People’s Republic of China

a r t i c l e i n f o a b s t r a c t

Article history:
Received 7 January 2015
Received in revised form 19 March 2015
Accepted 6 April 2015
Available online 9 April 2015
Editor: L. Rolandi

Keywords:
BESIII
D0–D0 oscillation
yCP
Quantum correlation

We report a measurement of the parameter yCP in D0–D0 oscillations performed by taking advantage of 
quantum coherence between pairs of D0 D0 mesons produced in e+e− annihilations near threshold. In 
this work, doubly-tagged D0 D0 events, where one D decays to a CP eigenstate and the other D decays 
in a semileptonic mode, are reconstructed using a data sample of 2.92 fb−1 collected with the BESIII 
detector at the center-of-mass energy of √s = 3.773 GeV. We obtain yCP = (−2.0 ± 1.3 ± 0.7)%, where 
the first uncertainty is statistical and the second is systematic. This result is compatible with the current 
world average.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

1.1. Charm oscillation

It is well known that oscillations between meson and antime-
son, also called mixing, can occur when the flavor eigenstates 
differ from the physical mass eigenstates. These effects provide 
a mechanism whereby interference in the transition amplitudes 
of mesons and antimesons may occur. They may also allow for 
manifestation of CP violation (CPV) in the underlying dynamics 
[1,2]. Oscillations in the K 0–K 0 [3], B0–B0 [4] and B0

s –B0
s [5]

systems are established; their oscillation rates are well-measured 
and consistent with predictions from the Standard Model (SM) [6]. 
After an accumulation of strong evidence from a variety of exper-
iments [7–9], D0–D0 oscillations were recently firmly established 
by LHCb [10]. The results were soon confirmed by CDF [11] and 
Belle [12].

The oscillations are conventionally characterized by two dimen-
sionless parameters x = !m/" and y = !"/2", where !m and 
!" are the mass and width differences between the two mass 
eigenstates and " is the average decay width of those eigenstates. 
The mass eigenstates can be written as |D1,2⟩ = p|D0⟩ ± q|D0⟩, 
where p and q are complex parameters and φ = arg(q/p) is a 
CP-violating phase. Using the phase convention CP|D0⟩ = +|D0⟩, 
the CP eigenstates of the D meson can be written as

|DCP+⟩ ≡ |D0⟩ + |D0⟩√
2

, |DCP−⟩ ≡ |D0⟩ − |D0⟩√
2

. (1)
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The difference in the effective lifetime between D decays to CP
eigenstates and flavor eigenstates can be parameterized by yCP . In 
the absence of direct CPV , but allowing for small indirect CPV , we 
have [13]
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In the absence of CPV , one has |p/q| = 1 and φ = 0, leading to 
yCP = y.

Although D0–D0 mixing from short-distance physics is sup-
pressed by the CKM matrix [14,15] and the GIM mechanism [16], 
sizeable charm mixing can arise from long-distance processes and 
new physics [1,17]. Current experimental precision [18] is not suf-
ficient to conclude whether physics beyond the SM is involved, and 
further constraints are needed. So far, the most precise determina-
tion of the size of the mixing has been obtained by measuring the 
time-dependent decay rate in the D → K ±π∓ channel [10–12]. 
However, the resulting information on the mixing parameters x
and y is highly correlated. It is important to access the mixing 
parameters x and y directly to provide complementary constraints.

In this analysis, we use a time-integrated method to extract yCP , 
as proposed in the references [19–22], which uses threshold D0 D0

pair production in e+e− → γ ∗ → D0 D0. In this process, the D0 D0

pair is in a state of definite C = −1, such that the two D mesons 
necessarily have opposite CP eigenvalues. The method utilizes the 
semileptonic decays of D meson and hence, avoids the complica-
tions from hadronic effects in D decays, thus provides a clean and 
unique way to probe the D0–D0 oscillation.

1.2. Formalism

In the semileptonic decays of neutral D mesons (denoted as 
D → l),9 the partial decay width is only sensitive to flavor content 
and does not depend on the CP eigenvalue of the parent D meson. 
However, the total decay width of the DCP± does depend on its CP
eigenvalue: "CP± = "(1 ± yCP). Thus, the semileptonic branching 
fraction of the CP eigenstates DCP± is BDCP±→l ≈ BD→l(1 ∓ yCP), 
and yCP can be obtained as

9 Charge-conjugate modes are implied.
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In the absence of CPV , one has |p/q| = 1 and φ = 0, leading to 
yCP = y.

Although D0–D0 mixing from short-distance physics is sup-
pressed by the CKM matrix [14,15] and the GIM mechanism [16], 
sizeable charm mixing can arise from long-distance processes and 
new physics [1,17]. Current experimental precision [18] is not suf-
ficient to conclude whether physics beyond the SM is involved, and 
further constraints are needed. So far, the most precise determina-
tion of the size of the mixing has been obtained by measuring the 
time-dependent decay rate in the D → K ±π∓ channel [10–12]. 
However, the resulting information on the mixing parameters x
and y is highly correlated. It is important to access the mixing 
parameters x and y directly to provide complementary constraints.

In this analysis, we use a time-integrated method to extract yCP , 
as proposed in the references [19–22], which uses threshold D0 D0

pair production in e+e− → γ ∗ → D0 D0. In this process, the D0 D0

pair is in a state of definite C = −1, such that the two D mesons 
necessarily have opposite CP eigenvalues. The method utilizes the 
semileptonic decays of D meson and hence, avoids the complica-
tions from hadronic effects in D decays, thus provides a clean and 
unique way to probe the D0–D0 oscillation.

1.2. Formalism

In the semileptonic decays of neutral D mesons (denoted as 
D → l),9 the partial decay width is only sensitive to flavor content 
and does not depend on the CP eigenvalue of the parent D meson. 
However, the total decay width of the DCP± does depend on its CP
eigenvalue: "CP± = "(1 ± yCP). Thus, the semileptonic branching 
fraction of the CP eigenstates DCP± is BDCP±→l ≈ BD→l(1 ∓ yCP), 
and yCP can be obtained as

9 Charge-conjugate modes are implied.
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mass and the width differences 
between two mass eigenstates
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Although D0–D0 mixing from short-distance physics is sup-
pressed by the CKM matrix [14,15] and the GIM mechanism [16], 
sizeable charm mixing can arise from long-distance processes and 
new physics [1,17]. Current experimental precision [18] is not suf-
ficient to conclude whether physics beyond the SM is involved, and 
further constraints are needed. So far, the most precise determina-
tion of the size of the mixing has been obtained by measuring the 
time-dependent decay rate in the D → K ±π∓ channel [10–12]. 
However, the resulting information on the mixing parameters x
and y is highly correlated. It is important to access the mixing 
parameters x and y directly to provide complementary constraints.

In this analysis, we use a time-integrated method to extract yCP , 
as proposed in the references [19–22], which uses threshold D0 D0

pair production in e+e− → γ ∗ → D0 D0. In this process, the D0 D0

pair is in a state of definite C = −1, such that the two D mesons 
necessarily have opposite CP eigenvalues. The method utilizes the 
semileptonic decays of D meson and hence, avoids the complica-
tions from hadronic effects in D decays, thus provides a clean and 
unique way to probe the D0–D0 oscillation.

1.2. Formalism

In the semileptonic decays of neutral D mesons (denoted as 
D → l),9 the partial decay width is only sensitive to flavor content 
and does not depend on the CP eigenvalue of the parent D meson. 
However, the total decay width of the DCP± does depend on its CP
eigenvalue: "CP± = "(1 ± yCP). Thus, the semileptonic branching 
fraction of the CP eigenstates DCP± is BDCP±→l ≈ BD→l(1 ∓ yCP), 
and yCP can be obtained as
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pressed by the CKM matrix [14,15] and the GIM mechanism [16], 
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ficient to conclude whether physics beyond the SM is involved, and 
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tion of the size of the mixing has been obtained by measuring the 
time-dependent decay rate in the D → K ±π∓ channel [10–12]. 
However, the resulting information on the mixing parameters x
and y is highly correlated. It is important to access the mixing 
parameters x and y directly to provide complementary constraints.

In this analysis, we use a time-integrated method to extract yCP , 
as proposed in the references [19–22], which uses threshold D0 D0

pair production in e+e− → γ ∗ → D0 D0. In this process, the D0 D0

pair is in a state of definite C = −1, such that the two D mesons 
necessarily have opposite CP eigenvalues. The method utilizes the 
semileptonic decays of D meson and hence, avoids the complica-
tions from hadronic effects in D decays, thus provides a clean and 
unique way to probe the D0–D0 oscillation.

1.2. Formalism

In the semileptonic decays of neutral D mesons (denoted as 
D → l),9 the partial decay width is only sensitive to flavor content 
and does not depend on the CP eigenvalue of the parent D meson. 
However, the total decay width of the DCP± does depend on its CP
eigenvalue: "CP± = "(1 ± yCP). Thus, the semileptonic branching 
fraction of the CP eigenstates DCP± is BDCP±→l ≈ BD→l(1 ∓ yCP), 
and yCP can be obtained as
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1. Introduction

1.1. Charm oscillation

It is well known that oscillations between meson and antime-
son, also called mixing, can occur when the flavor eigenstates 
differ from the physical mass eigenstates. These effects provide 
a mechanism whereby interference in the transition amplitudes 
of mesons and antimesons may occur. They may also allow for 
manifestation of CP violation (CPV) in the underlying dynamics 
[1,2]. Oscillations in the K 0–K 0 [3], B0–B0 [4] and B0

s –B0
s [5]

systems are established; their oscillation rates are well-measured 
and consistent with predictions from the Standard Model (SM) [6]. 
After an accumulation of strong evidence from a variety of exper-
iments [7–9], D0–D0 oscillations were recently firmly established 
by LHCb [10]. The results were soon confirmed by CDF [11] and 
Belle [12].

The oscillations are conventionally characterized by two dimen-
sionless parameters x = !m/" and y = !"/2", where !m and 
!" are the mass and width differences between the two mass 
eigenstates and " is the average decay width of those eigenstates. 
The mass eigenstates can be written as |D1,2⟩ = p|D0⟩ ± q|D0⟩, 
where p and q are complex parameters and φ = arg(q/p) is a 
CP-violating phase. Using the phase convention CP|D0⟩ = +|D0⟩, 
the CP eigenstates of the D meson can be written as

|DCP+⟩ ≡ |D0⟩ + |D0⟩√
2

, |DCP−⟩ ≡ |D0⟩ − |D0⟩√
2

. (1)
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The difference in the effective lifetime between D decays to CP
eigenstates and flavor eigenstates can be parameterized by yCP . In 
the absence of direct CPV , but allowing for small indirect CPV , we 
have [13]

yCP = 1
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In the absence of CPV , one has |p/q| = 1 and φ = 0, leading to 
yCP = y.

Although D0–D0 mixing from short-distance physics is sup-
pressed by the CKM matrix [14,15] and the GIM mechanism [16], 
sizeable charm mixing can arise from long-distance processes and 
new physics [1,17]. Current experimental precision [18] is not suf-
ficient to conclude whether physics beyond the SM is involved, and 
further constraints are needed. So far, the most precise determina-
tion of the size of the mixing has been obtained by measuring the 
time-dependent decay rate in the D → K ±π∓ channel [10–12]. 
However, the resulting information on the mixing parameters x
and y is highly correlated. It is important to access the mixing 
parameters x and y directly to provide complementary constraints.

In this analysis, we use a time-integrated method to extract yCP , 
as proposed in the references [19–22], which uses threshold D0 D0

pair production in e+e− → γ ∗ → D0 D0. In this process, the D0 D0

pair is in a state of definite C = −1, such that the two D mesons 
necessarily have opposite CP eigenvalues. The method utilizes the 
semileptonic decays of D meson and hence, avoids the complica-
tions from hadronic effects in D decays, thus provides a clean and 
unique way to probe the D0–D0 oscillation.

1.2. Formalism

In the semileptonic decays of neutral D mesons (denoted as 
D → l),9 the partial decay width is only sensitive to flavor content 
and does not depend on the CP eigenvalue of the parent D meson. 
However, the total decay width of the DCP± does depend on its CP
eigenvalue: "CP± = "(1 ± yCP). Thus, the semileptonic branching 
fraction of the CP eigenstates DCP± is BDCP±→l ≈ BD→l(1 ∓ yCP), 
and yCP can be obtained as

9 Charge-conjugate modes are implied.

allowing small indirect CPV
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It is well known that oscillations between meson and antime-
son, also called mixing, can occur when the flavor eigenstates 
differ from the physical mass eigenstates. These effects provide 
a mechanism whereby interference in the transition amplitudes 
of mesons and antimesons may occur. They may also allow for 
manifestation of CP violation (CPV) in the underlying dynamics 
[1,2]. Oscillations in the K 0–K 0 [3], B0–B0 [4] and B0
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systems are established; their oscillation rates are well-measured 
and consistent with predictions from the Standard Model (SM) [6]. 
After an accumulation of strong evidence from a variety of exper-
iments [7–9], D0–D0 oscillations were recently firmly established 
by LHCb [10]. The results were soon confirmed by CDF [11] and 
Belle [12].

The oscillations are conventionally characterized by two dimen-
sionless parameters x = !m/" and y = !"/2", where !m and 
!" are the mass and width differences between the two mass 
eigenstates and " is the average decay width of those eigenstates. 
The mass eigenstates can be written as |D1,2⟩ = p|D0⟩ ± q|D0⟩, 
where p and q are complex parameters and φ = arg(q/p) is a 
CP-violating phase. Using the phase convention CP|D0⟩ = +|D0⟩, 
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In the absence of CPV , one has |p/q| = 1 and φ = 0, leading to 
yCP = y.

Although D0–D0 mixing from short-distance physics is sup-
pressed by the CKM matrix [14,15] and the GIM mechanism [16], 
sizeable charm mixing can arise from long-distance processes and 
new physics [1,17]. Current experimental precision [18] is not suf-
ficient to conclude whether physics beyond the SM is involved, and 
further constraints are needed. So far, the most precise determina-
tion of the size of the mixing has been obtained by measuring the 
time-dependent decay rate in the D → K ±π∓ channel [10–12]. 
However, the resulting information on the mixing parameters x
and y is highly correlated. It is important to access the mixing 
parameters x and y directly to provide complementary constraints.

In this analysis, we use a time-integrated method to extract yCP , 
as proposed in the references [19–22], which uses threshold D0 D0

pair production in e+e− → γ ∗ → D0 D0. In this process, the D0 D0

pair is in a state of definite C = −1, such that the two D mesons 
necessarily have opposite CP eigenvalues. The method utilizes the 
semileptonic decays of D meson and hence, avoids the complica-
tions from hadronic effects in D decays, thus provides a clean and 
unique way to probe the D0–D0 oscillation.

