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Reanalysis of BaBar data

Extraction of the asymmetries 
• BaBar data from D0→K+K-π+π-, D(s)+→K0SK+π+π- used to extract all the 

asymmetries 
!
!

• AT and A# T translated to yields 
!
!
!
!

• Systematic uncertainties propagated by assuming them to be  
Gaussian-distributed 
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Time-dependent D0(t)→ K+π-  

!  976 fb-1, full data set 
 
!  double mis-ID background 

reduced with tight PID cuts if 
|Mswapped-MD|< 25 MeV/c2 

 

!  Method (opposite the usual):  
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Right sign 
(RS) K-π+ 

Wrong sign 
(WS) K+π- 

Right sign 
(RS) K-π+ 

background 
(from ΔM 
sideband) 

a)  WS and RS samples are 
selected: |MKπ - MD| < 20 MeV/c2 

 

b)  Divide samples into 10 bins of 
decay time. For each bin, 
determine event yields by fitting 
ΔM = MKππ - MKπ distribution 

 
c)  plot ratio of event yields, fit this 

distribution for RD, x’2, y’ 
 
Advantage: as one fits to ratios of 
event yields, less sensitive to 
resolution function 



Why Study Mixing and CPV in Charm ? 

Ø Charm is an up-type quark: unique probe 
complementary to studies in the K and B 
sectors. 

Ø Precision CKM measurements in B sector need 
input from charm 

Ø Mixing and CPV are small in the SM(GIM + CKM 
suppression) 
Ø Sensitive to New Physics effects 

Ø Long distance contributions are non negligible, 
precise theoretical predictions are difficult 
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Mixing and CPV Formalism 
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D mesons are produced as flavor eigenstates D0 and D0 and decays as 
mass eigenstates D1 and D2 

Mixing occurs  if  
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Mixing parameters 
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DIRECT CPV  
Different decay amplitudes 

for D0 and D0 

CPV IN MIXING  
Different mixing rates  

D0→D0 andD0→D0 

CPV IN INTERFERENCE  
between mixing and decays 



YCP, ΔY, and AΓ
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Ø  D mixing manifests into different decay time distributions for D0 mesons 
decaying to different CP eigenstates. 

Ø  From the average D0 width Γ and the width of the D0 (D0) to a CP+ eigenstate 
Γ+ (Γ+), it is possible to build the observables: 

Ø  If no CPV: yCP =y; ΔY = AΓ = 0 

Ø  From the decay time distributions, assuming no direct CPV, small indirect CPV 

yCP =
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YCP Measurement	  
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Reanalysis of BaBar data

Extraction of the asymmetries 
• BaBar data from D0→K+K-π+π-, D(s)+→K0SK+π+π- used to extract all the 

asymmetries 
!
!

• AT and A# T translated to yields 
!
!
!
!

• Systematic uncertainties propagated by assuming them to be  
Gaussian-distributed 
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PRD 87, 012004 (2013)  
468 fb-1 

Ø  5 signal channels 
Ø  Tagged: D*+→D0π+,D0→π+π-, K+K-, K-π+ 

Ø  Untagged: D0→K+K-,Kπ 
Ø  Assume decay width Γ for K-π+ and Γ+ 

for CP even h+h- = π+π-, K+K- 

Ø  Fit to decay time distributions to extract τ

yCP =
τ(K−π+)

τ(h+h−)
− 1

AΓ =
τ(D

0
→ h+h−)− τ(D0

→ h+h−)

τ(D
0
→ h+h−) + τ(D0 → h+h−)

fD0 are varied as part of the systematic error estimate for
yCP and !Y. All five tagged and two untagged signal-
lifetime PDFs are explicitly given in Appendix B.

The !t PDF for signal candidates is obtained directly
from data by subtracting the sum of the background !t

distributions from that of all candidates in the lifetime-fit
mass region. These one-dimensional !t distributions are

used to model the Hsig
!t ð!tÞ PDF discussed previously.

We determine the t versus !t misreconstructed-charm
signal-like PDF shape parameters and yields by fitting
simulated events in the lifetime-fit mass region and then
fix these parameters in the lifetime fit to data. We vary the
lifetimes and yields as part of the study of systematic effects.

The largest background in the lifetime-fit mass region is
due to random combinations of tracks. The PDF describing
the two-dimensional combinatorial background in t and
!t in the lifetime-fit mass region is characterized as a
weighted average of the two-dimensional PDFs extracted
from the mass sideband regions. The weights for the low
and high sidebands are obtained from simulated events.
The ðt;!tÞ combinatorial PDF in each sideband and for
each mode, except for the untagged K#Kþ mode, is
extracted as a two-dimensional histogram from the side-
band samples. From these histograms we subtract the
contribution of signal and misreconstructed-charm back-
grounds, each of which is estimated from simulated events,
to obtain the final combinatorial PDF in each sideband. For
the untagged K#Kþ mode, a similar procedure is used but,
instead of histograms, analytic signal-like PDFs are used.
For the background PDFs the offsets and the lifetimes are
allowed to be different for each Gaussian. The signal and
misreconstructed-charm PDF parameters are extracted by
fitting simulated events, and then fixed, along with the
expected candidate yields, in the fit that extracts the com-
binatorial PDFs in each sideband.

For the untagged K#Kþ mode both the expected signal
and combinatorial yields are free parameters in the life-
time fit. The expected combinatorial background yields
in the other modes are determined by integrating the
total background PDF extracted from the mass fit in the
lifetime-fit mass region, and then subtracting the expected
misreconstructed-charm background yields, which are

determined from samples of simulated events. A small bias
on these fit yields is observed in fits to simulated events.
To correct for this, we scale the data yields based on
the simulated-event fits and vary the mode-dependent
scale factors as a systematic uncertainty. Table II gives

TABLE II. Signal and background yields in the lifetime-fit
mass region. Yields with uncertainties are those obtained directly
from the lifetime fit to data. For the tagged modes, the yields are
the sum of the separate D0 and "D0 tags.

Tagged Modes Untagged Modes
"#"þ K#Kþ K%"& K#Kþ K%"&

Signal 65 430 136 870 1 487 000 496 200 5 825 300
&260 &370 &1200 &1200 &2600

Comb. Bkgd. 3760 653 2849 165 000 1 044 552
&1000

Charm Bkgd. 97 309 642 5477 4645
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FIG. 2 (color online). Proper-time t distribution for each decay
mode with the fit results overlaid. The combinatorial distribution
(indicated as ‘‘Comb.’’ in light gray) is stacked on top of the
misreconstructed-charm distribution (indicated as ‘‘Charm’’ in
dark gray). The normalized Poisson pulls for each fit are shown
under each plot: ‘‘unt’’ refers to the untagged datasets. The
bottom right plot shows the individual lifetimes (with statistical
uncertainties only): the gray band indicates the PDG D0 lifetime
&1! [27].
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fD0 are varied as part of the systematic error estimate for
yCP and !Y. All five tagged and two untagged signal-
lifetime PDFs are explicitly given in Appendix B.

The !t PDF for signal candidates is obtained directly
from data by subtracting the sum of the background !t

distributions from that of all candidates in the lifetime-fit
mass region. These one-dimensional !t distributions are

used to model the Hsig
!t ð!tÞ PDF discussed previously.

We determine the t versus !t misreconstructed-charm
signal-like PDF shape parameters and yields by fitting
simulated events in the lifetime-fit mass region and then
fix these parameters in the lifetime fit to data. We vary the
lifetimes and yields as part of the study of systematic effects.

The largest background in the lifetime-fit mass region is
due to random combinations of tracks. The PDF describing
the two-dimensional combinatorial background in t and
!t in the lifetime-fit mass region is characterized as a
weighted average of the two-dimensional PDFs extracted
from the mass sideband regions. The weights for the low
and high sidebands are obtained from simulated events.
The ðt;!tÞ combinatorial PDF in each sideband and for
each mode, except for the untagged K#Kþ mode, is
extracted as a two-dimensional histogram from the side-
band samples. From these histograms we subtract the
contribution of signal and misreconstructed-charm back-
grounds, each of which is estimated from simulated events,
to obtain the final combinatorial PDF in each sideband. For
the untagged K#Kþ mode, a similar procedure is used but,
instead of histograms, analytic signal-like PDFs are used.
For the background PDFs the offsets and the lifetimes are
allowed to be different for each Gaussian. The signal and
misreconstructed-charm PDF parameters are extracted by
fitting simulated events, and then fixed, along with the
expected candidate yields, in the fit that extracts the com-
binatorial PDFs in each sideband.

For the untagged K#Kþ mode both the expected signal
and combinatorial yields are free parameters in the life-
time fit. The expected combinatorial background yields
in the other modes are determined by integrating the
total background PDF extracted from the mass fit in the
lifetime-fit mass region, and then subtracting the expected
misreconstructed-charm background yields, which are

determined from samples of simulated events. A small bias
on these fit yields is observed in fits to simulated events.
To correct for this, we scale the data yields based on
the simulated-event fits and vary the mode-dependent
scale factors as a systematic uncertainty. Table II gives

TABLE II. Signal and background yields in the lifetime-fit
mass region. Yields with uncertainties are those obtained directly
from the lifetime fit to data. For the tagged modes, the yields are
the sum of the separate D0 and "D0 tags.

Tagged Modes Untagged Modes
"#"þ K#Kþ K%"& K#Kþ K%"&

Signal 65 430 136 870 1 487 000 496 200 5 825 300
&260 &370 &1200 &1200 &2600

Comb. Bkgd. 3760 653 2849 165 000 1 044 552
&1000

Charm Bkgd. 97 309 642 5477 4645
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FIG. 2 (color online). Proper-time t distribution for each decay
mode with the fit results overlaid. The combinatorial distribution
(indicated as ‘‘Comb.’’ in light gray) is stacked on top of the
misreconstructed-charm distribution (indicated as ‘‘Charm’’ in
dark gray). The normalized Poisson pulls for each fit are shown
under each plot: ‘‘unt’’ refers to the untagged datasets. The
bottom right plot shows the individual lifetimes (with statistical
uncertainties only): the gray band indicates the PDG D0 lifetime
&1! [27].
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fD0 are varied as part of the systematic error estimate for
yCP and !Y. All five tagged and two untagged signal-
lifetime PDFs are explicitly given in Appendix B.

The !t PDF for signal candidates is obtained directly
from data by subtracting the sum of the background !t

distributions from that of all candidates in the lifetime-fit
mass region. These one-dimensional !t distributions are

used to model the Hsig
!t ð!tÞ PDF discussed previously.

We determine the t versus !t misreconstructed-charm
signal-like PDF shape parameters and yields by fitting
simulated events in the lifetime-fit mass region and then
fix these parameters in the lifetime fit to data. We vary the
lifetimes and yields as part of the study of systematic effects.

