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Quantum-correlated ψ(3770) → D D̄ decays collected by the CLEO-c experiment are used to perform first 
measurements of F+, the fractional CP-even content of the self-conjugate decays D → π+π−π0 and 
D → K + K −π0. Values of 0.968 ± 0.017 ± 0.006 and 0.731 ± 0.058 ± 0.021 are obtained for π+π−π0

and K + K −π0, respectively. It is demonstrated how modes of this sort can be cleanly included in 
measurements of the unitarity triangle angle γ using B∓ → D K ∓ decays. The high CP-even content 
of D → π+π−π0, in particular, makes this a promising mode for improving the precision on γ .

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.
1. Introduction

Improved knowledge of the unitarity triangle angle γ (also
denoted φ3) = arg(−V ud V ∗

ub/V cd V ∗
cb) is necessary for testing the 

Standard Model description of CP violation. Sensitivity to γ can be 
obtained by studying CP-violating observables in B∓ → D K ∓ de-
cays, where D indicates a neutral charm meson reconstructed in a 
final state common to both D0 and D̄0 mesons. Examples include 
CP-eigenstates [1], quasi-flavour specific states such as K ±π∓ [2], 
self-conjugate modes such as K 0

S π+π− [3,4] and singly Cabibbo-
suppressed decays such as K 0

S K ±π∓ [5]. The current world average 
precision on γ is significantly worse than that of the other an-
gles of the unitarity triangle [6]. Therefore, including additional 
D-meson final states is desirable to reduce the statistical uncer-
tainty on γ at current and future facilities.

In the case that the D does not decay to a pure CP eigenstate, 
information is required on the strong decay dynamics in order 
to relate the CP-violating observables to γ . This information can 
be obtained from studies of quantum-correlated D D̄ mesons pro-
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duced in e+e− collisions at an energy corresponding to the mass 
of the ψ(3770) [3,7–9], and relevant measurements have been 
performed for several decay channels exploiting data collected by 
CLEO-c [10–15] and BESIII [16].

The decay D → π+π−π0 is a promising candidate to be added 
to the suite of modes used in the γ measurement. Its Dalitz 
plot has been studied by the CLEO and BaBar Collaborations us-
ing flavour-tagged D0 decays and exhibits a strikingly symmetric 
distribution that suggests the decay may be dominated by a single 
CP eigenstate [17,18].1 An isospin analysis [19] of the amplitude 
model for D0 → π+π−π0 presented in Ref. [18] concludes that 
the final state is almost exclusively I = 0. Therefore, given that 
the parity and G-parity of the three-pion final state is odd and 
G = (−1)I C , the final state is expected to be C = −1 and CP = +1. 
As its branching ratio of 1.43 ± 0.06% [6] is significantly larger 
than those of the pure two-body CP-even modes, it has the po-
tential to contribute strongly in any analysis making use of such 

1 Furthermore, the model-dependent analysis in Ref. [18] uses an amplitude 
model derived from the D0 sample to search for CP violation in B± → D K ± de-
cays. This is a different analysis strategy to that made possible through the results 
presented in this Letter.
 under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
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decays. The channel D → K +K −π0 is a similar, but less abundant, 
self-conjugate mode that has also attracted interest [20,21]. This 
Letter presents the first analysis of these decays using quantum-
correlated D D̄ decays, and measurements of their CP content, mak-
ing use of the CLEO-c ψ(3770) data set. These measurements allow 
the inclusive decays to be included in future B∓ → D K ∓ analyses 
in a straightforward and model-independent manner, thus allow-
ing for an improved determination of the angle γ . Throughout the 
effects of CP violation in charm mesons are neglected, which is a 
good assumption given theoretical expectations and current exper-
imental limits [6,22].

The remainder of the Letter is structured as follows. Section 2
describes how quantum-correlated D decays are used to determine 
the CP content. In addition, predictions for the CP content of the 
state from existing amplitude models are presented. The data set 
and event selection are described in Section 3. The results and the 
determination of the systematic uncertainties are presented in Sec-
tion 4. In Section 5 the implications for the measurement of the 
unitarity triangle angle γ are discussed. Section 6 gives the con-
clusions.