1.2. Formalism

In the semileptonic decays of neutral D mesons (denoted as 
D → l),9 the partial decay width is only sensitive to flavor content 
and does not depend on the CP eigenvalue of the parent D meson. 
However, the total decay width of the DCP± does depend on its CP
eigenvalue: "CP± = "(1 ± yCP). Thus, the semileptonic branching 
fraction of the CP eigenstates DCP± is BDCP±→l ≈ BD→l(1 ∓ yCP), 
and yCP can be obtained as

9 Charge-conjugate modes are implied.
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1.1. Charm oscillation

It is well known that oscillations between meson and antime-
son, also called mixing, can occur when the flavor eigenstates 
differ from the physical mass eigenstates. These effects provide 
a mechanism whereby interference in the transition amplitudes 
of mesons and antimesons may occur. They may also allow for 
manifestation of CP violation (CPV) in the underlying dynamics 
[1,2]. Oscillations in the K 0–K 0 [3], B0–B0 [4] and B0

s –B0
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systems are established; their oscillation rates are well-measured 
and consistent with predictions from the Standard Model (SM) [6]. 
After an accumulation of strong evidence from a variety of exper-
iments [7–9], D0–D0 oscillations were recently firmly established 
by LHCb [10]. The results were soon confirmed by CDF [11] and 
Belle [12].

The oscillations are conventionally characterized by two dimen-
sionless parameters x = !m/" and y = !"/2", where !m and 
!" are the mass and width differences between the two mass 
eigenstates and " is the average decay width of those eigenstates. 
The mass eigenstates can be written as |D1,2⟩ = p|D0⟩ ± q|D0⟩, 
where p and q are complex parameters and φ = arg(q/p) is a 
CP-violating phase. Using the phase convention CP|D0⟩ = +|D0⟩, 
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The difference in the effective lifetime between D decays to CP
eigenstates and flavor eigenstates can be parameterized by yCP . In 
the absence of direct CPV , but allowing for small indirect CPV , we 
have [13]
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In the absence of CPV , one has |p/q| = 1 and φ = 0, leading to 
yCP = y.

Although D0–D0 mixing from short-distance physics is sup-
pressed by the CKM matrix [14,15] and the GIM mechanism [16], 
sizeable charm mixing can arise from long-distance processes and 
new physics [1,17]. Current experimental precision [18] is not suf-
ficient to conclude whether physics beyond the SM is involved, and 
further constraints are needed. So far, the most precise determina-
tion of the size of the mixing has been obtained by measuring the 
time-dependent decay rate in the D → K ±π∓ channel [10–12]. 
However, the resulting information on the mixing parameters x
and y is highly correlated. It is important to access the mixing 
parameters x and y directly to provide complementary constraints.

In this analysis, we use a time-integrated method to extract yCP , 
as proposed in the references [19–22], which uses threshold D0 D0

pair production in e+e− → γ ∗ → D0 D0. In this process, the D0 D0

pair is in a state of definite C = −1, such that the two D mesons 
necessarily have opposite CP eigenvalues. The method utilizes the 
semileptonic decays of D meson and hence, avoids the complica-
tions from hadronic effects in D decays, thus provides a clean and 
unique way to probe the D0–D0 oscillation.

1.2. Formalism

In the semileptonic decays of neutral D mesons (denoted as 
D → l),9 the partial decay width is only sensitive to flavor content 
and does not depend on the CP eigenvalue of the parent D meson. 
However, the total decay width of the DCP± does depend on its CP
eigenvalue: "CP± = "(1 ± yCP). Thus, the semileptonic branching 
fraction of the CP eigenstates DCP± is BDCP±→l ≈ BD→l(1 ∓ yCP), 
and yCP can be obtained as

9 Charge-conjugate modes are implied.

Branching fraction of a semileptonic decay becomes: 

342 BESIII Collaboration / Physics Letters B 744 (2015) 339–346

Table 1
D final states reconstructed in this analysis.

Type Mode

CP+ K + K − , π+π− , K 0
S π

0π0

CP− K 0
S π

0, K 0
S ω, K 0

S η
Semileptonic K ∓e±ν , K ∓µ±ν

yCP ≈ 1
4

(BDCP−→l

BDCP+→l
− BDCP+→l

BDCP−→l

)
. (3)

At BESIII, quantum-correlated D0 D0 pairs produced at thresh-
old allow us to measure BDCP±→l . Specifically, we begin with a fully 
reconstructed D candidate decaying into a CP eigenstate, the so-
called Single Tag (ST). We have thus tagged the CP eigenvalue of 
the partner D meson. For a subset of the ST events, the so-called 
Double Tag (DT) events, this tagged partner D meson is also ob-
served via one of the semileptonic decay channels. CP violation in 
D decays is known to be very small [18], and can be safely ne-
glected. Therefore, BDCP∓→l can be obtained as

BDCP∓→l = NCP±;l
NCP±

· εCP±
εCP±;l

, (4)

where NCP± (NCP±;l) and εCP± (εCP±;l) denote the signal yields and 
detection efficiencies of ST decays D → CP± (DT decays D D →
CP±; l), respectively. For CP eigenstates, as listed in Table 1, we 
choose modes with unambiguous CP content and copious yields. 
The CP violation in K 0

S decays is known to be very small, it is 
therefore neglected. The semileptonic modes used for the DT in 
this analysis are K ∓e±ν and K ∓µ±ν . 

1.3. The BESIII detector and data sample

The analysis presented in this paper is based on a data sam-
ple with an integrated luminosity of 2.92 fb−1 [23] collected with 
the BESIII detector [24] at the center-of-mass energy of 

√
s =

3.773 GeV. The BESIII detector is a general-purpose solenoidal de-
tector at the BEPCII [25] double storage rings. The detector has a 
geometrical acceptance of 93% of the full solid angle. We briefly 
describe the components of BESIII from the interaction point (IP) 
outwards. A small-cell main drift chamber (MDC), using a helium-
based gas to measure momenta and specific ionizations of charged 
particles, is surrounded by a time-of-flight (TOF) system based 
on plastic scintillators that determines the flight times of charged 
particles. A CsI(Tl) electromagnetic calorimeter (EMC) detects elec-
tromagnetic showers. These components are all situated inside a 
superconducting solenoid magnet, that provides a 1.0 T magnetic 
field parallel to the beam direction. Finally, a multi-layer resis-
tive plate counter system installed in the iron flux return yoke 
of the magnet is used to track muons. The momentum resolution 
for charged tracks in the MDC is 0.5% for a transverse momen-
tum of 1 GeV/c. The energy resolution for showers in the EMC is 
2.5% (5.0%) for 1 GeV photons in the barrel (end cap) region. More 
details on the features and capabilities of BESIII can be found else-
where [24].

High-statistics Monte Carlo (MC) simulations are used to eval-
uate the detection efficiency and to understand backgrounds. The
geant4-based [26] MC simulation program is designed to simulate 
interactions of particles in the spectrometer and the detector re-
sponse. For the production of ψ(3770), the kkmc [27] package is 
used; the beam energy spread and the effects of initial-state radi-
ation (ISR) are included. The MC samples consist of the D D pairs 
with consideration of quantum coherence for all modes relevant to 
this analysis, non-D D decays of ψ(3770), ISR production of low-
mass ψ states, and QED and qq̄ continuum processes. The effective 

luminosity of the MC samples is about 10 times that of the an-
alyzed data. Known decays recorded by the Particle Data Group 
(PDG) [6] are generated with evtgen [28,29] using PDG branch-
ing fractions, and the remaining unknown decays are generated 
with lundcharm [30]. Final-state radiation (FSR) of charged tracks 
is taken into account with the photos package [31].

2. Event selection and data analysis

Each charged track is required to satisfy | cos θ | < 0.93, where 
θ is the polar angle with respect to the beam axis. Charged tracks 
other than K 0

S daughters are required to be within 1 cm of the IP 
transverse to the beam line and within 10 cm of the IP along the 
beam axis. Particle identification for charged hadrons h (h = π , K ) 
is accomplished by combining the measured energy loss (dE/dx) 
in the MDC and the flight time obtained from the TOF to form a 
likelihood L(h) for each hadron hypothesis. The K ± (π±) candi-
dates are required to satisfy L(K ) > L(π) (L(π) > L(K )).

The K 0
S candidates are selected with a vertex-constrained fit 

from pairs of oppositely charged tracks, which are required to be 
within 20 cm of the IP along the beam direction; no constraint 
in the transverse plane is required. The two charged tracks are 
not subjected to the particle identification discussed above, and 
are assumed to be pions. We impose 0.487 GeV/c2 < Mπ+π− <

0.511 GeV/c2, that is within about 3 standard deviations of the 
observed K 0

S mass, and the two tracks are constrained to originate 
from a common decay vertex by requiring the χ2 of the vertex fit 
to be less than 100. The decay vertex is required to be separated 
from the IP with a significance greater than two standard devia-
tions.

Reconstructed EMC showers that are separated from the extrap-
olated positions of any charged tracks by more than 10 standard 
deviations are taken as photon candidates. The energy deposited in 
nearby TOF counters is included to improve the reconstruction effi-
ciency and energy resolution. Photon candidates must have a min-
imum energy of 25 MeV for barrel showers (| cos θ | < 0.80) and 
50 MeV for end cap showers (0.84 < | cos θ | < 0.92). The show-
ers in the gap between the barrel and the end cap regions are 
poorly reconstructed and thus excluded. The shower timing is re-
quired to be no later than 700 ns after the reconstructed event 
start time to suppress electronic noise and energy deposits un-
related to the event. The η and π0 candidates are reconstructed 
from pairs of photons. Due to the poorer resolution in the EMC end 
cap regions, those candidates with both photons coming from EMC 
end caps are rejected. The invariant mass Mγ γ is required to be 
0.115 GeV/c2 < Mγ γ < 0.150 GeV/c2 for π0 and 0.505 GeV/c2 <

Mγ γ < 0.570 GeV/c2 for η candidates. The photon pair is kine-
matically constrained to the nominal mass of the π0 or η [6] to 
improve the meson four-vector calculation.

The ω candidates are reconstructed through the decay ω →
π+π−π0. For all modes with ω candidates, sideband events in 
the Mπ+π−π0 spectrum are used to estimate peaking backgrounds 
from non-ω D → K 0

Sπ
+π−π0 decays. We take the signal region 

as (0.7600, 0.8050) GeV/c2 and the sideband regions as (0.6000, 
0.7300) GeV/c2 or (0.8300, 0.8525) GeV/c2. The upper edge of the 
right sideband is restricted because of the K ∗ρ background that 
alters the shape of Mπ+π−π0 . The sidebands are scaled to the esti-
mated peaking backgrounds in the signal region. The scaling factor 
is determined from a fit to the Mπ+π−π0 distribution in data, as 
shown in Fig. 1, where the ω signal is determined with the MC 
shape convoluted with a Gaussian whose parameters are left free 
in the fit to better match data resolution, and the background is 
modeled by a polynomial function. 

or opposite

use D0D0

SemileptonicCP eigenstate

̅

̅
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At BESIII, quantum-correlated D0 D0 pairs produced at thresh-
old allow us to measure BDCP±→l . Specifically, we begin with a fully 
reconstructed D candidate decaying into a CP eigenstate, the so-
called Single Tag (ST). We have thus tagged the CP eigenvalue of 
the partner D meson. For a subset of the ST events, the so-called 
Double Tag (DT) events, this tagged partner D meson is also ob-
served via one of the semileptonic decay channels. CP violation in 
D decays is known to be very small [18], and can be safely ne-
glected. Therefore, BDCP∓→l can be obtained as
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NCP±
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, (4)

where NCP± (NCP±;l) and εCP± (εCP±;l) denote the signal yields and 
detection efficiencies of ST decays D → CP± (DT decays D D →
CP±; l), respectively. For CP eigenstates, as listed in Table 1, we 
choose modes with unambiguous CP content and copious yields. 
The CP violation in K 0

S decays is known to be very small, it is 
therefore neglected. The semileptonic modes used for the DT in 
this analysis are K ∓e±ν and K ∓µ±ν . 

1.3. The BESIII detector and data sample

The analysis presented in this paper is based on a data sam-
ple with an integrated luminosity of 2.92 fb−1 [23] collected with 
the BESIII detector [24] at the center-of-mass energy of 

√
s =

3.773 GeV. The BESIII detector is a general-purpose solenoidal de-
tector at the BEPCII [25] double storage rings. The detector has a 
geometrical acceptance of 93% of the full solid angle. We briefly 
describe the components of BESIII from the interaction point (IP) 
outwards. A small-cell main drift chamber (MDC), using a helium-
based gas to measure momenta and specific ionizations of charged 
particles, is surrounded by a time-of-flight (TOF) system based 
on plastic scintillators that determines the flight times of charged 
particles. A CsI(Tl) electromagnetic calorimeter (EMC) detects elec-
tromagnetic showers. These components are all situated inside a 
superconducting solenoid magnet, that provides a 1.0 T magnetic 
field parallel to the beam direction. Finally, a multi-layer resis-
tive plate counter system installed in the iron flux return yoke 
of the magnet is used to track muons. The momentum resolution 
for charged tracks in the MDC is 0.5% for a transverse momen-
tum of 1 GeV/c. The energy resolution for showers in the EMC is 
2.5% (5.0%) for 1 GeV photons in the barrel (end cap) region. More 
details on the features and capabilities of BESIII can be found else-
where [24].

High-statistics Monte Carlo (MC) simulations are used to eval-
uate the detection efficiency and to understand backgrounds. The
geant4-based [26] MC simulation program is designed to simulate 
interactions of particles in the spectrometer and the detector re-
sponse. For the production of ψ(3770), the kkmc [27] package is 
used; the beam energy spread and the effects of initial-state radi-
ation (ISR) are included. The MC samples consist of the D D pairs 
with consideration of quantum coherence for all modes relevant to 
this analysis, non-D D decays of ψ(3770), ISR production of low-
mass ψ states, and QED and qq̄ continuum processes. The effective 

luminosity of the MC samples is about 10 times that of the an-
alyzed data. Known decays recorded by the Particle Data Group 
(PDG) [6] are generated with evtgen [28,29] using PDG branch-
ing fractions, and the remaining unknown decays are generated 
with lundcharm [30]. Final-state radiation (FSR) of charged tracks 
is taken into account with the photos package [31].

2. Event selection and data analysis

Each charged track is required to satisfy | cos θ | < 0.93, where 
θ is the polar angle with respect to the beam axis. Charged tracks 
other than K 0

S daughters are required to be within 1 cm of the IP 
transverse to the beam line and within 10 cm of the IP along the 
beam axis. Particle identification for charged hadrons h (h = π , K ) 
is accomplished by combining the measured energy loss (dE/dx) 
in the MDC and the flight time obtained from the TOF to form a 
likelihood L(h) for each hadron hypothesis. The K ± (π±) candi-
dates are required to satisfy L(K ) > L(π) (L(π) > L(K )).