The largest background in the lifetime-fit mass region is
due to random combinations of tracks. The PDF describing
the two-dimensional combinatorial background in t and
!t in the lifetime-fit mass region is characterized as a
weighted average of the two-dimensional PDFs extracted
from the mass sideband regions. The weights for the low
and high sidebands are obtained from simulated events.
The ðt;!tÞ combinatorial PDF in each sideband and for
each mode, except for the untagged K#Kþ mode, is
extracted as a two-dimensional histogram from the side-
band samples. From these histograms we subtract the
contribution of signal and misreconstructed-charm back-
grounds, each of which is estimated from simulated events,
to obtain the final combinatorial PDF in each sideband. For
the untagged K#Kþ mode, a similar procedure is used but,
instead of histograms, analytic signal-like PDFs are used.
For the background PDFs the offsets and the lifetimes are
allowed to be different for each Gaussian. The signal and
misreconstructed-charm PDF parameters are extracted by
fitting simulated events, and then fixed, along with the
expected candidate yields, in the fit that extracts the com-
binatorial PDFs in each sideband.

For the untagged K#Kþ mode both the expected signal
and combinatorial yields are free parameters in the life-
time fit. The expected combinatorial background yields
in the other modes are determined by integrating the
total background PDF extracted from the mass fit in the
lifetime-fit mass region, and then subtracting the expected
misreconstructed-charm background yields, which are

determined from samples of simulated events. A small bias
on these fit yields is observed in fits to simulated events.
To correct for this, we scale the data yields based on
the simulated-event fits and vary the mode-dependent
scale factors as a systematic uncertainty. Table II gives

TABLE II. Signal and background yields in the lifetime-fit
mass region. Yields with uncertainties are those obtained directly
from the lifetime fit to data. For the tagged modes, the yields are
the sum of the separate D0 and "D0 tags.

Tagged Modes Untagged Modes
"#"þ K#Kþ K%"& K#Kþ K%"&

Signal 65 430 136 870 1 487 000 496 200 5 825 300
&260 &370 &1200 &1200 &2600

Comb. Bkgd. 3760 653 2849 165 000 1 044 552
&1000

Charm Bkgd. 97 309 642 5477 4645
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FIG. 2 (color online). Proper-time t distribution for each decay
mode with the fit results overlaid. The combinatorial distribution
(indicated as ‘‘Comb.’’ in light gray) is stacked on top of the
misreconstructed-charm distribution (indicated as ‘‘Charm’’ in
dark gray). The normalized Poisson pulls for each fit are shown
under each plot: ‘‘unt’’ refers to the untagged datasets. The
bottom right plot shows the individual lifetimes (with statistical
uncertainties only): the gray band indicates the PDG D0 lifetime
&1! [27].
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The weights given to the low- and high-mass sidebands
in the data in order to derive the combinatorial PDF in the
lifetime-fit mass region in the data are extracted from
simulated events. They are varied by plus and minus the
statistical uncertainty derived from splitting the simulated
data set, which is equivalent to several times the nominal
integrated luminosity, into data sets that numerically match
the nominal luminosity.

We also apply the variations described above for the
misreconstructed-charm background to vary the yields and
shape of the PDF that describe the residual signal events in
the sidebands. This is also done for the misreconstructed-
charm PDF used in the sideband fits from which the
two-dimensional combinatorial PDF is extracted. This
yields the combinatorial PDF shape variation, which is
then used in the nominal fit to obtain the variation reported
in Table III.

Finally, we vary the !t criteria by !0:1 ps from the
nominal!t < 0:5 ps, and take as the systematic uncertainty
the rms of the deviations from the nominal-fit central value
divided by

ffiffiffi
2

p
. We also consider two variations in how

multiple candidates sharing one or more daughter tracks
are treated. In the first variation, we retain all multiple
candidates if each candidate passes all the other selection
criteria. In the second variation, we reject all multiple
candidates sharing one or more daughter tracks. We fit
these data sets using the nominal-fit model, and assign the
largest observed deviation from the nominal yCP and !Y
central values as the systematic uncertainty in Table III. The
total yCP and !Y systematic uncertainties are calculated
by summing the contributions from all sources in quadra-
ture, and are reported in the last row of Table III.

VII. CONCLUSIONS

In summary, we measured yCP and !Y to a precision
significantly better than our previous measurements [2,3].
Both results are more precise than, and consistent with, the
weighted average of all previous measurements [24], when
the previous BABAR results are excluded. We obtain

yCP ¼ ½0:72! 0:18ðstatÞ ! 0:12ðsystÞ&%;

!Y ¼ ½0:09! 0:26ðstatÞ ! 0:06ðsystÞ&%:

We exclude the null mixing hypothesis at 3:3! signifi-
cance, and find no evidence for CPV. Our results are
consistent with the world average value of the mixing
parameter y obtained from D0 ! K0

Sh
'hþ (where h ¼

K;") [24], as expected in the absence of CPV. The yCP
measurement is the most precise single measurement to
date, with significant improvements on the statistical and
systematic error with respect to the previous most precise
measurement [3] yCP ¼ ð1:16! 0:22! 0:18Þ%.

The value of !Y obtained here is consistent with our
previously published result [2] when the same definition is
used in both cases. The new yCP value is consistent with

our previous result [3] with a probability of * 2%, assum-
ing that the systematics for both the old and new measure-
ments are fully correlated, and taking into account the fact
that )40% of the events in the current sample are also
present in the samples used in the previous measurements
[2,3]. The results here supersede the previous BABAR
results for these modes [2,3].
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APPENDIX A: MIXING FORMALISM
AND CONSIDERATIONS ON THE ROLE OF

DIRECT CP VIOLATION

In the following we briefly review the mixing formalism
[27] considering the possible effects of direct CPV on the
yCP and !Y observables.
The time evolution of the flavor eigenstatesD0 and "D0 is

governed by the Schrödinger equation:

i
@

@t

D0ðtÞ
"D0ðtÞ

 !
¼

"
M' i

2
!
#

D0ðtÞ
"D0ðtÞ

 !
: (A1)

The mass eigenstates D1 and D2 are obtained from
the diagonalization of the effective Hamiltonian H eff ¼
M' i

2!. Under the hypothesis of CPT conservation the
two mass eigenstates can be written in terms of the flavor
eigenstates as

jD1i ¼ pjD0iþ qj "D0i; jD2i ¼ pjD0i' qj "D0i;
(A2)

where
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!
!
!
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Ø  At open charm threshold the D mesons have opposite CP eigenvalues 
Ø  Fully reconstruct a D meson in a CP eigenstate (single tag) 
Ø  Search for single tag events in which the other D decays semileptonically 

(double tag) 
Ø  The semileptonic BF of a D in a CP eigenstate can be written as: 

Table 1: D final states reconstructed in this analysis.

Type Mode

CP+ K+K−, π+π−, K0
Sπ

0π0

CP− K0
Sπ

0, K0
Sω, K

0
Sη

Semileptonic K∓e±ν, K∓µ±ν

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 suppressed 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 sufficient to conclude whether physics beyond the SM is involved,
and further constraints are needed. So far, the most precise determination of the size of the mixing has been
obtained by measuring the time-dependent decay rate in the D → K±π∓ channel [10, 11, 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, 20,
21, 22], which uses threshold D0D0 pair production in e+e− → γ∗ → D0D0. In this process, the D0D0

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 complications 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)1, 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: ΓCP± = Γ(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

yCP ≈
1

4

(

BDCP−→l

BDCP+→l
−

BDCP+→l

BDCP−→l

)

. (3)

At BESIII, quantum-correlatedD0D0 pairs produced at threshold allow us to measure BDCP±→l. Specif-
ically, 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 observed via one of the semilep-
tonic decay channels. CP violation in D decays is known to be very small [18], and can be safely neglected.
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 DD → 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 K0

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 sample with an integrated luminosity of
2.92 fb−1 [23] collected with the BESIII detector [24] at the center-of-mass energy of

√
s = 3.773GeV.

1Charge-conjugate modes are implied.

4

Table 1: D final states reconstructed in this analysis.

Type Mode

CP+ K+K−, π+π−, K0
Sπ

0π0

CP− K0
Sπ

0, K0
Sω, K

0
Sη

Semileptonic K∓e±ν, K∓µ±ν

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 suppressed 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 sufficient to conclude whether physics beyond the SM is involved,
and further constraints are needed. So far, the most precise determination of the size of the mixing has been
obtained by measuring the time-dependent decay rate in the D → K±π∓ channel [10, 11, 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, 20,
21, 22], which uses threshold D0D0 pair production in e+e− → γ∗ → D0D0. In this process, the D0D0

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 complications 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)1, 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: ΓCP± = Γ(1 ± yCP ). Thus, the
semileptonic branching fraction of the CP eigenstates DCP± is BDCP±→l ≈ BD→l(1 ∓ yCP ), and yCP can
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)

. (3)

At BESIII, quantum-correlatedD0D0 pairs produced at threshold allow us to measure BDCP±→l. Specif-
ically, 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 observed via one of the semilep-
tonic decay channels. CP violation in D decays is known to be very small [18], and can be safely neglected.
Therefore, BDCP∓→l can be obtained as

BDCP∓→l =
NCP±;l

NCP±
·
εCP±
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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 DD → 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 K0

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 sample with an integrated luminosity of
2.92 fb−1 [23] collected with the BESIII detector [24] at the center-of-mass energy of
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Ø  Extract yCP as: 

Table 1: D final states reconstructed in this analysis.

Type Mode

CP+ K+K−, π+π−, K0
Sπ

0π0

CP− K0
Sπ

0, K0
Sω, K

0
Sη

Semileptonic K∓e±ν, K∓µ±ν

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 suppressed 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 sufficient to conclude whether physics beyond the SM is involved,
and further constraints are needed. So far, the most precise determination of the size of the mixing has been
obtained by measuring the time-dependent decay rate in the D → K±π∓ channel [10, 11, 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, 20,
21, 22], which uses threshold D0D0 pair production in e+e− → γ∗ → D0D0. In this process, the D0D0

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 complications 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)1, 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: ΓCP± = Γ(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

yCP ≈
1

4

(

BDCP−→l

BDCP+→l
−

BDCP+→l

BDCP−→l

)

. (3)

At BESIII, quantum-correlatedD0D0 pairs produced at threshold allow us to measure BDCP±→l. Specif-
ically, 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 observed via one of the semilep-
tonic decay channels. CP violation in D decays is known to be very small [18], and can be safely neglected.
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 DD → 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 K0

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 sample with an integrated luminosity of
2.92 fb−1 [23] collected with the BESIII detector [24] at the center-of-mass energy of

√
s = 3.773GeV.