2. Measuring the CP content

Consider a ψ(3770) → D D̄ analysis in which the signal de-
cay mode is D → h+h−π0. Let M+ designate the number of 
“double-tagged” candidates, after background subtraction, where 
one D meson is reconstructed in the signal mode of interest, and 
the other is reconstructed in a CP-odd eigenstate. The quantum-
numbers of the ψ(3770) resonance then require that the signal 
mode is in a CP-even state, hence the + superscript. The observ-
able M− is defined in an analogous manner. Let S+ (S−) designate 
the number of “single-tagged” CP-odd (CP-even) candidates in the 
data sample, where a D meson is reconstructed decaying to a CP
eigenstate, with no requirement on the final state of the other D
meson in the event. The small effects of D0 D̄0 mixing are elimi-
nated from the measurement by correcting the measured single-
tagged yields S±

meas such that S± = S±
meas/(1 − η± yD), where η±

is the CP eigenvalue of the mode, and yD ∼ 10−2 is one of the 
well-known D0 D̄0 mixing parameters [23]. For a time-integrated 
measurement at the ψ(3770) there are no effects on the double-
tagged yields at leading order in the mixing parameters.

On the assumption that for double-tagged candidates the re-
construction efficiencies of each D meson are independent, then 
the quantity N+ ≡ M+/S+ has no dependence on the branching 
fractions or reconstruction efficiencies of the CP-eigenstate modes, 
and can be directly compared with the analogous quantity N− to 
gain insight into the CP content of the signal mode. The CP fraction 
is defined

F+ ≡ N+

N+ + N− (1)

and is 1 (0) for a signal mode that is fully CP-even (CP-odd). The 
notation F+(π+π−π0) and F+(K +K −π0) is used in the discus-
sion when it is necessary to distinguish between the two final 
states.

It is also instructive to interpret the observable F+ making use 
of the formalism developed in Ref. [8] for binned analyses of self-
conjugate three-body final states. Consider the situation where the 
D0 → h+h−π0 Dalitz plot is divided into two bins by the line 
m2(h+π0) = m2(h−π0). The bin for which m2(h+π0) > m2(h−π0)

is labelled −1 and the opposite bin is labelled +1. The CP-tagged 
populations of these bins, N±

i , normalised by the corresponding 
single CP-tag yields, is given by

N± = hD
(

K1 ± 2c1
√

K1 K−1 + K−1
)
,
1
N±
−1 = hD

(
K−1 ± 2c−1

√
K−1 K1 + K1

)
. (2)

Here hD is a normalisation factor independent of bin number and 
CP tag. The parameter Ki is the flavour-tagged fraction, being the 
proportion of decays to fall in bin i in the case that the mother 
particle is known to be a D0 meson, for example through tagging 
the other D meson in the event with a semileptonic decay. The 
parameter ci is the cosine of the strong-phase difference between 
D0 and D̄0 decays averaged in bin i and weighted by the absolute 
decay rate (a precise definition may be found in Ref. [8]). By mak-
ing use of the relations N± = ∑

i N±
i , 

∑
i Ki = 1 and c1 = c−1 it 

follows that

F+ = 1

2
(1 + 2c1

√
K1 K−1 ). (3)

Therefore the inclusive decay tends to a pure CP eigenstate in the 
limit that the flavour-tagged Dalitz plot is symmetric, with K1 =
K−1 = 1/2, and c1 is −1 or 1.

Amplitude models of D0 → π+π−π0 and D0 → K +K −π0

are available from studies of flavour-tagged D0 decays performed 
by the BaBar Collaboration [18,21]. These models, together with 
Eq. (3), can be used to calculate predictions for the CP content for 
each decay. Values of F+(π+π−π0) = 0.92 and F+(K +K −π0) =
0.64 are obtained.2 The amplitude models are fitted to time-
integrated data and include the effects of D0 D̄0 mixing. The bi-
ases in the predicted values of F+ arising from mixing effects are 
<0.01. Other possible biases, associated with the uncertainties in 
the fitted model components, are expected to be larger, but have 
not been evaluated.