The K 0
S candidates are selected with a vertex-constrained fit 

from pairs of oppositely charged tracks, which are required to be 
within 20 cm of the IP along the beam direction; no constraint 
in the transverse plane is required. The two charged tracks are 
not subjected to the particle identification discussed above, and 
are assumed to be pions. We impose 0.487 GeV/c2 < Mπ+π− <

0.511 GeV/c2, that is within about 3 standard deviations of the 
observed K 0

S mass, and the two tracks are constrained to originate 
from a common decay vertex by requiring the χ2 of the vertex fit 
to be less than 100. The decay vertex is required to be separated 
from the IP with a significance greater than two standard devia-
tions.

Reconstructed EMC showers that are separated from the extrap-
olated positions of any charged tracks by more than 10 standard 
deviations are taken as photon candidates. The energy deposited in 
nearby TOF counters is included to improve the reconstruction effi-
ciency and energy resolution. Photon candidates must have a min-
imum energy of 25 MeV for barrel showers (| cos θ | < 0.80) and 
50 MeV for end cap showers (0.84 < | cos θ | < 0.92). The show-
ers in the gap between the barrel and the end cap regions are 
poorly reconstructed and thus excluded. The shower timing is re-
quired to be no later than 700 ns after the reconstructed event 
start time to suppress electronic noise and energy deposits un-
related to the event. The η and π0 candidates are reconstructed 
from pairs of photons. Due to the poorer resolution in the EMC end 
cap regions, those candidates with both photons coming from EMC 
end caps are rejected. The invariant mass Mγ γ is required to be 
0.115 GeV/c2 < Mγ γ < 0.150 GeV/c2 for π0 and 0.505 GeV/c2 <

Mγ γ < 0.570 GeV/c2 for η candidates. The photon pair is kine-
matically constrained to the nominal mass of the π0 or η [6] to 
improve the meson four-vector calculation.

The ω candidates are reconstructed through the decay ω →
π+π−π0. For all modes with ω candidates, sideband events in 
the Mπ+π−π0 spectrum are used to estimate peaking backgrounds 
from non-ω D → K 0

Sπ
+π−π0 decays. We take the signal region 

as (0.7600, 0.8050) GeV/c2 and the sideband regions as (0.6000, 
0.7300) GeV/c2 or (0.8300, 0.8525) GeV/c2. The upper edge of the 
right sideband is restricted because of the K ∗ρ background that 
alters the shape of Mπ+π−π0 . The sidebands are scaled to the esti-
mated peaking backgrounds in the signal region. The scaling factor 
is determined from a fit to the Mπ+π−π0 distribution in data, as 
shown in Fig. 1, where the ω signal is determined with the MC 
shape convoluted with a Gaussian whose parameters are left free 
in the fit to better match data resolution, and the background is 
modeled by a polynomial function. 
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Figure 4: D pair production.

Table 1: Tagging modes used and semileptonic signal.

Type Modes

CP+ K+K−, π+π−, KSπ0π0

CP− K0
Sπ

0, K0
Sω, K

0
Sη

l± Keν, Kµν

In the process e+e− → ψ(3770) → D0D̄0, D0 and D̄0 are produced in pairs. Our
experimental technique is D tagging, fully reconstruction of individual D0 or D̄0 is
called single tag(ST), reconstruction of bothD0 and D̄0 is called double tag(DT). (In
branching ratio measurements, given yields of ST and DT, absolute branching ratio
could be determined without needing to know the luminosity or D0D̄0 production
cross section.)

In this analysis, we choose CP modes: K+K−, π+π−, KSπ0π0 which are CP -
even, and the CP -odd states KSπ0, K0

Sω and KSη(modes with KS are not CP
modes exactly, see Appendix A.) as the CP tagging modes, called the CP tagged D
or the hadronic D, Keν and Kµν as the semileptonic signal, called the semileptonic
D.

The total branching ratio ofD goes to inclusive eX is about 6.5%, in whichKeν is
the main process, branching ratio is about 3.55%. Other semileptonic processes, such
as πeν, K∗eν, Kπ0eν..., they have smaller branching fractions and lower efficiencies
that couldn’t have much impact on our final results. Also for the same reason, we
use Kµν, not other semimunic modes.
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Table 1
D final states reconstructed in this analysis.

Type Mode

CP+ K + K − , π+π− , K 0
S π

0π0

CP− K 0
S π

0, K 0
S ω, K 0

S η
Semileptonic K ∓e±ν , K ∓µ±ν

yCP ≈ 1
4

(BDCP−→l

BDCP+→l
− BDCP+→l

BDCP−→l

)
. (3)

At BESIII, quantum-correlated D0 D0 pairs produced at thresh-
old allow us to measure BDCP±→l . Specifically, we begin with a fully 
reconstructed D candidate decaying into a CP eigenstate, the so-
called Single Tag (ST). We have thus tagged the CP eigenvalue of 
the partner D meson. For a subset of the ST events, the so-called 
Double Tag (DT) events, this tagged partner D meson is also ob-
served via one of the semileptonic decay channels. CP violation in 
D decays is known to be very small [18], and can be safely ne-
glected. Therefore, BDCP∓→l can be obtained as

BDCP∓→l = NCP±;l
NCP±

· εCP±
εCP±;l

, (4)

where NCP± (NCP±;l) and εCP± (εCP±;l) denote the signal yields and 
detection efficiencies of ST decays D → CP± (DT decays D D →
CP±; l), respectively. For CP eigenstates, as listed in Table 1, we 
choose modes with unambiguous CP content and copious yields. 
The CP violation in K 0

S decays is known to be very small, it is 
therefore neglected. The semileptonic modes used for the DT in 
this analysis are K ∓e±ν and K ∓µ±ν . 

1.3. The BESIII detector and data sample

The analysis presented in this paper is based on a data sam-
ple with an integrated luminosity of 2.92 fb−1 [23] collected with 
the BESIII detector [24] at the center-of-mass energy of 

√
s =

3.773 GeV. The BESIII detector is a general-purpose solenoidal de-
tector at the BEPCII [25] double storage rings. The detector has a 
geometrical acceptance of 93% of the full solid angle. We briefly 
describe the components of BESIII from the interaction point (IP) 
outwards. A small-cell main drift chamber (MDC), using a helium-
based gas to measure momenta and specific ionizations of charged 
particles, is surrounded by a time-of-flight (TOF) system based 
on plastic scintillators that determines the flight times of charged 
particles. A CsI(Tl) electromagnetic calorimeter (EMC) detects elec-
tromagnetic showers. These components are all situated inside a 
superconducting solenoid magnet, that provides a 1.0 T magnetic 
field parallel to the beam direction. Finally, a multi-layer resis-
tive plate counter system installed in the iron flux return yoke 
of the magnet is used to track muons. The momentum resolution 
for charged tracks in the MDC is 0.5% for a transverse momen-
tum of 1 GeV/c. The energy resolution for showers in the EMC is 
2.5% (5.0%) for 1 GeV photons in the barrel (end cap) region. More 
details on the features and capabilities of BESIII can be found else-
where [24].

High-statistics Monte Carlo (MC) simulations are used to eval-
uate the detection efficiency and to understand backgrounds. The
geant4-based [26] MC simulation program is designed to simulate 
interactions of particles in the spectrometer and the detector re-
sponse. For the production of ψ(3770), the kkmc [27] package is 
used; the beam energy spread and the effects of initial-state radi-
ation (ISR) are included. The MC samples consist of the D D pairs 
with consideration of quantum coherence for all modes relevant to 
this analysis, non-D D decays of ψ(3770), ISR production of low-
mass ψ states, and QED and qq̄ continuum processes. The effective 

luminosity of the MC samples is about 10 times that of the an-
alyzed data. Known decays recorded by the Particle Data Group 
(PDG) [6] are generated with evtgen [28,29] using PDG branch-
ing fractions, and the remaining unknown decays are generated 
with lundcharm [30]. Final-state radiation (FSR) of charged tracks 
is taken into account with the photos package [31].

2. Event selection and data analysis

Each charged track is required to satisfy | cos θ | < 0.93, where 
θ is the polar angle with respect to the beam axis. Charged tracks 
other than K 0

S daughters are required to be within 1 cm of the IP 
transverse to the beam line and within 10 cm of the IP along the 
beam axis. Particle identification for charged hadrons h (h = π , K ) 
is accomplished by combining the measured energy loss (dE/dx) 
in the MDC and the flight time obtained from the TOF to form a 
likelihood L(h) for each hadron hypothesis. The K ± (π±) candi-
dates are required to satisfy L(K ) > L(π) (L(π) > L(K )).

The K 0
S candidates are selected with a vertex-constrained fit 

from pairs of oppositely charged tracks, which are required to be 
within 20 cm of the IP along the beam direction; no constraint 
in the transverse plane is required. The two charged tracks are 
not subjected to the particle identification discussed above, and 
are assumed to be pions. We impose 0.487 GeV/c2 < Mπ+π− <

0.511 GeV/c2, that is within about 3 standard deviations of the 
observed K 0

S mass, and the two tracks are constrained to originate 
from a common decay vertex by requiring the χ2 of the vertex fit 
to be less than 100. The decay vertex is required to be separated 
from the IP with a significance greater than two standard devia-
tions.

Reconstructed EMC showers that are separated from the extrap-
olated positions of any charged tracks by more than 10 standard 
deviations are taken as photon candidates. The energy deposited in 
nearby TOF counters is included to improve the reconstruction effi-
ciency and energy resolution. Photon candidates must have a min-
imum energy of 25 MeV for barrel showers (| cos θ | < 0.80) and 
50 MeV for end cap showers (0.84 < | cos θ | < 0.92). The show-
ers in the gap between the barrel and the end cap regions are 
poorly reconstructed and thus excluded. The shower timing is re-
quired to be no later than 700 ns after the reconstructed event 
start time to suppress electronic noise and energy deposits un-
related to the event. The η and π0 candidates are reconstructed 
from pairs of photons. Due to the poorer resolution in the EMC end 
cap regions, those candidates with both photons coming from EMC 
end caps are rejected. The invariant mass Mγ γ is required to be 
0.115 GeV/c2 < Mγ γ < 0.150 GeV/c2 for π0 and 0.505 GeV/c2 <

Mγ γ < 0.570 GeV/c2 for η candidates. The photon pair is kine-
matically constrained to the nominal mass of the π0 or η [6] to 
improve the meson four-vector calculation.

The ω candidates are reconstructed through the decay ω →
π+π−π0. For all modes with ω candidates, sideband events in 
the Mπ+π−π0 spectrum are used to estimate peaking backgrounds 
from non-ω D → K 0

Sπ
+π−π0 decays. We take the signal region 

as (0.7600, 0.8050) GeV/c2 and the sideband regions as (0.6000, 
0.7300) GeV/c2 or (0.8300, 0.8525) GeV/c2. The upper edge of the 
right sideband is restricted because of the K ∗ρ background that 
alters the shape of Mπ+π−π0 . The sidebands are scaled to the esti-
mated peaking backgrounds in the signal region. The scaling factor 
is determined from a fit to the Mπ+π−π0 distribution in data, as 
shown in Fig. 1, where the ω signal is determined with the MC 
shape convoluted with a Gaussian whose parameters are left free 
in the fit to better match data resolution, and the background is 
modeled by a polynomial function. 
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Table 1
D final states reconstructed in this analysis.

Type Mode

CP+ K + K − , π+π− , K 0
S π

0π0

CP− K 0
S π

0, K 0
S ω, K 0

S η
Semileptonic K ∓e±ν , K ∓µ±ν

yCP ≈ 1
4

(BDCP−→l

BDCP+→l
− BDCP+→l

BDCP−→l

)
. (3)

At BESIII, quantum-correlated D0 D0 pairs produced at thresh-
old allow us to measure BDCP±→l . Specifically, we begin with a fully 
reconstructed D candidate decaying into a CP eigenstate, the so-
called Single Tag (ST). We have thus tagged the CP eigenvalue of 
the partner D meson. For a subset of the ST events, the so-called 
Double Tag (DT) events, this tagged partner D meson is also ob-
served via one of the semileptonic decay channels. CP violation in 
D decays is known to be very small [18], and can be safely ne-
glected. Therefore, BDCP∓→l can be obtained as

BDCP∓→l = NCP±;l
NCP±

· εCP±
εCP±;l

, (4)

where NCP± (NCP±;l) and εCP± (εCP±;l) denote the signal yields and 
detection efficiencies of ST decays D → CP± (DT decays D D →
CP±; l), respectively. For CP eigenstates, as listed in Table 1, we 
choose modes with unambiguous CP content and copious yields. 
The CP violation in K 0

S decays is known to be very small, it is 
therefore neglected. The semileptonic modes used for the DT in 
this analysis are K ∓e±ν and K ∓µ±ν . 

1.3. The BESIII detector and data sample

The analysis presented in this paper is based on a data sam-
ple with an integrated luminosity of 2.92 fb−1 [23] collected with 
the BESIII detector [24] at the center-of-mass energy of 

√
s =

3.773 GeV. The BESIII detector is a general-purpose solenoidal de-
tector at the BEPCII [25] double storage rings. The detector has a 
geometrical acceptance of 93% of the full solid angle. We briefly 
describe the components of BESIII from the interaction point (IP) 
outwards. A small-cell main drift chamber (MDC), using a helium-
based gas to measure momenta and specific ionizations of charged 
particles, is surrounded by a time-of-flight (TOF) system based 
on plastic scintillators that determines the flight times of charged 
particles. A CsI(Tl) electromagnetic calorimeter (EMC) detects elec-
tromagnetic showers. These components are all situated inside a 
superconducting solenoid magnet, that provides a 1.0 T magnetic 
field parallel to the beam direction. Finally, a multi-layer resis-
tive plate counter system installed in the iron flux return yoke 
of the magnet is used to track muons. The momentum resolution 
for charged tracks in the MDC is 0.5% for a transverse momen-
tum of 1 GeV/c. The energy resolution for showers in the EMC is 
2.5% (5.0%) for 1 GeV photons in the barrel (end cap) region. More 
details on the features and capabilities of BESIII can be found else-
where [24].