1Charge-conjugate modes are implied.
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Ø  Event yields from fit to data, efficiencies from MC 
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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
K0

Sπ
0π0 −0.080 < ∆E < 0.045

K0
Sπ

0 −0.070 < ∆E < 0.040
K0

Sω −0.050 < ∆E < 0.030
K0

Sη −0.040 < ∆E < 0.040
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Figure 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.
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Figure 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.

(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 estimated
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.

2.1. Single tags using CP modes

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

MBC ≡
√

E2
beam/c

4 − |p⃗D|2/c2, (5)

∆E ≡ ED − Ebeam, (6)

where p⃗D and ED are the momentum and energy of the D candidate 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
smallest |∆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 50MeV. 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 K0
Sπ

0 mode. In the K0
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 K0

Sω mode, for which a binned least-square fit is
applied to the MBC distribution after subtraction of the ω sidebands. In each fit, the signal shape is derived
from simulated signal events convoluted with a bifurcated Gaussian 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 the signal region of 1.855GeV/c2 < MBC <1.875GeV/c2

and the corresponding efficiencies are given in Table 3.
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because of the K∗ρ background that alters the shape of Mπ+π−π0 . The sidebands are scaled to the estimated
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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the energy difference ∆E, which are defined as
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beam/c
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∆E ≡ ED − Ebeam, (6)

where p⃗D and ED are the momentum and energy of the D candidate 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
smallest |∆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 50MeV. 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 K0
Sπ

0 mode. In the K0
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 K0

Sω mode, for which a binned least-square fit is
applied to the MBC distribution after subtraction of the ω sidebands. In each fit, the signal shape is derived
from simulated signal events convoluted with a bifurcated Gaussian 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 the signal region of 1.855GeV/c2 < MBC <1.875GeV/c2

and the corresponding efficiencies are given in Table 3.
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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± (DD → CP±; l), respectively. The uncertainties are statistical only.

ST Mode NCP± εCP± (%)

K+K− 54494 ± 251 61.32 ± 0.18
π+π− 19921 ± 174 64.09 ± 0.18
K0

Sπ
0π0 24015 ± 236 16.13 ± 0.08

K0
Sπ

0 71421 ± 285 40.67 ± 0.14
K0

Sω 20989 ± 243 13.44 ± 0.07
K0

Sη 9878 ± 117 34.39 ± 0.13

DT Mode NCP±;l εCP±;l (%)

K+K−, Keν 1216 ± 40 39.80 ± 0.14
π+π−, Keν 427 ± 23 41.75 ± 0.14
K0

Sπ
0π0, Keν 560 ± 28 11.05 ± 0.07

K0
Sπ

0, Keν 1699 ± 47 26.70 ± 0.12
K0

Sω, Keν 481 ± 30 9.27 ± 0.07
K0

Sη, Keν 243 ± 17 22.96 ± 0.11
K+K−, Kµν 1093 ± 37 36.89 ± 0.14
π+π−, Kµν 400 ± 23 38.43 ± 0.15
K0

Sπ
0π0, Kµν 558 ± 28 10.76 ± 0.08

K0
Sπ

0, Kµν 1475 ± 43 25.21 ± 0.12
K0

Sω, Kµν 521 ± 27 8.75 ± 0.07
K0

Sη, Kµν 241 ± 18 21.85 ± 0.11

2.2. Double tags of semileptonic modes

In each ST event, we search among the unused tracks and showers for semileptonic D → Ke(µ)ν candi-
dates. 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 deposit in the EMC of the µ candidate is required to be less than
0.3GeV. 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 0.2GeV to suppress D → Kππ0 backgrounds. To reduce backgrounds from the D → Keν 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 Keν 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 largerR

′

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 − EK − El, (8)

p⃗miss ≡ −
[

p⃗K + p⃗l + p̂ST

√

E2
beam/c

2 − c2m2
D

]

, (9)
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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± (DD → CP±; l), respectively. The uncertainties are statistical only.

ST Mode NCP± εCP± (%)

K+K− 54494 ± 251 61.32 ± 0.18
π+π− 19921 ± 174 64.09 ± 0.18
K0

Sπ
0π0 24015 ± 236 16.13 ± 0.08

K0
Sπ

0 71421 ± 285 40.67 ± 0.14
K0

Sω 20989 ± 243 13.44 ± 0.07
K0

Sη 9878 ± 117 34.39 ± 0.13

DT Mode NCP±;l εCP±;l (%)

K+K−, Keν 1216 ± 40 39.80 ± 0.14
π+π−, Keν 427 ± 23 41.75 ± 0.14
K0
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0π0, Keν 560 ± 28 11.05 ± 0.07

K0
Sπ
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0π0, Kµν 558 ± 28 10.76 ± 0.08
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0, Kµν 1475 ± 43 25.21 ± 0.12
K0

Sω, Kµν 521 ± 27 8.75 ± 0.07
K0

Sη, Kµν 241 ± 18 21.85 ± 0.11

2.2. Double tags of semileptonic modes

In each ST event, we search among the unused tracks and showers for semileptonic D → Ke(µ)ν candi-
dates. 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 deposit in the EMC of the µ candidate is required to be less than
0.3GeV. 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 0.2GeV to suppress D → Kππ0 backgrounds. To reduce backgrounds from the D → Keν 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 Keν 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 largerR

′

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 − EK − El, (8)

p⃗miss ≡ −
[

p⃗K + p⃗l + p̂ST
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beam/c
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Figure 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 Keν shows the contribution of polynomial backgrounds, and the dash-dotted line in Kµν shows the contribution of the
main Kππ0 backgrounds.
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Figure 3: Fit to the Umiss distributions for selected DT events from data. In each plot, the solid line is the total fit, the dashed
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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± (DD → CP±; l), respectively. The uncertainties are statistical only.

ST Mode NCP± εCP± (%)

K+K− 54494 ± 251 61.32 ± 0.18
π+π− 19921 ± 174 64.09 ± 0.18
K0

Sπ
0π0 24015 ± 236 16.13 ± 0.08

K0
Sπ

0 71421 ± 285 40.67 ± 0.14
K0

Sω 20989 ± 243 13.44 ± 0.07
K0

Sη 9878 ± 117 34.39 ± 0.13

DT Mode NCP±;l εCP±;l (%)

K+K−, Keν 1216 ± 40 39.80 ± 0.14
π+π−, Keν 427 ± 23 41.75 ± 0.14
K0

Sπ
0π0, Keν 560 ± 28 11.05 ± 0.07

K0
Sπ

0, Keν 1699 ± 47 26.70 ± 0.12
K0

Sω, Keν 481 ± 30 9.27 ± 0.07
K0

Sη, Keν 243 ± 17 22.96 ± 0.11
K+K−, Kµν 1093 ± 37 36.89 ± 0.14
π+π−, Kµν 400 ± 23 38.43 ± 0.15
K0

Sπ
0π0, Kµν 558 ± 28 10.76 ± 0.08

K0
Sπ

0, Kµν 1475 ± 43 25.21 ± 0.12
K0

Sω, Kµν 521 ± 27 8.75 ± 0.07
K0

Sη, Kµν 241 ± 18 21.85 ± 0.11

2.2. Double tags of semileptonic modes

In each ST event, we search among the unused tracks and showers for semileptonic D → Ke(µ)ν candi-
dates. 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 deposit in the EMC of the µ candidate is required to be less than
0.3GeV. 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 0.2GeV to suppress D → Kππ0 backgrounds. To reduce backgrounds from the D → Keν 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 Keν 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 largerR

′

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 − EK − El, (8)

p⃗miss ≡ −
[

p⃗K + p⃗l + p̂ST

√

E2
beam/c

2 − c2m2
D

]

, (9)
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Κππ0	  background shape from 
data 
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-4 -3 -2 -1 0 1 2 3 4 5

yCP (%)

World average  0.835 ± 0.155 %

BESIII 2015 -2.000 ± 1.300 ± 0.700 %

BaBar 2012  0.720 ± 0.180 ± 0.124 %

Belle 2012  1.110 ± 0.220 ± 0.110 %

LHCb 2012  0.550 ± 0.630 ± 0.410 %

Belle 2009  0.110 ± 0.610 ± 0.520 %

CLEO 2002 -1.200 ± 2.500 ± 1.400 %

FOCUS 2000  3.420 ± 1.390 ± 0.740 %

E791 1999  0.732 ± 2.890 ± 1.030 %

   HFAG-charm 
  CHARM 2015 
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Method: 
 

Ø  Tag WS (	  K+π-) and RS (K-π+) 
   decays using D*+→D0(K+- π-+)πs

+	  
 

Ø  Select WS and RS samples:  
    |MKπ - MD| < 20 MeV/c2  
 

Ø  Divide samples into 10 bins of  
     decay time. For each bin,  
    determine event yields by fitting  
    ΔM = MKππ - MKπ distribution  
 

Ø  Fit to ratio of WS to RS events  
     yields to extract RD,  x’2, y’ 
 

Ø  Fitting ratio events yields reduces  
     sensitivity on resolution function 
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experiments, But LHCb obtains: 

mass eigenstates and Γ is the average decay width of the
mass eigenstates. While the finite mixing parameters of the
K0, B0, and B0

s mesons are well measured, those for the D0

meson are not [6]. The mixing parameters x and y are
difficult to calculate [10,11], which complicates the inter-
pretation of experimental measurements against the SM.
Nevertheless, it is still of great interest to improve the
measurement of the D0 mixing parameters to search for
possible beyond-SM physics contributions [12]. It is also
very valuable to confirm D0 mixing in eþe− collisions and
provide further independent determinations of the D0

mixing parameters where the experimental conditions are
quite different from those in hadron collider experiments.
In this Letter, we report the first observation of D0-D̄0

mixing from an eþe− collision experiment by measuring
the time-dependent ratio of the D0 → Kþπ− to D0 →
K−πþ decay rates. The consideration of charge-conjugated
decays is implied throughout this Letter. We refer to D0 →
Kþπ− as wrong-sign (WS) and D0 → K−πþ as right-sign
(RS) decays. We tag the RS and WS decays through the
decay chain D"þ → D0ð→ K∓π$Þπþs by comparing
the charge of the π from the D0 decay and the charge of
the low-momentum πs from the D"þ decay. The RS decay
amplitude is the sum of the amplitudes for Cabibbo-favored
(CF) decay D0 → K−πþ and D0-D̄0 mixing followed by
the doubly Cabibbo-suppressed (DCS) decay D̄0 → K−πþ,
where the latter is very small compared to the former and is
therefore neglected. In contrast, the WS decay amplitude is
the sum of two comparable decay amplitudes for the DCS
decay D0 → Kþπ− and D0-D̄0 mixing followed by the CF
decay D̄0 → Kþπ−. Assuming charge-conjugation and
parity (CP) conservation and that the mixing parameters
are small (jxj ≪ 1 and jyj ≪ 1), the time-dependent RS and
WS decay rates are

ΓRSð~t=τÞ ≈ jACFj2e−
~t
τ;

ΓWSð~t=τÞ ≈ jACFj2e−
~t
τ

×
!
RD þ

ffiffiffiffiffiffi
RD

p
y0
~t
τ
þ x02 þ y02

4

#
~t
τ

$
2
%

(1)

to second order in the mixing parameters. In Eq. (1), ~t is the
true proper decay time,ACF is the CF decay amplitude, τ is
the D0 lifetime, RD is the ratio of DCS to CF decay rates,
x0 ¼ x cos δþ y sin δ, and y0 ¼ y cos δ − x sin δ, where δ is
the strong phase difference between the DCS and CF decay
amplitudes. The time-dependent ratio of WS to RS decay
rates is then

Rð~t=τÞ ¼ ΓWSð~t=τÞ
ΓRSð~t=τÞ

≈ RD þ
ffiffiffiffiffiffi
RD

p
y0
~t
τ
þ x02 þ y02

4

#
~t
τ

$
2

;

(2)

which is a quadratic function of ~t=τ.