The CP content of the state D → h+h−π0 also has conse-
quences for the number of self tags Mself , which are events con-
taining two D → π+π−π0 or two D → K +K −π0 candidates. Us-
ing the formalism of Ref. [8] for self-tagged events, and once more 
considering a Dalitz plot divided into two, the number of self-tag 
candidates in bins i and j is given by

Mself
i j = 0.5R

(
Ki K− j + K−i K j

− 2
√

Ki K− j K−i K j(cic j + si s j)
)
. (4)

Here R = ND D̄(B Rh+h−π0)2ε , where ND D̄ is the number of D D̄
pairs in the sample, B Rh+h−π0 is the branching fraction of D0 →
h+h−π0 and ε is the detection efficiency. The parameter si is the 
sine of the strong-phase difference between D0 and D̄0 decays 
averaged in bin i and weighted by the absolute decay rate. Em-
ploying the same relations as previously, together with s1 = −s−1
and Mself = ∑

i, j Mself
i j , it follows that

Mself = R
(
1 − 4c2

1 K1 K−1
)

= 4R F+(1 − F+), (5)

where Eq. (3) has been used to express Mself in terms of F+ . Hence 
the number of self tags vanishes in the case that the signal mode 
is a CP eigenstate.

3. Data set and event selection

The data set analysed consists of e+e− collisions produced by 
the Cornell Electron Storage Ring (CESR) at 

√
s = 3.77 GeV and 

collected with the CLEO-c detector. The integrated luminosity of 
the data set is 818 pb−1. The CLEO-c detector is described in de-
tail elsewhere [24]. Simulated Monte Carlo (MC) samples of signal 

2 The value of x0 = 0.850 reported in Ref. [18] corresponds to a value of F+ that 
is very close to the model-derived result given in this Letter.
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Table 1
D final states reconstructed in this analysis.

Type Final states

Signal π+π−π0, K + K −π0

CP-even K + K − , π+π− , K 0
S π0π0, K 0

L π0, K 0
L ω

CP-odd K 0
S π0, K 0

S ω, K 0
S η, K 0

S η′

decays are used to estimate selection efficiencies. Possible back-
ground contributions are determined from a generic MC sample 
corresponding to approximately ten times the integrated luminos-
ity of the data set. The EVTGEN generator [25] is used to simulate 
the decays. The detector response is modelled using the GEANT 
software package [26].

Table 1 lists the reconstructed D0 and D̄0 final states. The un-
stable final state particles are reconstructed in the following de-
cay modes: π0 → γ γ , K 0

S → π+π− , ω → π+π−π0, η → γ γ , 
η → π+π−π0 and η′ → η(γ γ )π+π− . The π0, K 0

S , ω, η and η′
reconstruction procedure is identical to that used in Ref. [14].

Final states that do not contain a K 0
L are fully reconstructed 

via two kinematic variables: the beam-constrained candidate mass, 
Mbc ≡

√
s/4c4 − p2

D/c2, where pD is the D-candidate momentum, 
and 	E ≡ E D − √

s/2, where E D is the D-candidate energy. The 
Mbc and 	E distributions of correctly reconstructed D-meson can-
didates will peak at the nominal D0 mass and zero, respectively. 
Neither 	E nor Mbc distributions exhibit any peaking structure for 
combinatoric background. The double-tagged yield is determined 
from counting events in signal and sideband regions of Mbc after 
placing requirements on 	E . The yield determination procedure 
is identical to that presented in Refs. [10,14] for all modes apart 
from h+h−π0 vs. h+h−π0, which is described separately later in 
this section.

The selection procedures are almost identical to those pre-
sented in Refs. [10,14] apart from that for h+h−π0 vs. h+h− . An 
additional requirement is placed on the D0 → h+h− candidates 
such that events with the h± compatible with the electron or 
muon particle identification hypothesis are removed; this criterion 
removes background from the single-tag sample arising from cos-
mic ray muons and radiative Bhabha events. These backgrounds 
distort the combinatoric background shape of the single-tag Mbc
distribution, such that it cannot be fit readily by an analytic func-
tion. (The single-tag yield determination is described later in this 
section.)