High-statistics Monte Carlo (MC) simulations are used to eval-
uate the detection efficiency and to understand backgrounds. The
geant4-based [26] MC simulation program is designed to simulate 
interactions of particles in the spectrometer and the detector re-
sponse. For the production of ψ(3770), the kkmc [27] package is 
used; the beam energy spread and the effects of initial-state radi-
ation (ISR) are included. The MC samples consist of the D D pairs 
with consideration of quantum coherence for all modes relevant to 
this analysis, non-D D decays of ψ(3770), ISR production of low-
mass ψ states, and QED and qq̄ continuum processes. The effective 

luminosity of the MC samples is about 10 times that of the an-
alyzed data. Known decays recorded by the Particle Data Group 
(PDG) [6] are generated with evtgen [28,29] using PDG branch-
ing fractions, and the remaining unknown decays are generated 
with lundcharm [30]. Final-state radiation (FSR) of charged tracks 
is taken into account with the photos package [31].

2. Event selection and data analysis

Each charged track is required to satisfy | cos θ | < 0.93, where 
θ is the polar angle with respect to the beam axis. Charged tracks 
other than K 0

S daughters are required to be within 1 cm of the IP 
transverse to the beam line and within 10 cm of the IP along the 
beam axis. Particle identification for charged hadrons h (h = π , K ) 
is accomplished by combining the measured energy loss (dE/dx) 
in the MDC and the flight time obtained from the TOF to form a 
likelihood L(h) for each hadron hypothesis. The K ± (π±) candi-
dates are required to satisfy L(K ) > L(π) (L(π) > L(K )).

The K 0
S candidates are selected with a vertex-constrained fit 

from pairs of oppositely charged tracks, which are required to be 
within 20 cm of the IP along the beam direction; no constraint 
in the transverse plane is required. The two charged tracks are 
not subjected to the particle identification discussed above, and 
are assumed to be pions. We impose 0.487 GeV/c2 < Mπ+π− <

0.511 GeV/c2, that is within about 3 standard deviations of the 
observed K 0

S mass, and the two tracks are constrained to originate 
from a common decay vertex by requiring the χ2 of the vertex fit 
to be less than 100. The decay vertex is required to be separated 
from the IP with a significance greater than two standard devia-
tions.

Reconstructed EMC showers that are separated from the extrap-
olated positions of any charged tracks by more than 10 standard 
deviations are taken as photon candidates. The energy deposited in 
nearby TOF counters is included to improve the reconstruction effi-
ciency and energy resolution. Photon candidates must have a min-
imum energy of 25 MeV for barrel showers (| cos θ | < 0.80) and 
50 MeV for end cap showers (0.84 < | cos θ | < 0.92). The show-
ers in the gap between the barrel and the end cap regions are 
poorly reconstructed and thus excluded. The shower timing is re-
quired to be no later than 700 ns after the reconstructed event 
start time to suppress electronic noise and energy deposits un-
related to the event. The η and π0 candidates are reconstructed 
from pairs of photons. Due to the poorer resolution in the EMC end 
cap regions, those candidates with both photons coming from EMC 
end caps are rejected. The invariant mass Mγ γ is required to be 
0.115 GeV/c2 < Mγ γ < 0.150 GeV/c2 for π0 and 0.505 GeV/c2 <

Mγ γ < 0.570 GeV/c2 for η candidates. The photon pair is kine-
matically constrained to the nominal mass of the π0 or η [6] to 
improve the meson four-vector calculation.

The ω candidates are reconstructed through the decay ω →
π+π−π0. For all modes with ω candidates, sideband events in 
the Mπ+π−π0 spectrum are used to estimate peaking backgrounds 
from non-ω D → K 0

Sπ
+π−π0 decays. We take the signal region 

as (0.7600, 0.8050) GeV/c2 and the sideband regions as (0.6000, 
0.7300) GeV/c2 or (0.8300, 0.8525) GeV/c2. The upper edge of the 
right sideband is restricted because of the K ∗ρ background that 
alters the shape of Mπ+π−π0 . The sidebands are scaled to the esti-
mated peaking backgrounds in the signal region. The scaling factor 
is determined from a fit to the Mπ+π−π0 distribution in data, as 
shown in Fig. 1, where the ω signal is determined with the MC 
shape convoluted with a Gaussian whose parameters are left free 
in the fit to better match data resolution, and the background is 
modeled by a polynomial function. 

Decays used in the analysis
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Fig. 1. Fit to the invariant mass Mπ+π−π0 for events reconstructed from data. The 
solid line is the total fit and the dashed line shows the polynomial background. The 
shaded area shows the signal region and cross-hatched areas show the sidebands.

Table 2
Requirements on "E for ST D candidates.

Mode Requirement (GeV)

K + K − −0.020 < "E < 0.020
π+π− −0.030 < "E < 0.030
K 0

S π
0π0 −0.080 < "E < 0.045

K 0
S π

0 −0.070 < "E < 0.040
K 0

S ω −0.050 < "E < 0.030
K 0

S η −0.040 < "E < 0.040

2.1. Single tags using CP modes

To identify the reconstructed D candidates, we use two vari-
ables, the beam-constrained mass MBC and the energy difference 
"E , which are defined as

MBC ≡
√

E2
beam/c4 − |p⃗D |2/c2, (5)

"E ≡ E D − Ebeam, (6)

where p⃗D and E D are the momentum and energy of the D can-
didate in the e+e− center-of-mass system, and Ebeam is the beam 
energy. The D signal peaks at the nominal D mass in MBC and at 
zero in "E . We accept only one candidate per mode per event; 
when multiple candidates are present, the one with the small-
est |"E| is chosen. Since the correlation between "E and MBC
is found to be small, this will not bias the background distribution 
in MBC. We apply the mode-dependent "E requirements listed in 
Table 2.

For K +K − and π+π− ST modes, if candidate events contain 
only two charged tracks, the following requirements are applied to 
suppress backgrounds from cosmic rays and Bhabha events. First, 
we require at least one EMC shower separated from the tracks of 
the ST with energy larger than 50 MeV. Second, the two ST tracks 
must not be both identified as muons or electrons, and, if they 
have valid TOF times, the time difference must be less than 5 ns. 
Based on MC studies, no peaking background is present in MBC in 
our ST modes except for the K 0

Sπ
0 mode. In the K 0

Sπ
0 ST mode, 

there are few background events from D0 → ρπ . From MC studies, 
the estimated fraction is less than 0.5%; this will be considered in 
the systematic uncertainties.

The MBC distributions for the six ST modes are shown in Fig. 2. 
Unbinned maximum likelihood fits are performed to obtain the 
numbers of ST yields except in the K 0

Sω mode, for which a binned 
least-square fit is applied to the MBC distribution after subtrac-
tion of the ω sidebands. In each fit, the signal shape is derived 
from simulated signal events convoluted with a bifurcated Gaus-
sian with free parameters to account for imperfect modeling of the 
detector resolution and beam energy calibration. Backgrounds are 
described by the ARGUS [32] function. The measured ST yields in 

Table 3
Yields and efficiencies of all ST and DT modes, where NCP± (NCP±;l ) and εCP±
(εCP±;l ) denote signal yields and detection efficiencies of D → CP± (D D → CP±; l), 
respectively. The uncertainties are statistical only.

ST Mode NCP± εCP± (%)

K + K − 54 494 ±251 61.32 ±0.18
π+π− 19 921 ±174 64.09±0.18
K 0

S π
0π0 24 015 ±236 16.13 ±0.08

K 0
S π

0 71 421 ±285 40.67±0.14
K 0

S ω 20 989 ±243 13.44 ±0.07
K 0

S η 9878 ±117 34.39 ±0.13

DT Mode NCP±;l εCP±;l (%)

K + K − , K eν 1216 ±40 39.80 ±0.14
π+π− , K eν 427 ±23 41.75 ±0.14
K 0

S π
0π0, K eν 560 ±28 11.05±0.07

K 0
S π

0, K eν 1699 ±47 26.70 ±0.12
K 0

S ω, K eν 481 ±30 9.27±0.07
K 0

S η, K eν 243 ±17 22.96 ±0.11
K + K − , Kµν 1093 ±37 36.89 ±0.14
π+π− , Kµν 400 ±23 38.43 ±0.15
K 0

S π
0π0, Kµν 558 ±28 10.76±0.08

K 0
S π

0, Kµν 1475 ±43 25.21 ±0.12
K 0

S ω, Kµν 521 ±27 8.75±0.07
K 0

S η, Kµν 241 ±18 21.85 ±0.11

the signal region of 1.855 GeV/c2 < MBC < 1.875 GeV/c2 and the 
corresponding efficiencies are given in Table 3.

2.2. Double tags of semileptonic modes

In each ST event, we search among the unused tracks and 
showers for semileptonic D → K e(µ)ν candidates. We require that 
there be exactly two oppositely-charged tracks that satisfy the 
fiducial requirements described above.

In searching for Kµν decays, kaon candidates are required to 
satisfy L(K ) > L(π). If the two tracks can pass the criterion, the 
track with larger L(K ) is taken as the K ± candidate, and the 
other track is assumed to be the µ candidate. The energy de-
posit in the EMC of the µ candidate is required to be less than 
0.3 GeV. We further require the Kµ invariant mass MKµ to be 
less than 1.65 GeV/c2 to reject D → Kπ backgrounds. The total 
energy of remaining unmatched EMC showers, denoted as Eextra, 
is required to be less than 0.2 GeV to suppress D → Kππ0 back-
grounds. To reduce backgrounds from the D → K eν process, the 
ratio RL′ (e) ≡ L′(e)/[L′(e) + L′(µ) + L′(π) + L′(K )] is required 
to be less than 0.8, where the likelihood L′(i) for the hypothesis 
i = e, µ, π or K is formed by combining EMC information with 
the dE/dx and TOF information.

To select K eν events, electron candidates are required to satisfy 
L′(e) > 0.001 and R′

L′ (e) > 0.8, where R′
L′ (e) ≡ L′(e)/[L′(e) +

L′(π) + L′(K )]. If both tracks satisfy these requirements, the one 
with larger R′

L′ (e) is taken as the electron. The remaining track is 
required to satisfy L(K ) > L(π).

The variable Umiss is used to distinguish semileptonic signal 
events from background:

Umiss ≡ Emiss − c|p⃗miss|, (7)

where,

Emiss ≡ Ebeam − E K − El, (8)

p⃗miss ≡ −
[

p⃗K + p⃗l + p̂ST

√
E2

beam/c2 − c2m2
D

]
, (9)
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Fig. 1. Fit to the invariant mass Mπ+π−π0 for events reconstructed from data. The 
solid line is the total fit and the dashed line shows the polynomial background. The 
shaded area shows the signal region and cross-hatched areas show the sidebands.

Table 2
Requirements on "E for ST D candidates.

Mode Requirement (GeV)

K + K − −0.020 < "E < 0.020
π+π− −0.030 < "E < 0.030
K 0

S π
0π0 −0.080 < "E < 0.045

K 0
S π

0 −0.070 < "E < 0.040
K 0

S ω −0.050 < "E < 0.030
K 0

S η −0.040 < "E < 0.040

2.1. Single tags using CP modes

To identify the reconstructed D candidates, we use two vari-
ables, the beam-constrained mass MBC and the energy difference 
"E , which are defined as

MBC ≡
√

E2
beam/c4 − |p⃗D |2/c2, (5)

"E ≡ E D − Ebeam, (6)

where p⃗D and E D are the momentum and energy of the D can-
didate in the e+e− center-of-mass system, and Ebeam is the beam 
energy. The D signal peaks at the nominal D mass in MBC and at 
zero in "E . We accept only one candidate per mode per event; 
when multiple candidates are present, the one with the small-
est |"E| is chosen. Since the correlation between "E and MBC
is found to be small, this will not bias the background distribution 
in MBC. We apply the mode-dependent "E requirements listed in 
Table 2.

For K +K − and π+π− ST modes, if candidate events contain 
only two charged tracks, the following requirements are applied to 
suppress backgrounds from cosmic rays and Bhabha events. First, 
we require at least one EMC shower separated from the tracks of 
the ST with energy larger than 50 MeV. Second, the two ST tracks 
must not be both identified as muons or electrons, and, if they 
have valid TOF times, the time difference must be less than 5 ns. 
Based on MC studies, no peaking background is present in MBC in 
our ST modes except for the K 0

Sπ
0 mode. In the K 0

Sπ
0 ST mode, 

there are few background events from D0 → ρπ . From MC studies, 
the estimated fraction is less than 0.5%; this will be considered in 
the systematic uncertainties.

The MBC distributions for the six ST modes are shown in Fig. 2. 
Unbinned maximum likelihood fits are performed to obtain the 
numbers of ST yields except in the K 0

Sω mode, for which a binned 
least-square fit is applied to the MBC distribution after subtrac-
tion of the ω sidebands. In each fit, the signal shape is derived 
from simulated signal events convoluted with a bifurcated Gaus-
sian with free parameters to account for imperfect modeling of the 
detector resolution and beam energy calibration. Backgrounds are 
described by the ARGUS [32] function. The measured ST yields in 

Table 3
Yields and efficiencies of all ST and DT modes, where NCP± (NCP±;l ) and εCP±
(εCP±;l ) denote signal yields and detection efficiencies of D → CP± (D D → CP±; l), 
respectively. The uncertainties are statistical only.

ST Mode NCP± εCP± (%)

K + K − 54 494 ±251 61.32 ±0.18
π+π− 19 921 ±174 64.09±0.18
K 0

S π
0π0 24 015 ±236 16.13 ±0.08

K 0
S π

0 71 421 ±285 40.67±0.14
K 0

S ω 20 989 ±243 13.44 ±0.07
K 0

S η 9878 ±117 34.39 ±0.13

DT Mode NCP±;l εCP±;l (%)

K + K − , K eν 1216 ±40 39.80 ±0.14
π+π− , K eν 427 ±23 41.75 ±0.14
K 0

S π
0π0, K eν 560 ±28 11.05±0.07

K 0
S π

0, K eν 1699 ±47 26.70 ±0.12
K 0

S ω, K eν 481 ±30 9.27±0.07
K 0

S η, K eν 243 ±17 22.96 ±0.11
K + K − , Kµν 1093 ±37 36.89 ±0.14
π+π− , Kµν 400 ±23 38.43 ±0.15
K 0

S π
0π0, Kµν 558 ±28 10.76±0.08

K 0
S π

0, Kµν 1475 ±43 25.21 ±0.12
K 0

S ω, Kµν 521 ±27 8.75±0.07
K 0

S η, Kµν 241 ±18 21.85 ±0.11

the signal region of 1.855 GeV/c2 < MBC < 1.875 GeV/c2 and the 
corresponding efficiencies are given in Table 3.

2.2. Double tags of semileptonic modes

In each ST event, we search among the unused tracks and 
showers for semileptonic D → K e(µ)ν candidates. We require that 
there be exactly two oppositely-charged tracks that satisfy the 
fiducial requirements described above.