In order to measure the mixing parameters using Eq. (2),
the measured proper decay time should be approximately
the true proper decay time. This condition is satisfied in
hadron collider experiments [4,5] where the tagged D’s
have a decay time much larger than the resolution on ~t. At a
B factory, however, the mean decay time of the tagged D’s,
shown in Fig. 2, is approximately the D0 lifetime, which is
comparable to the resolution on ~t; thus, the resolution effect
must be taken into account. Our approach here is to
measure the time-dependent ratio of WS to RS decays,
given by

Rðt=τÞ ¼
Rþ∞
−∞ ΓWSð~t=τÞRðt=τ − ~t=τÞdð~t=τÞRþ∞
−∞ ΓRSð~t=τÞRðt=τ − ~t=τÞdð~t=τÞ

; (3)

where t is the reconstructed proper decay time andRðt=τ −
~t=τÞ is the resolution function of the real decay time, ~t.
The data used in this analysis are recorded at the ΥðnSÞ

resonances (n ¼ 1, 2, 3, 4, 5) or near the ϒð4SÞ resonance
with the Belle detector at the eþe− asymmetric-energy
collider KEKB [13]. The data sample corresponds to an
integrated luminosity of 976 fb−1. The Belle detector is a
large-solid-angle magnetic spectrometer that consists of a
silicon vertex detector (SVD), a 50-layer central drift
chamber (CDC), an array of aerogel threshold
Cherenkov counters (ACC), a barrel-like arrangement of
time-of-flight scintillation counters (TOF), and an electro-
magnetic calorimeter comprising CsI(Tl) crystals (ECL)
located inside a superconducting solenoid coil that provides
a 1.5 T magnetic field. An iron flux return located outside
the coil is instrumented to detect K0

L mesons and identify
muons. A detailed description of the Belle detector can be
found in Ref. [14].
We require that charged tracks originate from the eþe−

interaction point (IP) with an impact parameter less than
4 cm in the beam direction (the z axis) and 2 cm in the
transverse plane and have a transverse momentum greater
than 0.1 GeV=c. All charged tracks are required to have at
least two associated hits each in the z and azimuthal strips
of the SVD to assure good spatial resolution of the decay
vertices ofD0 mesons. Charged tracks are identified asK or
π candidates using the ratio of particle identification
likelihoods, PKπ ≡ LK=ðLK þ LπÞ, reconstructed from
the track-associated data in the CDC, TOF, and ACC.
We require PKπ > 0.4 for K, PKπ < 0.7 for π and PKπ <
0.9 for πs candidates. The efficiency and K=π misidenti-
fication rate of the K selection are 91% and 12% and those
of the π selection are 94% and 18%. We also apply a loose
electron veto criterion using the ECL information for all
charged tracks. Oppositely charged K and π candidates are
combined to form a D0 candidate by fitting them to a
common vertex; the resultingD0 candidate is fit to the IP to
give the D"þ vertex. A D"þ candidate is reconstructed by
combining a D0 candidate—a Kπ combination with invari-
ant mass within$20 MeV=c2 (i.e., ∼$ 3σ) of the nominal
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mass eigenstates and Γ is the average decay width of the
mass eigenstates. While the finite mixing parameters of the
K0, B0, and B0

s mesons are well measured, those for the D0

meson are not [6]. The mixing parameters x and y are
difficult to calculate [10,11], which complicates the inter-
pretation of experimental measurements against the SM.
Nevertheless, it is still of great interest to improve the
measurement of the D0 mixing parameters to search for
possible beyond-SM physics contributions [12]. It is also
very valuable to confirm D0 mixing in eþe− collisions and
provide further independent determinations of the D0

mixing parameters where the experimental conditions are
quite different from those in hadron collider experiments.
In this Letter, we report the first observation of D0-D̄0

mixing from an eþe− collision experiment by measuring
the time-dependent ratio of the D0 → Kþπ− to D0 →
K−πþ decay rates. The consideration of charge-conjugated
decays is implied throughout this Letter. We refer to D0 →
Kþπ− as wrong-sign (WS) and D0 → K−πþ as right-sign
(RS) decays. We tag the RS and WS decays through the
decay chain D"þ → D0ð→ K∓π$Þπþs by comparing
the charge of the π from the D0 decay and the charge of
the low-momentum πs from the D"þ decay. The RS decay
amplitude is the sum of the amplitudes for Cabibbo-favored
(CF) decay D0 → K−πþ and D0-D̄0 mixing followed by
the doubly Cabibbo-suppressed (DCS) decay D̄0 → K−πþ,
where the latter is very small compared to the former and is
therefore neglected. In contrast, the WS decay amplitude is
the sum of two comparable decay amplitudes for the DCS
decay D0 → Kþπ− and D0-D̄0 mixing followed by the CF
decay D̄0 → Kþπ−. Assuming charge-conjugation and
parity (CP) conservation and that the mixing parameters
are small (jxj ≪ 1 and jyj ≪ 1), the time-dependent RS and
WS decay rates are

ΓRSð~t=τÞ ≈ jACFj2e−
~t
τ;

ΓWSð~t=τÞ ≈ jACFj2e−
~t
τ

×
!
RD þ

ffiffiffiffiffiffi
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p
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~t
τ
þ x02 þ y02
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%

(1)

to second order in the mixing parameters. In Eq. (1), ~t is the
true proper decay time,ACF is the CF decay amplitude, τ is
the D0 lifetime, RD is the ratio of DCS to CF decay rates,
x0 ¼ x cos δþ y sin δ, and y0 ¼ y cos δ − x sin δ, where δ is
the strong phase difference between the DCS and CF decay
amplitudes. The time-dependent ratio of WS to RS decay
rates is then

Rð~t=τÞ ¼ ΓWSð~t=τÞ
ΓRSð~t=τÞ

≈ RD þ
ffiffiffiffiffiffi
RD

p
y0
~t
τ
þ x02 þ y02

4
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~t
τ

$
2

;

(2)

which is a quadratic function of ~t=τ.

In order to measure the mixing parameters using Eq. (2),
the measured proper decay time should be approximately
the true proper decay time. This condition is satisfied in
hadron collider experiments [4,5] where the tagged D’s
have a decay time much larger than the resolution on ~t. At a
B factory, however, the mean decay time of the tagged D’s,
shown in Fig. 2, is approximately the D0 lifetime, which is
comparable to the resolution on ~t; thus, the resolution effect
must be taken into account. Our approach here is to
measure the time-dependent ratio of WS to RS decays,
given by

Rðt=τÞ ¼
Rþ∞
−∞ ΓWSð~t=τÞRðt=τ − ~t=τÞdð~t=τÞRþ∞
−∞ ΓRSð~t=τÞRðt=τ − ~t=τÞdð~t=τÞ

; (3)

where t is the reconstructed proper decay time andRðt=τ −
~t=τÞ is the resolution function of the real decay time, ~t.
The data used in this analysis are recorded at the ΥðnSÞ

resonances (n ¼ 1, 2, 3, 4, 5) or near the ϒð4SÞ resonance
with the Belle detector at the eþe− asymmetric-energy
collider KEKB [13]. The data sample corresponds to an
integrated luminosity of 976 fb−1. The Belle detector is a
large-solid-angle magnetic spectrometer that consists of a
silicon vertex detector (SVD), a 50-layer central drift
chamber (CDC), an array of aerogel threshold
Cherenkov counters (ACC), a barrel-like arrangement of
time-of-flight scintillation counters (TOF), and an electro-
magnetic calorimeter comprising CsI(Tl) crystals (ECL)
located inside a superconducting solenoid coil that provides
a 1.5 T magnetic field. An iron flux return located outside
the coil is instrumented to detect K0

L mesons and identify
muons. A detailed description of the Belle detector can be
found in Ref. [14].
We require that charged tracks originate from the eþe−

interaction point (IP) with an impact parameter less than
4 cm in the beam direction (the z axis) and 2 cm in the
transverse plane and have a transverse momentum greater
than 0.1 GeV=c. All charged tracks are required to have at
least two associated hits each in the z and azimuthal strips
of the SVD to assure good spatial resolution of the decay
vertices ofD0 mesons. Charged tracks are identified asK or
π candidates using the ratio of particle identification
likelihoods, PKπ ≡ LK=ðLK þ LπÞ, reconstructed from
the track-associated data in the CDC, TOF, and ACC.
We require PKπ > 0.4 for K, PKπ < 0.7 for π and PKπ <
0.9 for πs candidates. The efficiency and K=π misidenti-
fication rate of the K selection are 91% and 12% and those
of the π selection are 94% and 18%. We also apply a loose
electron veto criterion using the ECL information for all
charged tracks. Oppositely charged K and π candidates are
combined to form a D0 candidate by fitting them to a
common vertex; the resultingD0 candidate is fit to the IP to
give the D"þ vertex. A D"þ candidate is reconstructed by
combining a D0 candidate—a Kπ combination with invari-
ant mass within$20 MeV=c2 (i.e., ∼$ 3σ) of the nominal
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mass eigenstates and Γ is the average decay width of the
mass eigenstates. While the finite mixing parameters of the
K0, B0, and B0

s mesons are well measured, those for the D0

meson are not [6]. The mixing parameters x and y are
difficult to calculate [10,11], which complicates the inter-
pretation of experimental measurements against the SM.
Nevertheless, it is still of great interest to improve the
measurement of the D0 mixing parameters to search for
possible beyond-SM physics contributions [12]. It is also
very valuable to confirm D0 mixing in eþe− collisions and
provide further independent determinations of the D0

mixing parameters where the experimental conditions are
quite different from those in hadron collider experiments.
In this Letter, we report the first observation of D0-D̄0

mixing from an eþe− collision experiment by measuring
the time-dependent ratio of the D0 → Kþπ− to D0 →
K−πþ decay rates. The consideration of charge-conjugated
decays is implied throughout this Letter. We refer to D0 →
Kþπ− as wrong-sign (WS) and D0 → K−πþ as right-sign
(RS) decays. We tag the RS and WS decays through the
decay chain D"þ → D0ð→ K∓π$Þπþs by comparing
the charge of the π from the D0 decay and the charge of
the low-momentum πs from the D"þ decay. The RS decay
amplitude is the sum of the amplitudes for Cabibbo-favored
(CF) decay D0 → K−πþ and D0-D̄0 mixing followed by
the doubly Cabibbo-suppressed (DCS) decay D̄0 → K−πþ,
where the latter is very small compared to the former and is
therefore neglected. In contrast, the WS decay amplitude is
the sum of two comparable decay amplitudes for the DCS
decay D0 → Kþπ− and D0-D̄0 mixing followed by the CF
decay D̄0 → Kþπ−. Assuming charge-conjugation and
parity (CP) conservation and that the mixing parameters
are small (jxj ≪ 1 and jyj ≪ 1), the time-dependent RS and
WS decay rates are