The only final state not considered in Refs. [10,14] is h+h−π0, 
for which the criterion −58.3 < 	E < 35.0 MeV is applied. This 
	E criterion corresponds to a range of approximately three times 
the experimental resolution around zero. In addition, to suppress 
background from D0 → K 0

S π0 in the D0 → π+π−π0 selection, re-
quirements are placed on the vertex of the π+π− pair to be con-
sistent with originating from the e+e− collision point. Fig. 1 shows 
the Mbc distributions for CP-tagged signal candidates, summed 
over all CP-even and CP-odd tags, respectively, where the CP-tag 
final state does not contain a K 0

L meson.
Many K 0

L mesons produced do not deposit any reconstructible 
signal in the detector. However, double-tag candidates can be fully 
reconstructed using a missing-mass squared (M2

miss) technique 
[27] for tags containing a single K 0

L meson. Yields are extracted 
from the signal and sideband regions of the M2

miss distribution. 
Fig. 2 shows the M2

miss distributions for candidates tagged with 
either a K 0

L π0 or K 0
L ω tag.

In the selection of π+π−π0 vs. π+π−π0 candidates an ad-
ditional K 0

S veto is applied to remove D → K 0
S (π+π−)π0 decays 

that are otherwise found to dominate the sample. Candidates are 
rejected if they have a π+π− invariant mass within 30 MeV/c2
of the nominal K 0
S mass. The selected sample of π+π−π0 vs. 

π+π−π0 candidates contains a significant combinatoric back-
ground from continuum e+e− → uū, dd̄ events that hadronise 
to six pions. Furthermore, this combinatoric background does not 
follow a uniform distribution in Mbc as in the other double-tag 
modes. Therefore, an alternative strategy is used to determine the 
signal yield. A maximum-likelihood fit to the distribution of the 
average Mbc of the two D → π+π−π0 candidates is used to deter-
mine the signal yield. The probability density functions (PDFs) are 
parametrised by a Crystal Ball function [28] and a threshold ARGUS 
function [29] for the signal and combinatoric background compo-
nents, respectively. Apart from the signal yield all other parame-
ters of the signal PDF are fixed to those obtained from the signal 
MC sample. All parameters for the background PDF are obtained 
from the fit to data. The average Mbc distribution for π+π−π0

vs. π+π−π0 candidates is shown in Fig. 3(a), along with the re-
sult of the fit. No significant signal is observed. Even though the 
combinatoric background in the sample of K + K −π0 vs. K +K −π0

candidates is smaller, the same method is applied to determine 
the signal yield as for π+π−π0 vs. π+π−π0. The average Mbc
distribution and fit result for K + K −π0 vs. K +K −π0 candidates is 
shown in Fig. 3(b); again no significant signal is observed.

The peaking background estimates are determined from the 
generic MC sample of D D events. For final states without a K 0

L
the peaking backgrounds are found to be extremely small or negli-
gible. The peaking backgrounds are significant in the states tagged 
by K 0

L π0 and K 0
L ω as shown in Fig. 2. The dominant source of 

peaking background is D0 → K 0
S X , K 0

S → π0π0 (X = π0, ω) events 
where the π0 mesons from the K 0

S decay are not reconstructed.
The measured event yields after background subtraction are 

given in Table 2. No significant signal is seen in any of the modes 
tagged by a CP-even eigenstate, whereas significant signals are 
seen in most modes tagged by CP-odd eigenstates.