In searching for Kµν decays, kaon candidates are required to 
satisfy L(K ) > L(π). If the two tracks can pass the criterion, the 
track with larger L(K ) is taken as the K ± candidate, and the 
other track is assumed to be the µ candidate. The energy de-
posit in the EMC of the µ candidate is required to be less than 
0.3 GeV. We further require the Kµ invariant mass MKµ to be 
less than 1.65 GeV/c2 to reject D → Kπ backgrounds. The total 
energy of remaining unmatched EMC showers, denoted as Eextra, 
is required to be less than 0.2 GeV to suppress D → Kππ0 back-
grounds. To reduce backgrounds from the D → K eν process, the 
ratio RL′ (e) ≡ L′(e)/[L′(e) + L′(µ) + L′(π) + L′(K )] is required 
to be less than 0.8, where the likelihood L′(i) for the hypothesis 
i = e, µ, π or K is formed by combining EMC information with 
the dE/dx and TOF information.

To select K eν events, electron candidates are required to satisfy 
L′(e) > 0.001 and R′

L′ (e) > 0.8, where R′
L′ (e) ≡ L′(e)/[L′(e) +

L′(π) + L′(K )]. If both tracks satisfy these requirements, the one 
with larger R′

L′ (e) is taken as the electron. The remaining track is 
required to satisfy L(K ) > L(π).

The variable Umiss is used to distinguish semileptonic signal 
events from background:

Umiss ≡ Emiss − c|p⃗miss|, (7)

where,

Emiss ≡ Ebeam − E K − El, (8)

p⃗miss ≡ −
[

p⃗K + p⃗l + p̂ST

√
E2

beam/c2 − c2m2
D

]
, (9)
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Fig. 1. Fit to the invariant mass Mπ+π−π0 for events reconstructed from data. The 
solid line is the total fit and the dashed line shows the polynomial background. The 
shaded area shows the signal region and cross-hatched areas show the sidebands.
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K + K − −0.020 < "E < 0.020
π+π− −0.030 < "E < 0.030
K 0

S π
0π0 −0.080 < "E < 0.045

K 0
S π

0 −0.070 < "E < 0.040
K 0

S ω −0.050 < "E < 0.030
K 0

S η −0.040 < "E < 0.040

2.1. Single tags using CP modes

To identify the reconstructed D candidates, we use two vari-
ables, the beam-constrained mass MBC and the energy difference 
"E , which are defined as

MBC ≡
√

E2
beam/c4 − |p⃗D |2/c2, (5)

"E ≡ E D − Ebeam, (6)

where p⃗D and E D are the momentum and energy of the D can-
didate in the e+e− center-of-mass system, and Ebeam is the beam 
energy. The D signal peaks at the nominal D mass in MBC and at 
zero in "E . We accept only one candidate per mode per event; 
when multiple candidates are present, the one with the small-
est |"E| is chosen. Since the correlation between "E and MBC
is found to be small, this will not bias the background distribution 
in MBC. We apply the mode-dependent "E requirements listed in 
Table 2.

For K +K − and π+π− ST modes, if candidate events contain 
only two charged tracks, the following requirements are applied to 
suppress backgrounds from cosmic rays and Bhabha events. First, 
we require at least one EMC shower separated from the tracks of 
the ST with energy larger than 50 MeV. Second, the two ST tracks 
must not be both identified as muons or electrons, and, if they 
have valid TOF times, the time difference must be less than 5 ns. 
Based on MC studies, no peaking background is present in MBC in 
our ST modes except for the K 0

Sπ
0 mode. In the K 0

Sπ
0 ST mode, 

there are few background events from D0 → ρπ . From MC studies, 
the estimated fraction is less than 0.5%; this will be considered in 
the systematic uncertainties.

The MBC distributions for the six ST modes are shown in Fig. 2. 
Unbinned maximum likelihood fits are performed to obtain the 
numbers of ST yields except in the K 0

Sω mode, for which a binned 
least-square fit is applied to the MBC distribution after subtrac-
tion of the ω sidebands. In each fit, the signal shape is derived 
from simulated signal events convoluted with a bifurcated Gaus-
sian with free parameters to account for imperfect modeling of the 
detector resolution and beam energy calibration. Backgrounds are 
described by the ARGUS [32] function. The measured ST yields in 

Table 3
Yields and efficiencies of all ST and DT modes, where NCP± (NCP±;l ) and εCP±
(εCP±;l ) denote signal yields and detection efficiencies of D → CP± (D D → CP±; l), 
respectively. The uncertainties are statistical only.

ST Mode NCP± εCP± (%)

K + K − 54 494 ±251 61.32 ±0.18
π+π− 19 921 ±174 64.09±0.18
K 0

S π
0π0 24 015 ±236 16.13 ±0.08

K 0
S π

0 71 421 ±285 40.67±0.14
K 0

S ω 20 989 ±243 13.44 ±0.07
K 0

S η 9878 ±117 34.39 ±0.13

DT Mode NCP±;l εCP±;l (%)

K + K − , K eν 1216 ±40 39.80 ±0.14
π+π− , K eν 427 ±23 41.75 ±0.14
K 0

S π
0π0, K eν 560 ±28 11.05±0.07

K 0
S π

0, K eν 1699 ±47 26.70 ±0.12
K 0

S ω, K eν 481 ±30 9.27±0.07
K 0

S η, K eν 243 ±17 22.96 ±0.11
K + K − , Kµν 1093 ±37 36.89 ±0.14
π+π− , Kµν 400 ±23 38.43 ±0.15
K 0

S π
0π0, Kµν 558 ±28 10.76±0.08

K 0
S π

0, Kµν 1475 ±43 25.21 ±0.12
K 0

S ω, Kµν 521 ±27 8.75±0.07
K 0

S η, Kµν 241 ±18 21.85 ±0.11

the signal region of 1.855 GeV/c2 < MBC < 1.875 GeV/c2 and the 
corresponding efficiencies are given in Table 3.

2.2. Double tags of semileptonic modes

In each ST event, we search among the unused tracks and 
showers for semileptonic D → K e(µ)ν candidates. We require that 
there be exactly two oppositely-charged tracks that satisfy the 
fiducial requirements described above.

In searching for Kµν decays, kaon candidates are required to 
satisfy L(K ) > L(π). If the two tracks can pass the criterion, the 
track with larger L(K ) is taken as the K ± candidate, and the 
other track is assumed to be the µ candidate. The energy de-
posit in the EMC of the µ candidate is required to be less than 
0.3 GeV. We further require the Kµ invariant mass MKµ to be 
less than 1.65 GeV/c2 to reject D → Kπ backgrounds. The total 
energy of remaining unmatched EMC showers, denoted as Eextra, 
is required to be less than 0.2 GeV to suppress D → Kππ0 back-
grounds. To reduce backgrounds from the D → K eν process, the 
ratio RL′ (e) ≡ L′(e)/[L′(e) + L′(µ) + L′(π) + L′(K )] is required 
to be less than 0.8, where the likelihood L′(i) for the hypothesis 
i = e, µ, π or K is formed by combining EMC information with 
the dE/dx and TOF information.

To select K eν events, electron candidates are required to satisfy 
L′(e) > 0.001 and R′

L′ (e) > 0.8, where R′
L′ (e) ≡ L′(e)/[L′(e) +

L′(π) + L′(K )]. If both tracks satisfy these requirements, the one 
with larger R′

L′ (e) is taken as the electron. The remaining track is 
required to satisfy L(K ) > L(π).

The variable Umiss is used to distinguish semileptonic signal 
events from background:

Umiss ≡ Emiss − c|p⃗miss|, (7)

where,

Emiss ≡ Ebeam − E K − El, (8)

p⃗miss ≡ −
[

p⃗K + p⃗l + p̂ST

√
E2

beam/c2 − c2m2
D

]
, (9)

Single Tag (ST):

CP tag modes are reconstructed as single tags.

Double Tag (DT):

After reconstructing the CP tag, semileptonic 
decay of the pair D meson is reconstructed 

The Umiss distribution is fit to calculate the DT 
yields.
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Fig. 2. The MBC distributions for ST D candidates from data. The solid line is the total fit and the dashed line shows the background contribution described by an ARGUS 
function.

E K (l) ( p⃗K (l)) is the energy (three-momentum) of K ∓ (l±), p̂ST is 
the unit vector in the direction of the reconstructed CP-tagged D
and mD is the nominal D mass. The use of the beam energy and 
the nominal D mass for the magnitude of the CP-tagged D im-
proves the Umiss resolution. Since E equals to |p⃗|c for a neutrino, 
the signal peaks at zero in Umiss.

The Umiss distributions are shown in Fig. 3, where the tagged-D
is required to be in the region of 1.855 GeV/c2 < MBC <
1.875 GeV/c2. DT yields, obtained by fitting the Umiss spectra, are 
listed in Table 3. Unbinned maximum likelihood fits are performed 
for all modes except for modes including ω. For modes including 
an ω, binned least-square fits are performed to the ω sideband-
subtracted Umiss distributions. In each fit, the K eν or Kµν signal 
is modeled by the MC-determined shape convoluted with a bifur-
cated Gaussian where all parameters are allowed to vary in the fit. 
Backgrounds for K eν are well described with a first-order polyno-
mial. However, in the Kµν mode, backgrounds are more complex 
and consist of three parts. The primary background comes from 
D → Kππ0 decay. To better control this background, we select 
a sample of D → Kππ0 in data by requiring Eextra > 0.5 GeV, in 
which the Umiss shape of Kππ0 is proved to be basically the same 
as that in the region of Eextra < 0.2 GeV in MC simulation. The se-
lected Kππ0 sample is used to extract the resolution differences 
in the Umiss shape of Kππ0 in MC and data, and to obtain the 
D → Kππ0 yields in Eextra > 0.5 GeV region. Then, in fits to Umiss, 
the Kππ0 is described by the resolution-corrected shape from MC 
simulations and its size is fixed according to the relative simulated 
efficiencies of the Eextra > 0.5 GeV and Eextra < 0.2 GeV selection 
criteria. The second background from K eν events is modeled by a 
MC-determined shape. Its ratio to the signal yields is about 3.5% 
based on MC studies and is fixed in the fits. Background in the 
third category includes all other background processes, which are 
well described with a first-order polynomial.

3. Systematic uncertainties

Most sources of uncertainties for the ST or DT efficiencies, such 
as tracking, PID, and π0, η, K 0

S reconstruction, cancel out in de-
termining yCP . The main systematic uncertainties come from the 
background veto, modeling of the signals and backgrounds, fake 
tagged signals, and the CP-purity of ST events, as shown in Ta-
ble 4.

The cosmic and Bhabha veto is applied only for the K K and 
ππ ST events which have only two tracks. The effect of this veto 
is estimated based on MC simulation. We compare the cases with 
and without this requirement and the resultant relative changes in 

ST efficiencies are about 0.3% for both the K K and ππ modes. The 
resulting systematic uncertainty on yCP is 0.001.

Peaking backgrounds are studied for different ST modes, espe-
cially for ρπ backgrounds in the K 0

Sπ
0 tag mode and K 0

Sπ
+π−π0

backgrounds in the K 0
Sω tag mode. Based on a study of the inclu-

sive MC samples, the fraction of peaking backgrounds in K 0
Sπ

0 is 
0.3%. The uncertainties on yCP caused by this is about 0.001. Un-
certainties from the sideband subtraction of peaking backgrounds 
for the K 0

Sω mode are studied by changing the sideband and signal 
regions; changes in the efficiency-corrected yields are negligible.

Fits to the MBC and Umiss spectra could induce systematic er-
rors by the modeling of the signal and background shape. The MC-
determined signal shapes convoluted with a Gaussian are found 
to describe the data well, and systematic uncertainties from the 
modeling of the signal are assumed to be negligible. To estimate 
uncertainties from modeling of backgrounds, different methods are 
considered. For the CP ST yields, we include an additional back-
ground component to account for the ψ(3770) → D D process with 
a shape determined by MC simulation whose yield is determined 
in the fit. The uncertainties in the fits to MBC are uncorrelated 
among different tag modes, and the obtained change on yCP is 
0.001. For the DT semileptonic yields, the polynomial functions 
that are used to describe backgrounds in our nominal fits are re-
placed by a shape derived from MC simulations. For the Kµν
mode, the size of the main background Kππ0 is fixed in our nom-
inal fit, so the statistical uncertainties of the number of selected 
Kππ0 events introduces a systematic error. To estimate the asso-
ciated uncertainty, we vary its size by ±1 standard deviation based 
on the selected Kππ0 samples. Systematic uncertainties due to 
the Umiss fits are treated as positively correlated among different 
tag modes. We take the maximum change on the resultant yCP , 
that is 0.006, as systematic uncertainty.

The DT yields are obtained from the fit to the Umiss spectra. 
However, one also has to consider events that peak at Umiss but are 
backgrounds in the MBC spectra, the so-called fake tagged signals. 
This issue is examined by fitting to the MBC versus Umiss two-
dimensional plots. From this study, the fake tagged signal compo-
nent is proved to be very small. The resulting difference on yCP is 
0.002 and assigned as a systematic uncertainty.

We study the CP-purities of ST modes by searching for same-CP
DT signals in data. Assuming CP conservation in the charm sector, 
the same-CP process is prohibited, unless the studied CP modes 
are not pure or the initial C-odd D0 D0 system is diluted. The CP
modes involving K 0

S are not pure due to the existence of small 
CPV in K 0–K 0 mixing [6]. However, this small effect is negligible 

Example fits
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Fig. 3. Fit to the Umiss distributions for selected DT events from data. In each plot, the solid line is the total fit, the dashed line in K eν shows the contribution of polynomial 
backgrounds, and the dash-dotted line in Kµν shows the contribution of the main Kππ0 backgrounds.

Table 4
Summary of systematic uncertainties. Relative systematic uncertainties are listed for each tag mode in percent, while the resulting absolute uncertainties on ycp are shown 
in the last column. Negligible uncertainties are denoted by “–”.

K + K − π+π− K 0
S π

0π0 K 0
S π

0 K 0
S ω K 0

S η ycp

Background 0.3 0.3 – 0.3 – – 0.001

MBC fit 0.4 0.1 2.4 0.4 0.1 1.4 0.001

Umiss fit (K eν) 1.8 1.3 2.4 1.6 8.1 1.2
0.006

Umiss fit (Kµν) 3.2 7.0 4.6 2.5 1.7 1.7

Fake tag (K eν) 0.2 1.4 0.9 1.2 3.1 0.4
0.002

Fake tag (Kµν) 1.0 0.7 0.5 0.9 4.8 0.4

CP-purity – – 0.4 – 0.2 0.2 0.001

with our current sensitivity. Hence, K 0
Sπ

0 is assumed to be a clean 
CP mode, as its background level is very low. As a conservative 
treatment, we study DT yields of (K 0

Sπ
0, K 0

Sπ
0) to verify its pure 

CP-odd eigenstate nature and the CP-odd environment of the D0 D0

pair. The observed numbers of this DT signals are quite small, and 
we estimate the dilution of the C-odd initial state to be less than 
2% at 90% confidence level. This affects our measurement of yCP by 
less than 0.001. The purity of the K 0

Sπ
0 mode is found to be larger 

than 99%. Due to the complexity of the involved non-resonant and 
resonant processes in K 0

Sπ
0π0 and K 0

Sω, the CP-purities of these 
tag modes could be contaminated. We take the mode K + K − as a 
clean CP-even tag to test K 0

Sπ
0π0, and take K 0

Sπ
0 to test K 0

Sω and 
K 0

Sη. The CP-purities of K 0
Sπ

0π0, K 0
Sω and K 0

Sη are estimated to 
be larger than 89.4%, 93.3% and 93.9%, respectively. Based on the 

obtained CP purities, the corresponding maximum effect on the 
determined yCP is assigned as systematic uncertainty.