ΓRSð~t=τÞ ≈ jACFj2e−
~t
τ;

ΓWSð~t=τÞ ≈ jACFj2e−
~t
τ

×
!
RD þ

ffiffiffiffiffiffi
RD

p
y0
~t
τ
þ x02 þ y02

4

#
~t
τ

$
2
%

(1)

to second order in the mixing parameters. In Eq. (1), ~t is the
true proper decay time,ACF is the CF decay amplitude, τ is
the D0 lifetime, RD is the ratio of DCS to CF decay rates,
x0 ¼ x cos δþ y sin δ, and y0 ¼ y cos δ − x sin δ, where δ is
the strong phase difference between the DCS and CF decay
amplitudes. The time-dependent ratio of WS to RS decay
rates is then

Rð~t=τÞ ¼ ΓWSð~t=τÞ
ΓRSð~t=τÞ

≈ RD þ
ffiffiffiffiffiffi
RD

p
y0
~t
τ
þ x02 þ y02

4

#
~t
τ

$
2

;

(2)

which is a quadratic function of ~t=τ.

In order to measure the mixing parameters using Eq. (2),
the measured proper decay time should be approximately
the true proper decay time. This condition is satisfied in
hadron collider experiments [4,5] where the tagged D’s
have a decay time much larger than the resolution on ~t. At a
B factory, however, the mean decay time of the tagged D’s,
shown in Fig. 2, is approximately the D0 lifetime, which is
comparable to the resolution on ~t; thus, the resolution effect
must be taken into account. Our approach here is to
measure the time-dependent ratio of WS to RS decays,
given by

Rðt=τÞ ¼
Rþ∞
−∞ ΓWSð~t=τÞRðt=τ − ~t=τÞdð~t=τÞRþ∞
−∞ ΓRSð~t=τÞRðt=τ − ~t=τÞdð~t=τÞ

; (3)

where t is the reconstructed proper decay time andRðt=τ −
~t=τÞ is the resolution function of the real decay time, ~t.
The data used in this analysis are recorded at the ΥðnSÞ

resonances (n ¼ 1, 2, 3, 4, 5) or near the ϒð4SÞ resonance
with the Belle detector at the eþe− asymmetric-energy
collider KEKB [13]. The data sample corresponds to an
integrated luminosity of 976 fb−1. The Belle detector is a
large-solid-angle magnetic spectrometer that consists of a
silicon vertex detector (SVD), a 50-layer central drift
chamber (CDC), an array of aerogel threshold
Cherenkov counters (ACC), a barrel-like arrangement of
time-of-flight scintillation counters (TOF), and an electro-
magnetic calorimeter comprising CsI(Tl) crystals (ECL)
located inside a superconducting solenoid coil that provides
a 1.5 T magnetic field. An iron flux return located outside
the coil is instrumented to detect K0

L mesons and identify
muons. A detailed description of the Belle detector can be
found in Ref. [14].
We require that charged tracks originate from the eþe−

interaction point (IP) with an impact parameter less than
4 cm in the beam direction (the z axis) and 2 cm in the
transverse plane and have a transverse momentum greater
than 0.1 GeV=c. All charged tracks are required to have at
least two associated hits each in the z and azimuthal strips
of the SVD to assure good spatial resolution of the decay
vertices ofD0 mesons. Charged tracks are identified asK or
π candidates using the ratio of particle identification
likelihoods, PKπ ≡ LK=ðLK þ LπÞ, reconstructed from
the track-associated data in the CDC, TOF, and ACC.
We require PKπ > 0.4 for K, PKπ < 0.7 for π and PKπ <
0.9 for πs candidates. The efficiency and K=π misidenti-
fication rate of the K selection are 91% and 12% and those
of the π selection are 94% and 18%. We also apply a loose
electron veto criterion using the ECL information for all
charged tracks. Oppositely charged K and π candidates are
combined to form a D0 candidate by fitting them to a
common vertex; the resultingD0 candidate is fit to the IP to
give the D"þ vertex. A D"þ candidate is reconstructed by
combining a D0 candidate—a Kπ combination with invari-
ant mass within$20 MeV=c2 (i.e., ∼$ 3σ) of the nominal
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Search for CPV with D0→K+π-  Decays 
  Search of CP violation in       mixing by comparing the decay-

time-dependent ratio of 
  Difference in R±

D => direct CPV 
  Difference in (x’2,y’) => indirect CPV 

  3 fit scenario considered: CPV allowed,            
no direct CPV and no CPV allowed 

  Results for CPV allowed scenario: 
  Direct CPV if AD≠0 

  Indirect CPV if |q/p|≠1 or ϕ≠0 
 0.75 < |q/p| < 1.24 at 68.3% C.L. 
 0.67 < |q/p| < 1.52 at 95.5% C.L. 

Silvia Borghi - The University of Manchester CKM 2014 6 
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PRL31113(2013)325180133

Ø  Search of CP violation in D0 − D0 mixing by 
comparing the decay- time-dependent ratio 
of D0 and D0 

Ø  Difference in R±
D => direct CPV 

Ø  Difference in (x’2,y’) => indirect CPV 

Ø  3 fit scenario considered: CPV allowed, no 
direct CPV and no CPV allowed 

Ø  Results for CPV allowed scenario: 
Ø  Direct CPV if AD≠0 

Ø  AD = (R+
D − R−

D)/( R+
D + R−

D) = (−0.7±1.9)% 
Ø  Indirect CPV if |q/p|≠1 or φ≠0  

Ø  0.75 < |q/p| < 1.24 at 68.3% C.L.  
Ø  0.67 < |q/p| < 1.52 at 95.5% C.L. 

Ø  R+
D = (3.545±0.082±0.048) x 10-3  

Ø  R-
D = (3.591±0.081±0.048) x 10-3  

Ø  y’+ = (5.1±1.2±0.7) x 10-3  
Ø  Y’- = (4.5±1.2±0.7) x 10-3  
Ø  x’2+ = (4.9±6.0±3.6) x 10-5 

Ø  x’2- = (6.0±5.8±3.6) x 10-5 

PRL 111 (2013) 251801 



Ø  Signal yield determined from  
     2-dim. fit to MKππ and     
     ΔM=MKπππ–MKππ . Yield is 1.2 x  
     106 events with a purity of 96%. 

Ø  Select events in signal region  
     |MKππ – MD| < 15 MeV/c2 and  
     5.75 < ΔM < 5.95 MeV.  

Ø  For events in signal region, do 
unbinned ML fit to m+ = MKπ+

2,  
     m- = MKπ-

2, and decay time t.  

Ø  Fit parameters are x, y, τ, 
resolution function parameters, 
and decay model. 

Ø  Fit separately (and simultaneously) 
D0 and D0 samples with (and 
without) fixing to zero the CPV 
parameters. 
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Time-dependent D0(t)→ K+π-  

!  976 fb-1, full data set 
 
!  double mis-ID background 

reduced with tight PID cuts if 
|Mswapped-MD|< 25 MeV/c2 

 

!  Method (opposite the usual):  
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Right sign 
(RS) K-π+ 

Wrong sign 
(WS) K+π- 

Right sign 
(RS) K-π+ 

background 
(from ΔM 
sideband) 

a)  WS and RS samples are 
selected: |MKπ - MD| < 20 MeV/c2 

 

b)  Divide samples into 10 bins of 
decay time. For each bin, 
determine event yields by fitting 
ΔM = MKππ - MKπ distribution 

 
c)  plot ratio of event yields, fit this 

distribution for RD, x’2, y’ 
 
Advantage: as one fits to ratios of 
event yields, less sensitive to 
resolution function 

PRD 89, 091103(R) (2014)  
976 fb-1 
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Time-dependent D0(t)→ KS π
+π-  
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!  976 fb-1, full data set 
 
!  Signal yield determined from  2-dim. 

fit to MKππ and ΔM = MKπππ – MKππ . 
Yield is 1.2 x 106 events with a 
purity of 96%. 

!  Select events in signal region  
 |MKππ – MD| < 15 MeV/c2 and  
 ΔM = (5.75, 5.95) MeV.  

!  For events in signal region, do 
unbinned ML fit to m+ = M (Kπ+)2, 

 m- = M(Kπ-)2, and decay time t.  
 Fit parameters are x, y, τ, 

resolution function parameters 
 (2-3 Gaussians), and decay 

model: magnitudes and phases  
 of 13 intermediate resonances.  

!  Do fit separately (+ simultaneously) 
for D0 and D0bar samples to obtain

  |q/p|, φ parameters.  