It is also necessary to know the single-tag yield for the 
CP-eigenstates to normalise the double-tagged yields appropriately 
to obtain a value of F+ . The selection of single tags is only pos-
sible for modes without a K 0

L in the final state. The selection 
criteria are identical to those for the double-tag selection. The 
signal yield is estimated using a maximum likelihood fit to the 
Mbc distribution where the signal is modelled by the sum of a 
Gaussian and an asymmetric Gaussian and the combinatoric back-
ground is modelled by an ARGUS function. Apart from the signal 
yield all other parameters of the signal PDF are fixed to those 
obtained from the signal MC sample. All parameters for the back-
ground PDF are obtained from the fit to data. The signal yield 
is estimated by integrating the best-fit PDF within the interval 
1.86 < Mbc < 1.87 GeV/c2. Peaking backgrounds are estimated 
from the generic D D̄ simulation. Significant contributions are only 
found for D0 → K 0

S ω and D0 → K 0
S η′(π+π−π0) candidates, corre-

sponding to 1.9% and 3.8% of the signal, respectively; in both cases 
the dominant sources of peaking background are states with in-
termediate K ∗ , K1 and K2 resonances which lead to K 0

S π+π−π0

in the final state. The background-subtracted single-tag yields are 
given in Table 2.

4. Results, systematic uncertainties and consistency checks

The yields of double-tagged and single CP-tag candidates are 
used to determine the quantities N+ and N− , and from these the 
CP fraction F+ . The values for N+ and N− are calculated from 
the ensemble of CP-odd and CP-even tags, respectively, accounting 
for statistical and systematic uncertainties, and allowing for the 
correlations that exist between certain systematic components.

There is an uncertainty in the single-tag yields S±
meas associ-

ated with the fit function used to model the Mbc distribution 
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Fig. 1. Mbc distributions for D → π+π−π0 candidates tagged by CP-even (a) and CP-odd (b) eigenstates; corresponding plots for D → K + K −π0 for CP-even (c) and 
CP-odd (d). Tags involving a K 0

L are not included. The vertical dotted lines indicate the applied signal window.

Fig. 2. M2
miss distributions for D → π+π−π0 (a) and D → K + K −π0 candidates tagged by CP eigenstates that contain a K 0

L . The shaded histogram indicates the peaking 
background. The vertical dotted lines indicate the applied signal window.
of the signal. This shape of the distribution varies depending on 
whether there are no electromagnetic neutral final-state particles 
present (K +K − and π+π−), whether the neutrals are relatively 
hard (K 0

S π0(γ γ ) and K 0
S η(γ γ )) or soft (all other modes). Uncer-

tainties are assigned of 2.0%, 2.5% and 5.0%, respectively. These 
assignments also adequately cover those uncertainties related to 
the assumption of the double-tag efficiency factorising into the 
product of the two single-tag efficiencies. S±

meas is corrected for 
the effects of D0 D̄0 mixing using yD = 0.62 ± 0.08 [23].

Tags involving a K 0
L require special treatment as it is not pos-

sible to measure a single-tag yield for these modes. The expected 
value for the tag K 0
L π0 without mixing effects, S−(K 0

L π0), is given 
by 2ND D̄εK 0

L π0Bh+h−π0 . Here εK 0
L π0 is an effective single tag effi-

ciency, taken to be equal to the ratio of the double-tagged effi-
ciency to the single-tagged signal efficiency, as determined from 
simulation and Bh+h−π0 is the D → h+h−π0 branching fraction 
[6]. The number of D D̄ pairs in the sample, ND D̄ , can be measured 
from the double-tagged yield of decays into Cabibbo-favoured fi-
nal states. It is found that S−(K 0

L π0) = 24 433 ± 3934, where the 
assigned error reflects the uncertainties in the input factors and as-
sumptions of this calculation. A similar procedure for K 0

L ω yields 
S−(K 0ω) = 8923 ± 4015.
L
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Fig. 3. Average Mbc distributions (points with error bars) for (a) π+π−π0 vs. π+π−π0 and (b) K + K −π0 vs. K + K −π0. Superimposed are the total (solid line), signal 
(dashed line) and background (dotted line) fit results. The shaded histogram indicates the peaking background.
Table 2
Background subtracted signal yields and statistical uncertainties for double tags and 
the CP single-tag yields.