Systematic uncertainties from different sources are assumed to 
be independent and are combined in quadrature to obtain the 
overall yCP systematic uncertainties. The resultant total yCP sys-
tematic uncertainties is 0.007.

4. Results

The branching ratios of K ∓e±ν and K ∓µ±ν are summed to ob-
tain BDCP∓→l = BDCP∓→K eν + BDCP∓→Kµν . To combine results from 
different CP modes, the standard weighted least-square method is 
utilized [6]. The weighted semileptonic branching fraction B̃DCP±→l
is determined by minimizing
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Fig. 3. Fit to the Umiss distributions for selected DT events from data. In each plot, the solid line is the total fit, the dashed line in K eν shows the contribution of polynomial 
backgrounds, and the dash-dotted line in Kµν shows the contribution of the main Kππ0 backgrounds.

Table 4
Summary of systematic uncertainties. Relative systematic uncertainties are listed for each tag mode in percent, while the resulting absolute uncertainties on ycp are shown 
in the last column. Negligible uncertainties are denoted by “–”.
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with our current sensitivity. Hence, K 0
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0 is assumed to be a clean 
CP mode, as its background level is very low. As a conservative 
treatment, we study DT yields of (K 0
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0, K 0
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0) to verify its pure 

CP-odd eigenstate nature and the CP-odd environment of the D0 D0

pair. The observed numbers of this DT signals are quite small, and 
we estimate the dilution of the C-odd initial state to be less than 
2% at 90% confidence level. This affects our measurement of yCP by 
less than 0.001. The purity of the K 0
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0 mode is found to be larger 

than 99%. Due to the complexity of the involved non-resonant and 
resonant processes in K 0
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0π0, and take K 0
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0 to test K 0

Sω and 
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Sη are estimated to 
be larger than 89.4%, 93.3% and 93.9%, respectively. Based on the 

obtained CP purities, the corresponding maximum effect on the 
determined yCP is assigned as systematic uncertainty.

Systematic uncertainties from different sources are assumed to 
be independent and are combined in quadrature to obtain the 
overall yCP systematic uncertainties. The resultant total yCP sys-
tematic uncertainties is 0.007.

4. Results

The branching ratios of K ∓e±ν and K ∓µ±ν are summed to ob-
tain BDCP∓→l = BDCP∓→K eν + BDCP∓→Kµν . To combine results from 
different CP modes, the standard weighted least-square method is 
utilized [6]. The weighted semileptonic branching fraction B̃DCP±→l
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Fig. 3. Fit to the Umiss distributions for selected DT events from data. In each plot, the solid line is the total fit, the dashed line in K eν shows the contribution of polynomial 
backgrounds, and the dash-dotted line in Kµν shows the contribution of the main Kππ0 backgrounds.

Table 4
Summary of systematic uncertainties. Relative systematic uncertainties are listed for each tag mode in percent, while the resulting absolute uncertainties on ycp are shown 
in the last column. Negligible uncertainties are denoted by “–”.

K + K − π+π− K 0
S π

0π0 K 0
S π

0 K 0
S ω K 0

S η ycp

Background 0.3 0.3 – 0.3 – – 0.001

MBC fit 0.4 0.1 2.4 0.4 0.1 1.4 0.001

Umiss fit (K eν) 1.8 1.3 2.4 1.6 8.1 1.2
0.006

Umiss fit (Kµν) 3.2 7.0 4.6 2.5 1.7 1.7

Fake tag (K eν) 0.2 1.4 0.9 1.2 3.1 0.4
0.002

Fake tag (Kµν) 1.0 0.7 0.5 0.9 4.8 0.4

CP-purity – – 0.4 – 0.2 0.2 0.001

with our current sensitivity. Hence, K 0
Sπ

0 is assumed to be a clean 
CP mode, as its background level is very low. As a conservative 
treatment, we study DT yields of (K 0

Sπ
0, K 0

Sπ
0) to verify its pure 

CP-odd eigenstate nature and the CP-odd environment of the D0 D0

pair. The observed numbers of this DT signals are quite small, and 
we estimate the dilution of the C-odd initial state to be less than 
2% at 90% confidence level. This affects our measurement of yCP by 
less than 0.001. The purity of the K 0

Sπ
0 mode is found to be larger 

than 99%. Due to the complexity of the involved non-resonant and 
resonant processes in K 0

Sπ
0π0 and K 0

Sω, the CP-purities of these 
tag modes could be contaminated. We take the mode K + K − as a 
clean CP-even tag to test K 0

Sπ
0π0, and take K 0

Sπ
0 to test K 0

Sω and 
K 0

Sη. The CP-purities of K 0
Sπ

0π0, K 0
Sω and K 0

Sη are estimated to 
be larger than 89.4%, 93.3% and 93.9%, respectively. Based on the 

obtained CP purities, the corresponding maximum effect on the 
determined yCP is assigned as systematic uncertainty.

Systematic uncertainties from different sources are assumed to 
be independent and are combined in quadrature to obtain the 
overall yCP systematic uncertainties. The resultant total yCP sys-
tematic uncertainties is 0.007.

4. Results

The branching ratios of K ∓e±ν and K ∓µ±ν are summed to ob-
tain BDCP∓→l = BDCP∓→K eν + BDCP∓→Kµν . To combine results from 
different CP modes, the standard weighted least-square method is 
utilized [6]. The weighted semileptonic branching fraction B̃DCP±→l
is determined by minimizing

Quite clean after the analysis requirements, Umiss 

provides better resolution compared to M2miss 

̅
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Branching ratios of Ke𝜈 and K𝜇𝜈 are 
summed to calculate 𝓑CP±→ℓ

Results are then combined for different 
CP modes using the standard weighted 

least-square method, minimizing,
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Table 1
D final states reconstructed in this analysis.

Type Mode

CP+ K + K − , π+π− , K 0
S π

0π0

CP− K 0
S π

0, K 0
S ω, K 0

S η
Semileptonic K ∓e±ν , K ∓µ±ν

yCP ≈ 1
4

(BDCP−→l

BDCP+→l
− BDCP+→l

BDCP−→l

)
. (3)

At BESIII, quantum-correlated D0 D0 pairs produced at thresh-
old allow us to measure BDCP±→l . Specifically, we begin with a fully 
reconstructed D candidate decaying into a CP eigenstate, the so-
called Single Tag (ST). We have thus tagged the CP eigenvalue of 
the partner D meson. For a subset of the ST events, the so-called 
Double Tag (DT) events, this tagged partner D meson is also ob-
served via one of the semileptonic decay channels. CP violation in 
D decays is known to be very small [18], and can be safely ne-
glected. Therefore, BDCP∓→l can be obtained as

BDCP∓→l = NCP±;l
NCP±

· εCP±
εCP±;l

, (4)

where NCP± (NCP±;l) and εCP± (εCP±;l) denote the signal yields and 
detection efficiencies of ST decays D → CP± (DT decays D D →
CP±; l), respectively. For CP eigenstates, as listed in Table 1, we 
choose modes with unambiguous CP content and copious yields. 
The CP violation in K 0

S decays is known to be very small, it is 
therefore neglected. The semileptonic modes used for the DT in 
this analysis are K ∓e±ν and K ∓µ±ν . 

1.3. The BESIII detector and data sample

The analysis presented in this paper is based on a data sam-
ple with an integrated luminosity of 2.92 fb−1 [23] collected with 
the BESIII detector [24] at the center-of-mass energy of 

√
s =

3.773 GeV. The BESIII detector is a general-purpose solenoidal de-
tector at the BEPCII [25] double storage rings. The detector has a 
geometrical acceptance of 93% of the full solid angle. We briefly 
describe the components of BESIII from the interaction point (IP) 
outwards. A small-cell main drift chamber (MDC), using a helium-
based gas to measure momenta and specific ionizations of charged 
particles, is surrounded by a time-of-flight (TOF) system based 
on plastic scintillators that determines the flight times of charged 
particles. A CsI(Tl) electromagnetic calorimeter (EMC) detects elec-
tromagnetic showers. These components are all situated inside a 
superconducting solenoid magnet, that provides a 1.0 T magnetic 
field parallel to the beam direction. Finally, a multi-layer resis-
tive plate counter system installed in the iron flux return yoke 
of the magnet is used to track muons. The momentum resolution 
for charged tracks in the MDC is 0.5% for a transverse momen-
tum of 1 GeV/c. The energy resolution for showers in the EMC is 
2.5% (5.0%) for 1 GeV photons in the barrel (end cap) region. More 
details on the features and capabilities of BESIII can be found else-
where [24].

High-statistics Monte Carlo (MC) simulations are used to eval-
uate the detection efficiency and to understand backgrounds. The
geant4-based [26] MC simulation program is designed to simulate 
interactions of particles in the spectrometer and the detector re-
sponse. For the production of ψ(3770), the kkmc [27] package is 
used; the beam energy spread and the effects of initial-state radi-
ation (ISR) are included. The MC samples consist of the D D pairs 
with consideration of quantum coherence for all modes relevant to 
this analysis, non-D D decays of ψ(3770), ISR production of low-
mass ψ states, and QED and qq̄ continuum processes. The effective 

luminosity of the MC samples is about 10 times that of the an-
alyzed data. Known decays recorded by the Particle Data Group 
(PDG) [6] are generated with evtgen [28,29] using PDG branch-
ing fractions, and the remaining unknown decays are generated 
with lundcharm [30]. Final-state radiation (FSR) of charged tracks 
is taken into account with the photos package [31].

2. Event selection and data analysis

Each charged track is required to satisfy | cos θ | < 0.93, where 
θ is the polar angle with respect to the beam axis. Charged tracks 
other than K 0

S daughters are required to be within 1 cm of the IP 
transverse to the beam line and within 10 cm of the IP along the 
beam axis. Particle identification for charged hadrons h (h = π , K ) 
is accomplished by combining the measured energy loss (dE/dx) 
in the MDC and the flight time obtained from the TOF to form a 
likelihood L(h) for each hadron hypothesis. The K ± (π±) candi-
dates are required to satisfy L(K ) > L(π) (L(π) > L(K )).

The K 0
S candidates are selected with a vertex-constrained fit 

from pairs of oppositely charged tracks, which are required to be 
within 20 cm of the IP along the beam direction; no constraint 
in the transverse plane is required. The two charged tracks are 
not subjected to the particle identification discussed above, and 
are assumed to be pions. We impose 0.487 GeV/c2 < Mπ+π− <

0.511 GeV/c2, that is within about 3 standard deviations of the 
observed K 0

S mass, and the two tracks are constrained to originate 
from a common decay vertex by requiring the χ2 of the vertex fit 
to be less than 100. The decay vertex is required to be separated 
from the IP with a significance greater than two standard devia-
tions.

Reconstructed EMC showers that are separated from the extrap-
olated positions of any charged tracks by more than 10 standard 
deviations are taken as photon candidates. The energy deposited in 
nearby TOF counters is included to improve the reconstruction effi-
ciency and energy resolution. Photon candidates must have a min-
imum energy of 25 MeV for barrel showers (| cos θ | < 0.80) and 
50 MeV for end cap showers (0.84 < | cos θ | < 0.92). The show-
ers in the gap between the barrel and the end cap regions are 
poorly reconstructed and thus excluded. The shower timing is re-
quired to be no later than 700 ns after the reconstructed event 
start time to suppress electronic noise and energy deposits un-
related to the event. The η and π0 candidates are reconstructed 
from pairs of photons. Due to the poorer resolution in the EMC end 
cap regions, those candidates with both photons coming from EMC 
end caps are rejected. The invariant mass Mγ γ is required to be 
0.115 GeV/c2 < Mγ γ < 0.150 GeV/c2 for π0 and 0.505 GeV/c2 <

Mγ γ < 0.570 GeV/c2 for η candidates. The photon pair is kine-
matically constrained to the nominal mass of the π0 or η [6] to 
improve the meson four-vector calculation.

The ω candidates are reconstructed through the decay ω →
π+π−π0. For all modes with ω candidates, sideband events in 
the Mπ+π−π0 spectrum are used to estimate peaking backgrounds 
from non-ω D → K 0

Sπ
+π−π0 decays. We take the signal region 

as (0.7600, 0.8050) GeV/c2 and the sideband regions as (0.6000, 
0.7300) GeV/c2 or (0.8300, 0.8525) GeV/c2. The upper edge of the 
right sideband is restricted because of the K ∗ρ background that 
alters the shape of Mπ+π−π0 . The sidebands are scaled to the esti-
mated peaking backgrounds in the signal region. The scaling factor 
is determined from a fit to the Mπ+π−π0 distribution in data, as 
shown in Fig. 1, where the ω signal is determined with the MC 
shape convoluted with a Gaussian whose parameters are left free 
in the fit to better match data resolution, and the background is 
modeled by a polynomial function. 

Yields are then used to calculate the 
branching ratio, with the efficiency 
measured using the MC sample
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Table 5
Values of branching ratio of DCP±→l obtained from different tag modes and the 
combined branching ratio. The errors shown are statistical only.

Tag mode BDCP−→K eν (%) BDCP−→Kµν (%) BDCP−→l (%)

K + K − 3.44 ± 0.12 3.33 ± 0.12 6.77 ± 0.17
π+π− 3.29 ± 0.18 3.35 ± 0.20 6.64 ± 0.27
K 0

S π
0π0 3.40 ± 0.18 3.48 ± 0.18 6.89 ± 0.26

B̃DCP−→l 3.40 ± 0.09 3.37 ± 0.09 6.77 ± 0.12

Tag mode BDCP+→K eν (%) BDCP+→Kµν (%) BDCP+→l (%)

K 0
S π

0 3.62 ± 0.10 3.33 ± 0.10 6.96 ± 0.15
K 0

S ω 3.32 ± 0.21 3.81 ± 0.21 7.14 ± 0.30
K 0

S η 3.68 ± 0.26 3.84 ± 0.29 7.52 ± 0.40

B̃DCP+→l 3.58 ± 0.09 3.46 ± 0.09 7.04 ± 0.13

χ2 =
∑

α

(
B̃DCP±→l − Bα

DCP±→l

)2

(
σα

CP±
)2 , (10)

where α denotes different CP-tag modes and σα
CP± is the statistical 

error of Bα
DCP±→l for the given tag mode. The branching fractions 

of BDCP±→l and the obtained B̃DCP±→l are listed in Table 5. Finally, 
yCP is calculated using Eq. (3), with BDCP±→l replaced by B̃DCP±→l . 
We obtain yCP = (−2.0 ± 1.3 ± 0.7)%, where the first uncertainty 
is statistical and the second is systematic.