Fitting the time-dependent Dalitz plot yields x, y, |q/p| and φ = Arg(q/p) 
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Time-dependent D0(t)→ K+π-  

!  976 fb-1, full data set 
 
!  double mis-ID background 

reduced with tight PID cuts if 
|Mswapped-MD|< 25 MeV/c2 

 

!  Method (opposite the usual):  
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Right sign 
(RS) K-π+ 

Wrong sign 
(WS) K+π- 

Right sign 
(RS) K-π+ 

background 
(from ΔM 
sideband) 

a)  WS and RS samples are 
selected: |MKπ - MD| < 20 MeV/c2 

 

b)  Divide samples into 10 bins of 
decay time. For each bin, 
determine event yields by fitting 
ΔM = MKππ - MKπ distribution 

 
c)  plot ratio of event yields, fit this 

distribution for RD, x’2, y’ 
 
Advantage: as one fits to ratios of 
event yields, less sensitive to 
resolution function 
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D0(t)→ KS π+π- : results 
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Fit type Parameter Fit result

No CPV x (%) 0.56 ± 0.19+0.03
−0.09

+0.06
−0.09

y (%) 0.30 ± 0.15+0.04
−0.05

+0.03
−0.06

CPV x (%) 0.56 ± 0.19+0.04
−0.08

+0.06
−0.08

y (%) 0.30 ± 0.15+0.04
−0.05

+0.03
−0.07

|q/p| 0.90+0.16
−0.15

+0.05
−0.04

+0.06
−0.05

arg(q/p) (◦) −6 ± 11±3+3
−4

τ = (410.3 ± 0.6) fs 

1σ stat. no CPV 
95% CL stat., no CPV 
+ syst., CPV 
 

Δχ2  ⇒ mixing significance = 2.5σ but no evidence for indirect or direct CPV#
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2d likelihood contour: 

production vertex. The sum of the χ2 from the D0

production vertex fit, the decay vertex fit, and the πs fit
to the production vertex is required to be lower than 100.
The uncertainty of the proper decay time (σt) is evaluated
from the corresponding covariance matrices. We require
σt < 1 ps to remove events with a poorly determined decay
time (the maximum of the σt distribution is at 0.15 ps).
We select events satisfying 1.81 GeV=c2 < M <

1.92 GeV=c2 and 0 < Q < 20 MeV, where M ¼ MK0
Sπ

þπ−

and Q ¼ ðMK0
Sπ

þπ−πs −MK0
Sπ

þπ− −mπsÞ · c
2 are the D0 in-

variant mass and kinetic energy released in the D% decay,
respectively. About 3% of selected events have two or more
D% candidates. We select the best candidate as the one with
the lowest fit-quality sum for the vertex fits. The M and Q
distributions of the selected candidates are shown in Fig. 1.
We determine the signal yield from a two-dimensional fit

to the M −Q distribution. We parametrize the signal shape
by a triple-Gaussian function for M and the sum of a
bifurcated Student’s t function and a Gaussian function for
Q. We take the correlation betweenM andQ into account by
parametrizing σQ of the Student’s t function for Q as a
second-order polynomial in jM − μMj with μM being the

mean of the Gaussian distribution for M. We include an
additional term to describe 0.5% of the signal candidates
with a considerable amount of final state radiation. The
backgrounds are classified into two types: random πs
background, in which a random πs is combined with a true
D0 candidate, and combinatorial background. The shape of
the M distribution for the random πs background is fixed to
be the same as that used for the signal. Other background
distributions are obtained from Monte Carlo (MC) simu-
lation. The fit results are shown in Fig. 1. The small peaking
components in the Q distribution of combinatorial back-
ground are misreconstructed D0 decays with missing
daughters. We find 1231731& 1633ðstatÞ signal candidates
with a purity of 95.5% in the signal region defined as
jM −mD0 j < 15 MeV=c2, 5.75 MeV < Q < 5.95 MeV.
Mixing parameters are extracted from an unbinned

maximum likelihood fit to m2
þ, m2

− and the decay time t
for the events selected in the signal region. The D0 →
K0

Sπ
þπ− decay rates are expressed in Eqs. (1) and (2). The

reconstruction efficiency over the DP plane is described by
a cubic polynomial of m2

þ and m2
− determined from a large

MC sample of signal events. The proper decay-time
resolution function is represented by a sum of three
(two) Gaussians in the case of the four-layer (three-layer)
silicon vertex detector configuration. We allow one of the
Gaussians’ means to differ from the other two for the case
of the four-layer silicon vertex detector configuration.
The Dalitz amplitudesAf and Āf are expressed as a sum

of quasi-two-body amplitudes. For the P- and D-wave
decays, we include 12 intermediate resonances described
by relativistic Breit-Wigner parametrizations with mass-
dependent widths, Blatt-Weisskopf penetration factors as
form factors, and Zemach tensors for the angular depend-
ence [19]. For the ππ S-wave dynamics, we adopt the
K-matrix formalism with P-vector approximation [20]. For
the K0

Sπ S wave, we follow the same description as in
Ref. [14]. We tested different decay amplitude models by

TABLE II. Fit results for the mixing parameters x and y from
the CP-conserved fit and the CPV-allowed fit. The errors are
statistical, experimental systematic, and systematic due to the
amplitude model, respectively.

Fit type Parameter Fit result

No CPV xð%Þ 0.56& 0.19þ0.03þ0.06
−0.09−0.09

yð%Þ 0.30& 0.15þ0.04þ0.03
−0.05−0.06

CPV xð%Þ 0.56& 0.19þ0.04þ0.06
−0.08−0.08

yð%Þ 0.30& 0.15þ0.04þ0.03
−0.05−0.07

jq=pj 0.90þ0.16þ0.05þ0.06
−0.15−0.04−0.05

argðq=pÞð°Þ −6& 11& 3þ3
−4

TABLE III. Summary of the contributions to experimental systematic uncertainty on the mixing and CPV parameters. The positive
and negative errors are added in quadrature separately.

No CPV CPV

Source Δx=10−4 Δy=10−4 Δx=10−4 Δy=10−4 jq=pj=10−2 argðq=pÞ=°
Best candidate selection þ1.0 þ1.9 þ1.3 þ2.0 −2.3 þ2.2

Signal and background yields &0.3 &0.3 &0.4 &0.4 &1.2 &0.8

Fraction of wrong-tagged events −0.7 −0.4 −0.5 þ0.4 þ1.1 þ0.8

Time resolution of signal −1.4 −0.9 −1.2 −0.8 þ0.8 −1.2
Efficiency −1.1 −2.1 −1.4 −2.2 þ3.1 þ1.3

Combinatorial PDF þ1.9
−4.8

þ2.3
−3.9

þ2.4
−4.1

þ2.0
−4.4

þ1.2
−2.9

þ2.8
−2.3

K%ð892Þ DCS/CF reduced by 5% −7.3 þ2.3 −6.9 þ3.1 þ3.3 −1.4
K%

2ð1430Þ DCS/CF reduced by 5% þ1.7 −0.7 þ2.2 −0.2 þ1.1 þ0.4

Total þ2.8
−8.9

þ3.7
−4.6

þ3.6
−8.3

þ4.3
−5.1

þ5.0
−4.0

þ3.3
−3.0
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Third error is systematic due to the amplitude model  

estimated to be negligible by varying the offset of the
resolutions function. The uncertainties associated with the
combinatorial-background PDF are estimated by choosing
different sideband samples to fit distributions and varying
the PDF shape parameters by their statistical errors. To
evaluate uncertainties associated with a possible correlation
between the DP and the time distribution for the combi-
natorial background, we parametrize the DP distribution in
different decay-time intervals. We also vary the ratios of
certain doubly Cabibbo suppressed (DCS) intermediate
states and corresponding Cabibbo favored (CF) ones by
estimated biases using simulated samples (∼5%) in order to
estimate uncertainties raised by the fitting procedure. The
dominant contributions of experimental systematic error
are from the determination of background PDFs and the
DP’s fitting procedure.
We estimate uncertainties due to the Dalitz model

assumptions by repeating the fit with slightly different
models as described below, and the results are summarized
in Table IV. We vary the average values of masses and
widths for the included resonances by their uncertainties
from [18]. We remove the K!ð1680Þþ, K!ð1410Þ%, and
ρð1450Þ resonances which contribute small fractions in the
D0 → K0

Sπ
þπ− channel. We perform fits with no form

factors and with constant Breit-Wigner widths. The uncer-
tainty due to the angular distribution for intermediate states
is estimated by trying an alternative helicity angular
formalism [19]. We replace the model for the ππ S wave
of DP by a different K-matrix formalism [21]. The main
contributions are from the parametrizations of angular
dependence. By exploring the negative log-likelihood
distribution on the plane of mixing parameters, we draw
the two-dimensional ðx; yÞ confidence-level (C.L.) con-
tours for both the CP-conserved and CPV-allowed fits
(Fig. 4). We combine the statistical and systematic uncer-
tainties using the method described in [13].
In summary, an updated measurement of D0-D̄0 mixing

inD0 → K0
Sπ

þπ− decays was performed based on 921 fb−1
of data collected with the Belle detector. The results
supersede our results in Ref. [13]. We obtain x ¼ ð0.56%
0.19þ0.03þ0.06

−0.09−0.09 Þ%, y ¼ ð0.30% 0.15þ0.04þ0.03
−0.05−0.06 Þ% assuming

no CPV, where the errors are statistical, experimental
systematic, and systematic due to the amplitude model,

respectively. The significance ofD0-D̄0 mixing is estimated
to be 2.5 standard deviations relative to the no-mixing point
(x ¼ 0, y ¼ 0). Comparing with previous measurements
[13,14], these results give a consistent determination of
D0-D̄0 mixing with significantly improved sensitivity.
A search for CP violation results in the most accurate
values of the jq=pj and argðq=pÞ parameters in a single
experiment: jq=pj¼0.90þ0.16þ0.05þ0.06

−0.15−0.04−0.05 , argðq=pÞ ¼ ð−6%
11% 3þ3

−4Þ°. The values are consistent with no CPV.
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1. Introduction

Within the Standard Model, the short-distance contribution to 
D0–D0 oscillations is highly suppressed by the GIM mechanism [1]
and by the magnitude of the CKM matrix elements [2] involved. 
However, long distance effects, which cannot be reliably calculated, 
will also affect the size of mixing. Studies of D0–D0 oscillation 
provide knowledge of the size of these long-distance effects and, 
given improved calculations, can contribute to searches for new 
physics [3]. In addition, improved constraints on charm mixing are 
important for studies of CP violation (CPV) in charm physics.

Charm mixing is described by two dimensionless parameters

x = 2
M1 − M2

Γ1 + Γ2
y = Γ1 − Γ2

Γ1 + Γ2
,

where M1,2 and Γ1,2 are the masses and widths of the two mass 
eigenstates in the D0-D0 system. The most precise determina-
tion of the mixing parameters comes from the measurement of 
the time-dependent decay rate of the wrong-sign process D0 →
K +π− . These analyses are sensitive to y′ ≡ y cos δKπ − x sin δKπ

and x′ ≡ x cos δKπ + y sin δKπ [4], where δKπ is the strong phase 
difference between the doubly Cabibbo-suppressed (DCS) ampli-
tude for D0 → K −π+ and the corresponding Cabibbo-favored (CF) 
amplitude for D0 → K −π+ . In particular,

⟨K −π+|D0⟩
⟨K −π+|D0⟩ = −re−iδKπ , (1)

where

r =
∣∣∣∣
⟨K −π+|D0⟩
⟨K −π+|D0⟩

∣∣∣∣.