Tag π+π−π0 K + K −π0 Single

π+π−π0 34.3±20.0 – –
K + K −π0 – 2.7±3.6 –

K + K − 3.9±5.5 11.3±4.1 11 970 ± 116
π+π− 13.3±6.6 1.7±3.8 5595 ± 109
K 0

S π0π0 1.9±3.4 2.8±2.0 7306± 125

K 0
L π0 14.6±7.9 10.6±4.0 –

K 0
L ω −4.3±4.0 3.5±4.4 –

K 0
S π0 214.0 ±15.0 26.0±5.2 20 069 ± 146

K 0
S ω 95.5±9.9 11.6±3.4 7960 ± 99

K 0
S η(γ γ ) 33.0±5.8 3.5±2.4 2903± 71

K 0
S η(π+π−π0) 8.8±3.1 1.0±1.0 1161 ± 48

K 0
S η′ 17.6±4.2 3.0±1.7 1405± 38

Finally, there is a possible source of bias arising from non-
uniformities in the Dalitz acceptance. The efficiency of reconstruc-
tion at CLEO-c is rather flat across phase space, but residual varia-
tions are parameterised and used to weight the amplitude models 
for the two signal modes, and the resulting effective values of F+
are then calculated. The potential bias is assessed to be 0.001 for 
π+π−π0, and 0.010 for K +K −π0. The significant difference be-
tween the two values is attributed to the larger fraction of events 
in the CP-odd Dalitz plot for D → K +K −π0, which will be dis-
tributed differently than those in the CP-even Dalitz plot. There-
fore, the measured value of F+ is affected more significantly by 
efficiency variations than for D → π+π−π0.

The measured values for N+ and N− for the two signal modes 
are displayed in Fig. 4. It can be seen that there is consistency 
between the individual tags for each measurement. From these re-
sults it is determined that F+(π+π−π0) = 0.968 ± 0.017 ± 0.006
and F+(K +K −π0) = 0.731 ± 0.058 ± 0.021, where the first uncer-
tainty is statistical and the second is systematic. These values are 
slightly higher than, but compatible with, the model predictions 
reported in Section 2.

The results for the number of self tags are not used in the de-
termination of the CP-even content because they provide much 
weaker constraints than the CP-tags, and because the K 0

S veto im-
posed on the invariant mass of π+π− pairs for the π+π−π0 vs. 
π+π−π0 selection distorts the Dalitz space for this mode. Instead, 
the self-tagged yields are employed as a cross-check. Making use 
of Eq. (5) and taking the above values for the F+(π+π−π0) and 
F+(π+π−π0) leads to an expectation of 2.6 ± 1.6 and 0.4 ± 0.1
candidates for the number of D → π+π−π0 and D → K +K −π0

self tags, respectively. These predictions are compatible with the 
measured values reported in Table 2.

5. Implications for the measurement of γ

Sensitivity to the unitarity triangle angle γ is obtained by mea-
suring the relative rates of B∓ → D(h+h−π0)K ∓ decays and re-
lated observables. Once more considering the Dalitz plot to be 
divided into a pair of symmetric bins, as introduced in Section 2, 
and making use of the relations of Ref. [8] and Eq. (3), it follows 
that

Γ
(

B∓ → D
(
h+h−π0)K ∓) = hB

([
1 + r2

B

][
1 − 2c1 yD

√
K1 K−1

]

+ 2x∓
[
2c1

√
K1 K−1 − yD

])

= hB
([

1 + r2
B

][
1 − (2F+ − 1)yD

]

+ 2x∓
[
(2F+ − 1) − yD

])
. (6)

Here hB is a normalisation factor, rB is the ratio of the mag-
nitudes of the B+ → D0 K + and B+ → D̄0 K + amplitudes, δB is 
the strong-phase difference between these amplitudes and x± =
rB cos(δB ± γ ). This expression includes the effects of D0 D̄0 oscil-
lations at leading order in the mixing parameters [30].