5. Summary

Using quantum-correlated D0 D0 pairs produced at 
√

s =
3.773 GeV, we employ a CP-tagging technique to obtain the yCP
parameter of D0–D0 oscillations. Under the assumption of no di-
rect CPV in the D sector, we obtain yCP = (−2.0 ± 1.3(stat.) ±
0.7(syst.))%. This result is compatible with the previous measure-
ments [18,33–35] within about two standard deviations. However, 
the precision is still statistically limited and less precise than the 
current world average [6]. Future efforts using a global fit [36] may 
better exploit the BESIII data, leading to a more precise result.
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Strong Phase Difference b/w D0 and D0 →K0𝜋+𝜋−
Motivated by the quest to increase the precision 
of the angle 𝛾 measurement in B− →DK− decay.

Determining ! using BÁ\DKÁ with multibody D decays
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We propose a method for determining # using B!→DK! decays followed by a multibody D decay, such as
D→KS$"$#, D→KSK"K#, and D→KS$"$#$0. The main advantages of the method are that it uses only
Cabibbo allowed D decays, and that large strong phases are expected due to the presence of resonances. Since
no knowledge about the resonance structure is needed, # can be extracted without any hadronic uncertainty.

DOI: 10.1103/PhysRevD.68.054018 PACS number!s": 13.25.Hw, 13.25.Ft

I. INTRODUCTION

Theoretically, the cleanest way of determining the angle

#$arg!"VudVub* /VcdVcb* " !1"

is to utilize the interference between the b→cu s and b
→uc s decay amplitudes %1–12&. Because these transitions
involve only distinct quark flavors, there are no penguin con-
tributions to these decays. In the original idea of Gronau and
Wyler !GW" %3& the B!→DCPK! decay modes are used,
where DCP represents a D meson which decays into a CP
eigenstate. The dependence on # arises from the interference
between the B!→D0K! and B!→D 0K! decay amplitudes.
The main advantage of the GW method is that, in principle,
the hadronic parameters can be cleanly extracted from data,
by measuring the B!→D0K! and B!→D 0K! decay rates.
In practice, however, measuring # in this way is not an

easy task. Because of the values of the Cabibbo-Kobayashi-
Maskawa !CKM" coefficients and color suppression, the ra-
tio between the two interfering amplitudes rB %see Eq. !4"& is
expected to be small, of order 10%–20%. This reduces the
sensitivity to # , which is roughly proportional to the magni-
tude of the smaller amplitude. In addition, if the strong
phases vanish, measuring # makes use of terms of order rB

2 .
In contrast, if a large strong phase is involved in the interfer-
ence, there is a sensitivity to # at order rB with most meth-
ods. Thus, in general, having large interfering amplitudes
with large relative strong phases is a favorable situation.
Since the hadronic parameters are not yet known, it is still

not clear which of the proposed methods is more sensitive. In
addition, all the methods are expected to be statistically lim-
ited. It is therefore important to make use of all modes and
methods, as well as to try to find new methods. Any new
method that is based on ‘‘unused’’ decay channels increases
the total statistics. Moreover, many of the analyses are sen-
sitive to common hadronic parameters, for example, rB .
Combining them will increase the sensitivity of the measure-
ment by more than just the increase in statistics.
Here we study the possibility to use B!→DK!, followed

by a multibody D decay, in order to cleanly determine # .
While this idea was already discussed in %5&, most of our
results and applications are new. For the sake of concrete-

ness, we concentrate on the D→KS$"$# decay mode. The
advantage of using such decay chains is threefold. First, one
expects large strong phases due to the presence of reso-
nances. Second, only Cabibbo allowed D decay modes are
needed. Third, the final state involves only charged particles,
which have a higher reconstruction efficiency and lower
background than neutrals. The price one has to pay is that a
Dalitz plot analysis of the data is needed. We describe how to
do the Dalitz plot analysis in a model independent way, and
explore the advantages gained by introducing verifiable
model dependence. The final balance between the advantages
and disadvantages depends on yet-to-be-determined hadronic
parameters and experimental considerations.

II. MODEL INDEPENDENT DETERMINATION OF !

As we shall show in this section, to perform a model
independent determination of the angle # one needs to mea-
sure the two CP-conjugate decay modes B!→DK!

→(KS$"$#)DK! and to perform a Dalitz plot analysis of
the KS$"$# final state originating from the intermediate D
meson. !In the following discussion we neglect D0-D 0 mix-
ing, which is a good approximation in the context of the
standard model. See Appendix A for details."
Let us first focus on the cascade decay

B"→DK"→!KS$"$#"DK" !2"

and define the amplitudes

A!B"→D0K""'AB, !3"

A!B"→D 0K""'ABrBei((B"#). !4"

The same definitions apply to the amplitudes for the CP
conjugate cascade B#→DK#→(KS$#$")DK#, with the
change of weak phase sign #→"# in Eq. !4". Since we have
set the strong phase of AB to zero by convention, (B is the
difference of strong phases between the two amplitudes. For
the CKM elements, the usual convention of the weak phases
has been used. !The deviation of the weak phase from "#
has been neglected, as it is suppressed by the factor )4*2
%10"3, with ) being the sine of the Cabibbo angle." The
value of !AB! is known from the measurement of the B"
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Determine 𝛾 through the interference between b →c and 
b →u transitions when 𝐷0 and 𝐷0  both decay to the same 

final state f(D).

BESIII can help reducing the systematics on 
this important measurement with 
providing more information on the 

D0 →K0𝜋+𝜋− decay.

With the amount of data LHCb collecting, 
𝛾 measurement soon will be systematically 

limited. 

B−

D0K−

D0K−

f(D)K−

̅

I. INTRODUCTION

A central goal of flavor physics is the determination of
all elements of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix [1], magnitudes and phases. Of the three angles of
the b! d CKM unitarity triangle, denoted !, ", and # by
some, $2, $1, and $3 by others, the least-well determined
is #=$3, the phase of Vub relative to Vcb. It is of great
interest to determine #=$3 using the decay B" ! K" ~D0,
since in this mode the #=$3 value obtained is expected to
be insensitive to new physics effects in B decays. Thus it
becomes a firm standard model reference for CP violation
phenomena. Here, ~D0 is eitherD0 or !D0, and both decay to
the same final state, and so their amplitudes add.
Sensitivity to the angle #=$3 comes from the interference
between two Cabibbo-suppressed diagrams: b ! c !us, giv-
ing rise to B! ! K!D0, and the color and CKM-
suppressed process b ! u !cs, giving rise to B! ! K! !D0.
One of the most promising ~D0 decays for measuring #=$3

using this method is ~D0 ! K0
S%

þ%!, because it
is Cabibbo favored (CF) for both D0 and !D0 decays,
thus providing large event yields. To make use of this
decay, however, the interference effects between B! !
K! !D0ð! K0

S%
þ%!Þ and B! ! K!D0ð! K0

S%
þ%Þ need

to be understood. These interference effects can be mea-
sured using CLEO-c data.

We first write the amplitude for the B" decay as follows:

A ðB" ! K" ~D0; ~D0 ! K0
S%

þ%!ðx; yÞÞ
/ fDðx; yÞ þ rBe

i&"f !Dðx; yÞ: (1)

Here, x & m2
K0

S%
þ , y & m2

K0
S%

! are the Dalitz-plot variables

in the ~D0 decay, fDðx; yÞðf !Dðx; yÞÞ is the amplitude for
D0ð !D0Þ decay to K0

S%
þ%! at ðx; yÞ, rB is the ratio of the

suppressed to favored amplitudes, and &" & 'B " #,
where 'B is the strong phase shift between the color-
favored and color-suppressed amplitudes. Ignoring the
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[2–5], we have f !Dðx; yÞ ¼ fDðy; xÞ, and Eq. (1) can then be
rewritten as
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The square of the amplitude clearly depends on the phase
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the phase of fDðx; yÞ. Thus, for the determination of #=$3,
one must know "'Dðx; yÞ. Once "'Dðx; yÞ is determined
then a simultaneous fit to Bþ ! DCP"K

þ and B! !
DCP"K

! data allows the separate determination of rB,
'B and # [2].

Previous analyses, reported by the BABAR [6,7] and
Belle [8] collaborations, extracted "'Dðx; yÞ by fitting a
flavor-tagged D0 ! K0

S%
þ%! Dalitz plot to a model for

D0 decay involving various 2-body intermediate states.
Such an approach introduces a 7( ) 9( model uncertainty
in the value of #=$3,

1 which would be a limiting uncer-
tainty for LHCb [9] and future B-factory experiments.
In the analysis presented here, we employ a model-

independent approach to obtain "'Dðx; yÞ as suggested
by Giri et al. [2], by exploiting the quantum coherence of
D0 ! !D0 pairs at the c ð3770Þ. Because of this quantum
correlation, K0
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þ%! and K0

L%
þ%! decays recoiling

against flavor tags, CP tags, and D0 ! K0
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þ%! tags,
taken together provide direct sensitivity to the quantities
cos"'D and sin"'D. This measurement will result in a
substantial reduction in the systematic uncertainty
associated with the interference effects between B! !
K! !D0ð! K0

S%
þ%!Þ and B! ! K!D0ð! K0

S%
þ%Þ.

II. FORMALISM

Giri et al. proposed [2] a model-independent procedure
for obtaining "'Dðx; yÞ, as follows. The Dalitz plot is
divided into 2N bins, symmetrically about the line x ¼
y. The bin index i ranges from !N to þN , excluding
zero. The coordinate exchange x $ y thus corresponds to
the exchange of bins i $ !i. The number of events in the
i-th bin of a flavor-tagged K0
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þ%! Dalitz plot from a D0

decay is then expressed as
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where the integral is performed over a single bin. The
parameters ci and si are the amplitude-weighted averages
of cos"'D and sin"'D over each Dalitz-plot bin. It is
important to note that ci and si depend only on the D0

decay, not the B decay, and therefore CLEO-c data are
currently most suitable to measure these quantities. In
principle they could be left as free parameters in a ~D0 !
K0

S%
þ%! Dalitz-plot analysis from B" decays, but their

values can be more precisely determined from correlated
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We will use the GGSZ* method to investigate the decay
Final states are three body, self-conjugate modes
eg: KsKK, Ks𝜋𝜋
- Binning regions of Dalitz plot where δD is similar
- Model independent, there is no incorrect binning.
- Optimization for binning for increased sensitivity.
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Strong Phase Difference b/w D0 and D0 →K0𝜋+𝜋−

• Ti : measured in flavor decays
• rB : color suppression ~0.1
• δB : strong phase of B
• ci,si : weighted average of cos(ΔδD) and sin(ΔδD), 

phase difference between Ds given by ΔδD.
All but ci,si variables will be measured in B factories. 

→D0K! decay width using flavor specific decays of D0 and
the precision of its determination is expected to further im-
prove !13". The amplitude A(B!→D̄0K!) is color sup-
pressed and cannot be determined from experiment in this
way !4". The color suppression together with the experimen-
tal values of the ratio of the relevant CKM elements leads to
the theoretical expectation rB#0.1–0.2 $see the recent dis-
cussion in !11"%.
For the three-body D meson decay we define

AD$s12 ,s13%&A12,13ei'12,13

&A„D0→KS$p1%(!$p2%("$p3%…
#A„D̄0→KS$p1%("$p2%(!$p3%…, $5%

where si j#(pi"p j)2, and p1 ,p2 ,p3 are the momenta of the
KS ,(!,(", respectively. We also set the magnitude A12,13
)0, such that '12,13 can vary between 0 and 2( . In the last
equality the CP symmetry of the strong interaction together
with the fact that the final state is a spin zero state has been
used. With the above definitions, the amplitude for the cas-
cade decay is

A„B!→$KS(
!("%DK!…

#ABPD„AD$s12 ,s13%"rBei('B!*)AD$s13 ,s12%…,
$6%

where PD is the D meson propagator. Next, we write down
the expression for the reduced partial decay width:

d+̂„B!→$KS(
!("%DK!…#,A12,13

2 "rB
2A13,12

2

"2rB Re!AD$s12 ,s13%AD*$s13 ,s12%e!i('B!*)"-dp ,

$7%

where dp denotes the phase space variables, and we used the
extremely accurate narrow width approximation for the D
meson propagator.
In general, there is no symmetry between the two

arguments of AD in Eq. $6%, and thus in the rates over the
Dalitz plot. A symmetry would be present if, for instance,
the three-body D decay proceeded only through .-like reso-
nances. We emphasize, however, that the product
AD(s12 ,s13)AD*(s13 ,s12) in the interference term in Eq. $7% is
symmetric under the exchange s12↔s13 followed by com-
plex conjugation. This fact is used to simplify the analysis.
The moduli of the D decay amplitude A12,13 can be mea-

sured from the Dalitz plot of the D0→KS(
!(" decay. To

perform this measurement the flavor of the decaying neutral
D meson has to be tagged. This can be best achieved by
using the charge of the soft pion in the decay D*"

→D0(". However, the phase '12,13 of the D meson decay
amplitude is not measurable without further model depen-
dent assumptions. The cosine of the relevant phase difference
may be measured at a charm factory $see Sec. III%. If the
three-body decay D0→KS(

!(" is assumed to be resonance
dominated, the Dalitz plot can be fitted to a sum of Breit-
Wigner functions, determining also the relative phases of the

resonant amplitudes. This is further discussed in Sec. IV.
Here we assume that no charm factory data are available and
develop the formalism without any model dependent as-
sumptions.
Using the trigonometric relation cos(a"b)#cos a cos b

!sin a sin b, the last term of Eq. $7% can be written as

Re!AD$s12 ,s13%AD*$s13 ,s12%e!i('B!*)"