Knowledge of δKπ is important for extracting x and y from x′

and y′ . In addition, a more accurate δKπ contributes to preci-
sion determinations of the CKM unitarity angle φ3

6 via the ADS 
method [5].

Using quantum-correlated techniques, δKπ can be accessed in 
the mass-threshold production process e+e− → D0 D0 [6]. In this 
process, D0 and D0 are in a C-odd quantum-coherent state where 
the two mesons necessarily have opposite CP eigenvalues [3]. Thus, 
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threshold production provides a unique way to identify the CP of 
one neutral D by probing the decay of the partner D . Because CPV
in D decays is very small compared with the mixing parameters, 
we will assume no CPV in our analysis. In this paper, we often 
refer to K −π+ only for simplicity, but charge-conjugate modes are 
always implied when appropriate.

We denote the asymmetry of CP-tagged D decay rates to K −π+

as

ACP
Kπ ≡ BD S−→K −π+ − BD S+→K −π+

BD S−→K −π+ + BD S+→K −π+
, (2)

where S+ (S−) denotes the CP-even (CP-odd) eigenstate. To low-
est order in the mixing parameters, we have the relation [7,8]

2r cos δKπ + y = (1 + RWS) · ACP
Kπ , (3)

where RWS is the decay rate ratio of the wrong sign process 
D0 → K −π+ (including the DCS decay and D mixing followed by 
the CF decay) and the right sign process D0 → K −π+ (i.e., the 
CF decay). Here, D0 or D0 refers to the state at production. Using 
external values for the parameters r, y, and RWS, we can extract 
δKπ from ACP→Kπ .

We use the D-tagging method [9] to obtain the branching frac-
tions BD S±→K −π+ as

BD S±→K −π+ = nK −π+,S±
nS±

· εS±
εK −π+,S±

. (4)

Here, nS± and εS± are yields and detection efficiencies of sin-
gle tags (ST) of S± final states, while nK −π+,S± and εK −π+,S±
are yields and efficiencies of double tags (DT) of (S±, K −π+) 
final states, respectively. Based on an 818 pb−1 data sample 
collected with the CLEO-c detector at 

√
s = 3.77 GeV and a 

more complex analysis technique, the CLEO Collaboration obtained
cos δKπ = 0.81+0.22+0.07

−0.18−0.05 [8]. Using a global fit method including 
external inputs for mixing parameters, CLEO obtained cos δKπ =
1.15+0.19+0.00

−0.17−0.08 [8].
In this paper, we present a measurement of δKπ , using the 

quantum correlated productions of D0–D0 mesons at√
s = 3.773 GeV in e+e− collisions with an integrated luminos-

ity of 2.92 fb−1 [10] collected with the BESIII detector [11].

2. The BESIII detector

The Beijing Spectrometer (BESIII) views e+e− collisions in the 
double-ring collider BEPCII. BESIII is a general-purpose detec-
tor [11] with 93% coverage of the full solid angle. From the interac-
tion point (IP) to the outside, BESIII is equipped with a main drift 
chamber (MDC) consisting of 43 layers of drift cells, a time-of-
flight (TOF) counter with double-layer scintillator in the barrel part 
and single-layer scintillator in the end-cap part, an electromagnetic 
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1. Introduction

Within the Standard Model, the short-distance contribution to 
D0–D0 oscillations is highly suppressed by the GIM mechanism [1]
and by the magnitude of the CKM matrix elements [2] involved. 
However, long distance effects, which cannot be reliably calculated, 
will also affect the size of mixing. Studies of D0–D0 oscillation 
provide knowledge of the size of these long-distance effects and, 
given improved calculations, can contribute to searches for new 
physics [3]. In addition, improved constraints on charm mixing are 
important for studies of CP violation (CPV) in charm physics.

Charm mixing is described by two dimensionless parameters

x = 2
M1 − M2

Γ1 + Γ2
y = Γ1 − Γ2

Γ1 + Γ2
,

where M1,2 and Γ1,2 are the masses and widths of the two mass 
eigenstates in the D0-D0 system. The most precise determina-
tion of the mixing parameters comes from the measurement of 
the time-dependent decay rate of the wrong-sign process D0 →
K +π− . These analyses are sensitive to y′ ≡ y cos δKπ − x sin δKπ

and x′ ≡ x cos δKπ + y sin δKπ [4], where δKπ is the strong phase 
difference between the doubly Cabibbo-suppressed (DCS) ampli-
tude for D0 → K −π+ and the corresponding Cabibbo-favored (CF) 
amplitude for D0 → K −π+ . In particular,

⟨K −π+|D0⟩
⟨K −π+|D0⟩ = −re−iδKπ , (1)

where

r =
∣∣∣∣
⟨K −π+|D0⟩
⟨K −π+|D0⟩

∣∣∣∣.

Knowledge of δKπ is important for extracting x and y from x′

and y′ . In addition, a more accurate δKπ contributes to preci-
sion determinations of the CKM unitarity angle φ3

6 via the ADS 
method [5].

Using quantum-correlated techniques, δKπ can be accessed in 
the mass-threshold production process e+e− → D0 D0 [6]. In this 
process, D0 and D0 are in a C-odd quantum-coherent state where 
the two mesons necessarily have opposite CP eigenvalues [3]. Thus, 
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threshold production provides a unique way to identify the CP of 
one neutral D by probing the decay of the partner D . Because CPV
in D decays is very small compared with the mixing parameters, 
we will assume no CPV in our analysis. In this paper, we often 
refer to K −π+ only for simplicity, but charge-conjugate modes are 
always implied when appropriate.

We denote the asymmetry of CP-tagged D decay rates to K −π+

as

ACP
Kπ ≡ BD S−→K −π+ − BD S+→K −π+

BD S−→K −π+ + BD S+→K −π+
, (2)

where S+ (S−) denotes the CP-even (CP-odd) eigenstate. To low-
est order in the mixing parameters, we have the relation [7,8]

2r cos δKπ + y = (1 + RWS) · ACP
Kπ , (3)

where RWS is the decay rate ratio of the wrong sign process 
D0 → K −π+ (including the DCS decay and D mixing followed by 
the CF decay) and the right sign process D0 → K −π+ (i.e., the 
CF decay). Here, D0 or D0 refers to the state at production. Using 
external values for the parameters r, y, and RWS, we can extract 
δKπ from ACP→Kπ .

We use the D-tagging method [9] to obtain the branching frac-
tions BD S±→K −π+ as

BD S±→K −π+ = nK −π+,S±
nS±

· εS±
εK −π+,S±

. (4)

Here, nS± and εS± are yields and detection efficiencies of sin-
gle tags (ST) of S± final states, while nK −π+,S± and εK −π+,S±
are yields and efficiencies of double tags (DT) of (S±, K −π+) 
final states, respectively. Based on an 818 pb−1 data sample 
collected with the CLEO-c detector at 

√
s = 3.77 GeV and a 

more complex analysis technique, the CLEO Collaboration obtained
cos δKπ = 0.81+0.22+0.07

−0.18−0.05 [8]. Using a global fit method including 
external inputs for mixing parameters, CLEO obtained cos δKπ =
1.15+0.19+0.00

−0.17−0.08 [8].
In this paper, we present a measurement of δKπ , using the 

quantum correlated productions of D0–D0 mesons at√
s = 3.773 GeV in e+e− collisions with an integrated luminos-

ity of 2.92 fb−1 [10] collected with the BESIII detector [11].

2. The BESIII detector

The Beijing Spectrometer (BESIII) views e+e− collisions in the 
double-ring collider BEPCII. BESIII is a general-purpose detec-
tor [11] with 93% coverage of the full solid angle. From the interac-
tion point (IP) to the outside, BESIII is equipped with a main drift 
chamber (MDC) consisting of 43 layers of drift cells, a time-of-
flight (TOF) counter with double-layer scintillator in the barrel part 
and single-layer scintillator in the end-cap part, an electromagnetic 

Ø  δΚπ  is the strong phase difference between the DCS and CF amplitudes:  
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1. Introduction

Within the Standard Model, the short-distance contribution to 
D0–D0 oscillations is highly suppressed by the GIM mechanism [1]
and by the magnitude of the CKM matrix elements [2] involved. 
However, long distance effects, which cannot be reliably calculated, 
will also affect the size of mixing. Studies of D0–D0 oscillation 
provide knowledge of the size of these long-distance effects and, 
given improved calculations, can contribute to searches for new 
physics [3]. In addition, improved constraints on charm mixing are 
important for studies of CP violation (CPV) in charm physics.

Charm mixing is described by two dimensionless parameters

x = 2
M1 − M2

Γ1 + Γ2
y = Γ1 − Γ2

Γ1 + Γ2
,

where M1,2 and Γ1,2 are the masses and widths of the two mass 
eigenstates in the D0-D0 system. The most precise determina-
tion of the mixing parameters comes from the measurement of 
the time-dependent decay rate of the wrong-sign process D0 →
K +π− . These analyses are sensitive to y′ ≡ y cos δKπ − x sin δKπ

and x′ ≡ x cos δKπ + y sin δKπ [4], where δKπ is the strong phase 
difference between the doubly Cabibbo-suppressed (DCS) ampli-
tude for D0 → K −π+ and the corresponding Cabibbo-favored (CF) 
amplitude for D0 → K −π+ . In particular,

⟨K −π+|D0⟩
⟨K −π+|D0⟩ = −re−iδKπ , (1)

where

r =
∣∣∣∣
⟨K −π+|D0⟩
⟨K −π+|D0⟩

∣∣∣∣.

Knowledge of δKπ is important for extracting x and y from x′

and y′ . In addition, a more accurate δKπ contributes to preci-
sion determinations of the CKM unitarity angle φ3

6 via the ADS 
method [5].

Using quantum-correlated techniques, δKπ can be accessed in 
the mass-threshold production process e+e− → D0 D0 [6]. In this 
process, D0 and D0 are in a C-odd quantum-coherent state where 
the two mesons necessarily have opposite CP eigenvalues [3]. Thus, 
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threshold production provides a unique way to identify the CP of 
one neutral D by probing the decay of the partner D . Because CPV
in D decays is very small compared with the mixing parameters, 
we will assume no CPV in our analysis. In this paper, we often 
refer to K −π+ only for simplicity, but charge-conjugate modes are 
always implied when appropriate.

We denote the asymmetry of CP-tagged D decay rates to K −π+

as

ACP
Kπ ≡ BD S−→K −π+ − BD S+→K −π+

BD S−→K −π+ + BD S+→K −π+
, (2)

where S+ (S−) denotes the CP-even (CP-odd) eigenstate. To low-
est order in the mixing parameters, we have the relation [7,8]

2r cos δKπ + y = (1 + RWS) · ACP
Kπ , (3)

where RWS is the decay rate ratio of the wrong sign process 
D0 → K −π+ (including the DCS decay and D mixing followed by 
the CF decay) and the right sign process D0 → K −π+ (i.e., the 
CF decay). Here, D0 or D0 refers to the state at production. Using 
external values for the parameters r, y, and RWS, we can extract 
δKπ from ACP→Kπ .