These partial widths and those involving flavour-specific D me-
son decays can be used to construct the partial-widths ratio R F+
and CP-asymmetry A F+ :

R F+ ≡ Γ (B− → D F+ K −) + Γ (B+ → D F+ K +)

Γ (B− → D0 K −) + Γ (B+ → D̄0 K +)
, (7)

A F+ ≡ Γ (B− → D F+ K −) − Γ (B+ → D F+ K +)

Γ (B− → D F+ K −) + Γ (B+ → D F+ K +)
, (8)

where D F+ indicates a D meson of CP-even content F+ , estab-
lished through its decay into the final state h+h−π0. These ob-
servables are directly analogous to the usual so-called GLW [1]
observables RCP± and ACP± , where the D meson is reconstructed 
in a pure CP eigenstate.3

In order to make explicit the relationship to the pure CP-eigen-
state case, the effects of mixing are now neglected. Then R F+ and 

3 Experimentally, and following the usual procedure established in GLW analyses 
for measuring RCP± [31–34], it is more convenient to determine R F+ from the dou-

ble ratio R F+ �
Γ (B−→D F+ K −)+Γ (B+→D F+ K +)

Γ (B−→D F+ π−)+Γ (B+→D F+ π+)
/

Γ (B−→D K−π+ K −)+Γ (B+→D K+π− K +)

Γ (B−→D K−π+ π−)+Γ (B+→D K+π− π+)
, 

where in the second ratio the D mesons are reconstructed in the Cabibbo-favoured 
decay.
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Fig. 4. D → π+π−π0 results for N+ (a) and N− (b). D → K + K −π0 results for N+ (c) and N− (d). In each plot the vertical (yellow in the web version) band indicates the 
value obtained from the combination of all tags.
A F+ are found to have the following dependence on the underlying 
physics parameters:

R F+ = 1 + r2
B + (2F+ − 1) · 2rB cos δB cosγ , (9)

A F+ = (2F+ − 1) · 2rB sin δB sinγ /R F+ , (10)

which reduces to the equivalent expressions for RCP± and ACP±
in the case F+ is 1 or 0. Therefore inclusive final states such as 
h+h−π0 may be cleanly interpreted in terms of γ and the other 
parameters of interest, provided that F+ is known. At leading order 
the only difference that the CP asymmetry A F+ has with respect 
to the pure CP-eigenstate case is a dilution factor of (2F+ − 1), 
which is 0.936 ± 0.036 for D → π+π−π0 and 0.462 ± 0.124 for 
D → K +K −π0. The measurement of F+ presented here assumes 
a uniform acceptance across the Dalitz plot; any non-uniformity is 
considered as a potential source of systematic uncertainty. There-
fore, any non-uniformity of the acceptance over the Dalitz plot for 
an experiment determining R F+ and A F+ must be corrected for, if 
necessary, and a suitable systematic uncertainty assigned.

6. Conclusion

Data corresponding to an integrated luminosity of 818 pb−1

collected by the CLEO-c experiment in e+e− collisions at the 
ψ(3770) resonance have been analysed for the decays D →
π+π−π0 and D → K +K −π0. Measurements of F+ , the frac-
tional CP-even content of each decay have been performed. Values 
of F+(π+π−π0) = 0.968 ± 0.017 ± 0.006 and F+(K +K −π0) =
0.731 ± 0.058 ± 0.021 are obtained, where the first uncertainty 
is statistical, and the second is systematic. It has been demon-
strated that such self-conjugate inclusive channels can be cleanly 
included in measurements of the unitarity-triangle angle γ , us-
ing B∓ → D K ∓ decays. The high value of F+ obtained for D →
π+π−π0 makes this channel, in particular, a valuable addition to 
the suite of D-decay modes used in the measurement of γ at LHCb 
and Belle-II. Furthermore, given the large branching fraction, the 
D → π+π−π0 state can provide an additional source of CP-even 
tags for quantum-correlated measurements at the ψ(3770). The 
sample of D → π+π−π0 tags would be approximately twice as 
large as the D → h+h− sample. However, the formalism needs 
to be adjusted to incorporate F+ to account for the small CP-odd 
component in the final state. Improved precision on the F+ param-
eters can be obtained using the larger ψ(3770) data set available 
at BESIII, and similar measurements can also be performed for 
other self-conjugate final states.
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