#A12,13A13,12!cos$'12,13!'13,12%cos$'B!*%

"sin$'12,13!'13,12%sin$'B!*%" . $8%

Obviously, to compare with the data, an integration over at
least some part of the Dalitz plot has to be performed. We
therefore partition the Dalitz plot into n bins and define

ci&!
i
dpA12,13A13,12 cos$'12,13!'13,12%, $9a%

si&!
i
dpA12,13A13,12 sin$'12,13!'13,12%, $9b%

Ti&!
i
dpA12,13

2 , $9c%

where the integrals are done over the phase space of the ith
bin. The variables ci and si contain differences of strong
phases and are therefore unknowns in the analysis. The vari-
ables Ti , on the other hand, can be measured from the flavor
tagged D decays as discussed above, and are assumed to be
known inputs into the analysis.
Due to the symmetry of the interference term, it is conve-

nient to use pairs of bins that are placed symmetrically about
the 12↔13 line, as shown in Fig. 1. Consider an even, n
#2k, number of bins. The k bins lying below the symmetry
axis are denoted by the index i, while the remaining bins are
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FIG. 1. The partitions of the Dalitz plot as discussed in the text.
The symmetry axis is the dashed line. On the axes we have s12
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Dalitz Plot

indexed with ī . The ī th bin is obtained by mirroring the ith
bin over the axis of symmetry. The variables ci ,si of the ith
bin are related to the variables of the ī th bin by

c ī!ci , s ī!"si , !10"

while there is no relation between Ti and T ī . Note that had
one used 12↔13 symmetric bins centered on the symmetry
axis, one would have had si!0.
Together with the information available from the B# de-

cay, we arrive at a set of 4k equations:

#̂ i
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!Ti#rB
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These equations are related to each other through 12↔13
and/or (↔"( exchanges. All in all, there are 2k#3 un-
knowns in Eq. !11",

ci , si , rB , 'B , ( , !12"

so that the 4k relations !11" are solvable for k*2. In other
words, a partition of the D meson Dalitz plot into four or
more bins allows for the determination of ( without hadronic
uncertainties. This is our main result.
Alternatively to this binning, one can use a partition of the

Dalitz plot into k bins which are symmetric under 12↔13.
For that case, si!0 and the set of 4k equations !11" reduces
to 2k relations &the first two and the last two equations in
!11" are the same in this case). Then, there are just k#3
unknowns to be solved for, which is possible for k*3.
While such binning may be needed due to low statistics, it
has several disadvantages, which are further discussed be-
low.
When ci!0 or si!0 for all i, some equations become

degenerate and ( cannot be extracted. However, due to reso-
nances, we do not expect this to be the case. Degeneracy also

occurs if 'B!0. In this case, ( can still be extracted if some
of the ci and/or si are independently measured, as discussed
in the following section.
The optimal partition of the Dalitz plot as well as the

number of bins is to be determined once the analysis is done.
Some of the considerations that enter this choice are as fol-
lows. First, one would like to have as many small bins as
possible, in order that ci and si do not average out to small
numbers. Second, the bins have to be large enough that there
are significantly more events than bins. Otherwise there will
be more unknowns than observables. There are also experi-
mental considerations, such as optimal parametrization of
backgrounds and reconstruction efficiency.

III. IMPROVED MEASUREMENT OF ci AND si

So far, we have used the B decay sample to obtain all the
unknowns, including ci and si , which are parameters of the
charm system. We now discuss ways to make use of high-
statistics charm decays to improve the measurement of these
parameters, or obtain them independently. Doing so will re-
duce the number of unknowns that need to be determined
from the relatively low-statistics B sample, thereby reducing
the error in the measurement of ( .
The first improvement in the measurement is obtained by

making use of the large sample of tagged D decays, identi-
fied in the decay D*#→D0%#, at the B factories. So far we
have assumed only that we use these data to determine Ti . In
fact, they can also be used to bound the unknowns ci and si
defined in Eq. !9":

"si","ci"+!
i
dpA12,13A13,12+!TiT ī . !13"

This bound will help decrease the error in the determination
of ( , with an especially significant effect when, due to low
statistics in each bin, ci and si are determined with large
errors.
Next, we show that the ci can be independently measured

at a charm factory &14–16). This is done by running the
machine at the ,(3770) resonance, which decays into a DD̄
pair. If one D meson is detected in a CP eigenstate decay
mode, it tags the other D as an eigenstate of the opposite CP
eigenvalue. The amplitude and partial decay width for this
state to decay into the final state of interest are
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ci = ci and si = -si

remaining bins are indexed with ı. As an example, square bins are shown in Figure 2. The
following calculations are independent of bin shape and size, as long as bins are symmetric
across the x = y axis. This allows the use of the phase bins which will be discussed later in
this memo.

For each bin we can define the quantities

Ti ≡
∫

i

|AD(x, y)|2dxdy (22)

Gi ≡
∫

i

AD(x, y)A
∗
D(y, x)dxdy (23)

and the strong phase parameters,

ci ≡
Re[Gi]√
TiTı

=
1√
TiTı

∫

Di

|AD(x, y)||AD(y, x)| cos(δx,y − δy,x)dxdy (24)

si ≡
Im[Gi]√

TiTı

=
1√
TiTı

∫

Di

|AD(x, y)||AD(y, x)| sin(δx,y − δy,x)dxdy (25)

where δx,y and δy,x are the phases for AD(x, y) and AD(y, x), respectively. The variables ci
and si of the ith bin are related to the variables of the ıth bin by

cı = ci, sı = −si, (26)

while there is no distinct relationship between Ti and Tı.
The total decay width of each bin can then be written as

Γ±
i ≡

∫

i

dΓ(B± → (K0
Sπ

−π+)DK
±) (27)

= Ti + r2BTı ± 2rB
√

TiTı[cos(δB + γ)ci − sin(δB + γ)si] (28)

Γ±
ı ≡

∫

ı

dΓ(B± → (K0
Sπ

−π+)DK
±) (29)

= Tı + r2BTi ± 2rB
√

TiTı[cos(δB + γ)ci + sin(δB + γ)si] (30)

We can express these variables in terms of efficiency-corrected yields of the Dalitz plot
by defining the number of events in the ith bin

Ki = aD

∫

i

|AD(x, y)|2dxdy = aDTi. (31)

where the normalization factor aD is defined such that
∑

i

Ki = aD
∑

i

Ti = N. (32)

and N is the total number of events in the Dalitz plot.
The number of events in the ith bin of a Dalitz plot originating from the B± decay is

N±
i = aB

∫

i

|AB±(x, y)|2dxdy (33)

= aB

∫

i

(AD(x, y)|2 + r2B|AD(y, x)|2 ± 2rBRe[AD(x, y)A
∗
D(y, x)e

−i(δB+γ)])dxdy (34)

= aB[Ti + r2BTı ± 2rB
√

TiTı(cos(δB + γ)ci + sin(δB + γ)si)] (35)

=
aB
aD

[Ki + r2BKı ± 2rB
√

KiKı(cos(δB + γ)ci + sin(δB + γ)si)] (36)

8

Current Status of the Measurement  

of the CKM UT 

4/08/2014 

𝛾/ϕ3 = 68+8.0
−8.5

°
 

2013 CKMfitter (direct measurements) 

α/ϕ2  = 85.4+4.0
−3.9

°
 

 β/ϕ1 = 21.38+0.79
−0.77

°
 

• 𝛾 is the least precisely measured 

angle. 

• Precision can still be improved by 

BESIII with cooperation from BaBar, 

Belle, LHCb. 

• Precise measurement of 𝛾 is needed 

to test the consistency of the CKM UT. 

• Any difference between Tree 

measurements to Loop 

measurements might be a sign of 

New Physics in the flavor sector. 
Dan Ambrose, University of Rochester  

BESIII Collaboration 
6 

Belle Model-Dependent Dalitz [Phys. Rev. D 81, 112002 (2010)] 

78.4+10.8
−11.6 𝑠𝑡𝑎𝑡 ± 3.6(𝑠𝑦𝑠𝑡) ± 8.9(𝑀𝑜𝑑𝑒𝑙) 

Belle Model-Independent Dalitz [Phys. Rev. D 85, 112014 (2012)] 

77.3+15.1
−14.9 𝑠𝑡𝑎𝑡 ± 4.2(𝑠𝑦𝑠𝑡) ± 4.3(𝑐𝑖/𝑠𝑖) 

Currently statistically limited,  

but soon systematically limited 

Example of 𝛾 measurements from Dalitz  

Belle model 
independent 𝛾 
measurement ci,si  error dominates

Phys. Rev. D 85, 112014 (2012) 
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Strong Phase Difference b/w D0 and D0 →K0𝜋+𝜋−
ci,si can be measured using the Double Tags:

D0 →Ks𝜋+𝜋− vs (KS/L𝜋+𝜋− or CP tags)

ci and si c’i and s’i

[Ks𝜋+𝜋− vs CP tags]

[KL𝜋+𝜋− vs KS𝜋+𝜋−][KS𝜋+𝜋− vs KS𝜋+𝜋−]

[KL𝜋+𝜋− vs CP tags]

Use both (ci ,si) and (c’i ,s’i) to further constrain the results (ci ,si) 
bins where the asymmetry is large while the expected
yields are low. If there is a large background yield in
such a bin then the size of the asymmetry can be diluted
to the point where the sensitivity gained by the optimal
binning choice is significantly reduced by the presence of
background. Also, very large bins contain a large fraction
of the combinatoric background, which follows a reason-
ably uniform distribution over the Dalitz plot, which di-
lutes the asymmetry in that bin. With an assumed
background model, it is possible to find a binning choice
that maximizes the sensitivity to ! in the presence of
background.

The background model assumed is determined from
simulation studies of LHCb described in Ref. [16]. In
this work three distinct types of background are consid-
ered. The first type of background is pure combinatoric,
where the D0 is reconstructed from a random combination
of pions; the background-to-signal ratio, B/S, is expected
to be less than 1.1 at the 90% confidence level. The second
type of background is where a D meson is reconstructed
correctly, and is then subsequently combined with a ran-
dom kaon candidate to form a B candidate. The recon-
struction of the D0 and !D0 is approximately equally likely
and hence the distribution of this type of background in the
ith bin will be proportional to ðKi þ K#iÞ. For this type of
background, B/S is expected to be 0:35% 0:03. The third
type of background, which has the smallest contribution to
the total background, involves real B decays, predomi-
nantly B# ! "# ~D0 where the pion is misidentified as a
kaon. In total the real B background has B/S less than 0.24
at the 90% confidence level. Sensitivity studies have shown
that this type of background causes only a minor degrada-
tion in the sensitivity to !. Therefore, this background type
is ignored. In summary, the data sample is assumed to be
composed of 41% signal events, 45% combinatoric back-
ground and 14% fully reconstructed D background.

In the presence of background the calculation of Q
changes and will be written as Q0 to distinguish it from
the no background case. The value of Q0 is still related to
the number of standard deviations by which the number of
events in each bin is changed by varying parameters x and
y, to the number of standard deviations if the Dalitz plot is
divided into infinitely small regions as defined in Eq. (14),
however the definition of jfB# j2 is now

jfB# j2 ¼ fsjfDðm2
þ; m

2
#Þ þ ðxþ iyÞfDðm2

#; m
2
þÞj2

þ f1B1ðm2
þ; m

2
#Þ þ f2B2ðm2

þ; m
2
#Þ; (18)

where B1ðm2
þ; m

2
#Þ and B2ðm2

þ; m
2
#Þ are the probability

density functions for the combinatoric and fully recon-
structed D backgrounds, respectively, and fs, f1, and f2
are the fractions of signal, combinatoric background, and
fully reconstructed D backgrounds, respectively. The as-
sumed values of fs, f1 and f2 are 0.41, 0.45, and 0.14.

As before the precision of x and y weakly depends on
their values, therefore, the simplification that x ¼ y ¼ 0 is

once more made. In this case the expression analogous to
Eq. (17) is given by

Q02jx¼y¼0 ¼
P

i
f2sFiF#i

fsFiþf1B1iþf2B2i
ðc2i þ s2i Þ

R f2s jfDðm2
þ;m

2
#Þj2jfDðm2

#;m
2
þÞj2

fsjfDðm2
þ;m

2
#Þj2þf1B1þf2B2

dm2
þdm

2
#
; (19)

where B1i ðB2iÞ is the integrated probability density func-
tions for the combinatoric (fully reconstructed D) back-
ground over the ith bin.
The optimization algorithm to find the modified-optimal

binning with the highest Q0 is the same as described
in Sec. III B 3. The modified-optimal binning Q0 value
is 0.910. In comparison, the equal "#D binning has
Q0 ¼ 0:882 and the optimal binning has Q0 ¼ 0:867. The
fine structure of the binning is smoothed out using the same
technique as described for the optimal binning; the Q0

value drops by 0.006. The binning after the smoothing
procedure is given in Fig. 4. In addition, we performed
studies that show this binning choice retains the highest
values ofQ0 even when the assumptions of the background
model are modified. The alternative background models
tested contain combinatoric background with a B/S be-
tween 0.8 and 1.3, and fully reconstructed D0 background
with a B/S between 0.26 and 0.44.

5. Belle model binning

The shape of the bins are dependent on the details of the
amplitude model for the decay. There is another model
available from the Belle experiment with which to define
the bins [13]. This model does not use the same descrip-
tions of the "" and K" S wave as the BABAR 2008 and
2010 models [12,14]. A lookup table of this model has
been provided by the Belle Collaboration [28]. Therefore,
for a completeness, and to cross check our baseline results
derived from the BABAR 2008 model, an equal "#D

FIG. 4 (color online). Modified-optimal binning of the D0 !
K0

S"
þ"# Dalitz plot based on the BABAR 2008 model. The

color scale represents the absolute value of the bin number, jij.

J. LIBBY et al. PHYSICAL REVIEW D 82, 112006 (2010)

112006-8

Babar optimized 
Binning Scheme 2008:

Optimized to increase 
sensitivity to 𝛾, and 
smooths the bins to 

account for the regions 
that are smaller than the 

detector resolution.
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Comparison to CLEO-c’s Previous Measurement 

4/08/2014 
Dan Ambrose, University of Rochester 

BESIII Collaboration 
14 

Consistent agreement 
with CLEO-c 
measurements.  
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Model prediction 
BESIII 
CLEO-c 

***Only statistical 
uncertainty is listed 

Source: CLEO Collaboration, Physical Review 
D, vol 82., pp. 112006 - 112035 
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BESIII Preliminary

BESIII Preliminary BESIII PreliminaryBESIII Preliminary

BESIII
CLEO-c
Model

Measured using the worlds largest 
ψ(3770) data sample taken at the 

threshold.
Results consistent with the CLEO-c 
with superior statistical uncertainties.
Contribution to the uncertainty in 

gamma of ±2.1° using optimal binning, 
compared to Belle’s current 

measurement of ±4.3° from CLEO-c’s 
results. 

CLEO-c result: Phys. Rev. D 82, 112006
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Thank you!

Summary and Outlook

• ycp measurement online. Phys.Lett. B 744 (2015) 339-346 

• Finalizing the D0 →K0𝜋+𝜋− model independent measurement.

• More quantum coherence papers are in the works.