We use the D-tagging method [9] to obtain the branching frac-
tions BD S±→K −π+ as

BD S±→K −π+ = nK −π+,S±
nS±

· εS±
εK −π+,S±

. (4)

Here, nS± and εS± are yields and detection efficiencies of sin-
gle tags (ST) of S± final states, while nK −π+,S± and εK −π+,S±
are yields and efficiencies of double tags (DT) of (S±, K −π+) 
final states, respectively. Based on an 818 pb−1 data sample 
collected with the CLEO-c detector at 

√
s = 3.77 GeV and a 

more complex analysis technique, the CLEO Collaboration obtained
cos δKπ = 0.81+0.22+0.07

−0.18−0.05 [8]. Using a global fit method including 
external inputs for mixing parameters, CLEO obtained cos δKπ =
1.15+0.19+0.00

−0.17−0.08 [8].
In this paper, we present a measurement of δKπ , using the 

quantum correlated productions of D0–D0 mesons at√
s = 3.773 GeV in e+e− collisions with an integrated luminos-

ity of 2.92 fb−1 [10] collected with the BESIII detector [11].

2. The BESIII detector

The Beijing Spectrometer (BESIII) views e+e− collisions in the 
double-ring collider BEPCII. BESIII is a general-purpose detec-
tor [11] with 93% coverage of the full solid angle. From the interac-
tion point (IP) to the outside, BESIII is equipped with a main drift 
chamber (MDC) consisting of 43 layers of drift cells, a time-of-
flight (TOF) counter with double-layer scintillator in the barrel part 
and single-layer scintillator in the end-cap part, an electromagnetic 
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1. Introduction

Within the Standard Model, the short-distance contribution to 
D0–D0 oscillations is highly suppressed by the GIM mechanism [1]
and by the magnitude of the CKM matrix elements [2] involved. 
However, long distance effects, which cannot be reliably calculated, 
will also affect the size of mixing. Studies of D0–D0 oscillation 
provide knowledge of the size of these long-distance effects and, 
given improved calculations, can contribute to searches for new 
physics [3]. In addition, improved constraints on charm mixing are 
important for studies of CP violation (CPV) in charm physics.

Charm mixing is described by two dimensionless parameters

x = 2
M1 − M2

Γ1 + Γ2
y = Γ1 − Γ2

Γ1 + Γ2
,

where M1,2 and Γ1,2 are the masses and widths of the two mass 
eigenstates in the D0-D0 system. The most precise determina-
tion of the mixing parameters comes from the measurement of 
the time-dependent decay rate of the wrong-sign process D0 →
K +π− . These analyses are sensitive to y′ ≡ y cos δKπ − x sin δKπ

and x′ ≡ x cos δKπ + y sin δKπ [4], where δKπ is the strong phase 
difference between the doubly Cabibbo-suppressed (DCS) ampli-
tude for D0 → K −π+ and the corresponding Cabibbo-favored (CF) 
amplitude for D0 → K −π+ . In particular,

⟨K −π+|D0⟩
⟨K −π+|D0⟩ = −re−iδKπ , (1)

where

r =
∣∣∣∣
⟨K −π+|D0⟩
⟨K −π+|D0⟩

∣∣∣∣.

Knowledge of δKπ is important for extracting x and y from x′

and y′ . In addition, a more accurate δKπ contributes to preci-
sion determinations of the CKM unitarity angle φ3

6 via the ADS 
method [5].

Using quantum-correlated techniques, δKπ can be accessed in 
the mass-threshold production process e+e− → D0 D0 [6]. In this 
process, D0 and D0 are in a C-odd quantum-coherent state where 
the two mesons necessarily have opposite CP eigenvalues [3]. Thus, 
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threshold production provides a unique way to identify the CP of 
one neutral D by probing the decay of the partner D . Because CPV
in D decays is very small compared with the mixing parameters, 
we will assume no CPV in our analysis. In this paper, we often 
refer to K −π+ only for simplicity, but charge-conjugate modes are 
always implied when appropriate.

We denote the asymmetry of CP-tagged D decay rates to K −π+

as

ACP
Kπ ≡ BD S−→K −π+ − BD S+→K −π+

BD S−→K −π+ + BD S+→K −π+
, (2)

where S+ (S−) denotes the CP-even (CP-odd) eigenstate. To low-
est order in the mixing parameters, we have the relation [7,8]

2r cos δKπ + y = (1 + RWS) · ACP
Kπ , (3)

where RWS is the decay rate ratio of the wrong sign process 
D0 → K −π+ (including the DCS decay and D mixing followed by 
the CF decay) and the right sign process D0 → K −π+ (i.e., the 
CF decay). Here, D0 or D0 refers to the state at production. Using 
external values for the parameters r, y, and RWS, we can extract 
δKπ from ACP→Kπ .

We use the D-tagging method [9] to obtain the branching frac-
tions BD S±→K −π+ as

BD S±→K −π+ = nK −π+,S±
nS±

· εS±
εK −π+,S±

. (4)

Here, nS± and εS± are yields and detection efficiencies of sin-
gle tags (ST) of S± final states, while nK −π+,S± and εK −π+,S±
are yields and efficiencies of double tags (DT) of (S±, K −π+) 
final states, respectively. Based on an 818 pb−1 data sample 
collected with the CLEO-c detector at 

√
s = 3.77 GeV and a 

more complex analysis technique, the CLEO Collaboration obtained
cos δKπ = 0.81+0.22+0.07

−0.18−0.05 [8]. Using a global fit method including 
external inputs for mixing parameters, CLEO obtained cos δKπ =
1.15+0.19+0.00

−0.17−0.08 [8].
In this paper, we present a measurement of δKπ , using the 

quantum correlated productions of D0–D0 mesons at√
s = 3.773 GeV in e+e− collisions with an integrated luminos-

ity of 2.92 fb−1 [10] collected with the BESIII detector [11].

2. The BESIII detector

The Beijing Spectrometer (BESIII) views e+e− collisions in the 
double-ring collider BEPCII. BESIII is a general-purpose detec-
tor [11] with 93% coverage of the full solid angle. From the interac-
tion point (IP) to the outside, BESIII is equipped with a main drift 
chamber (MDC) consisting of 43 layers of drift cells, a time-of-
flight (TOF) counter with double-layer scintillator in the barrel part 
and single-layer scintillator in the end-cap part, an electromagnetic 

Ø  At the lowest order in the mixing parameters: 

Ø  Rws is the decay rate ratio of WS (DCS + Mixing followed by CF decay) over 
RS (CF decay) processes  

Ø  BES III measures ACP
Kp and uses external input for r, y and RWS to 

determine cos δKπ
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Ø  Reconstructed modes: 
Ø  Flavor tags: K+π-, K-π+

Ø  CP even tags: K+K-, π+π-, Ksπ0π0, π0π0, ρ0π0 

Ø  CP odd tags: Ksπ0, Ksη, Ksw 

Ø  Strategy: 
Ø  Single tag: CP tag 
Ø  Double tag: Kπ + CP tag 
Ø  Extract the number of double tag nKπ,S 

and of single tag ns from a MBC fit 
Ø  Efficiencies from MC 
Ø  Compute: 
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Table 1
D decay modes used in this analysis.

Type Mode

Flavored K −π+, K +π−

S+ K + K −,π+π−, K 0
S π

0π0,π0π0,ρ0π0

S− K 0
S π

0, K 0
S η, K 0

S ω

calorimeter (EMC) composed of 6240 CsI(Tl) crystals, a supercon-
ducting solenoid magnet providing a magnetic field of 1.0 T along 
the beam direction, and a muon counter containing multi-layer 
resistive plate chambers installed in the steel flux-return yoke of 
the magnet. The MDC spatial resolution is about 135 µm and the 
momentum resolution is about 0.5% for a charged track with trans-
verse momentum of 1 GeV/c. The energy resolution for showers in 
the EMC is 2.5% at 1 GeV. More details of the spectrometer can be 
found in Ref. [11].

3. MC simulation

Monte Carlo (MC) simulation serves to estimate the detection 
efficiency and to understand background components. MC sam-
ples corresponding to about 10 times the luminosity of data are 
generated with a geant4-based [12] software package [13], which 
includes simulations of the geometry of the spectrometer and in-
teractions of particles with the detector materials. kkmc is used to 
model the beam energy spread and the initial-state radiation (ISR) 
in the e+e− annihilations [14]. The inclusive MC samples consist 
of the production of D D pairs with consideration of quantum co-
herence for all modes relevant to this analysis, the non-D D decays 
of ψ(3770), the ISR production of low mass ψ states, and QED 
and qq̄ continuum processes. Known decays recorded in the Par-
ticle Data Group (PDG) [15] are simulated with evtgen [16] and 
the unknown decays with lundcharm [17]. The final-state radia-
tion (FSR) off charged tracks is taken into account with the photos
package [18]. MC samples of D → S±, D → X (X denotes inclusive 
decay products) processes are used to estimate the ST efficiencies, 
and MC samples of D → S±, D → Kπ processes are used to esti-
mate the DT efficiencies.

4. Data analysis

The decay modes used for tagging the CP eigenstates are listed 
in Table 1, where π0 → γ γ , η → γ γ , K 0

S → π+π− and ω →
π+π−π0. For each mode, D candidates are reconstructed from all 
possible combinations of final-state particles, according to the fol-
lowing selection criteria.

Momenta and impact parameters of charged tracks are mea-
sured by the MDC. Charged tracks are required to satisfy | cos θ | <
0.93, where θ is the polar angle with respect to the beam axis, 
and have a closest approach to the IP within ±10 cm along the 
beam direction and within ±1 cm in the plane perpendicular to 
the beam axis. Particle identification is implemented by combin-
ing the information of normalized energy deposition (dE/dx) in 
the MDC and the flight time measurements from the TOF. For a 
charged π(K ) candidate, the probability of the π(K ) hypothesis is 
required to be larger than that of the K (π) hypothesis.

Photons are reconstructed as energy deposition clusters in the 
EMC. The energies of photon candidates must be larger than 
25 MeV for | cos θ | < 0.8 (barrel) and 50 MeV for 0.84 < | cos θ | <
0.92 (end-cap). To suppress fake photons due to electronic noise or 
beam backgrounds, the shower time must be less than 700 ns from 
the event start time [19]. However, in the case that no charged 
track is detected, the event start time is not reliable, and instead 
the shower time must be within ±500 ns from the time of the 
most energetic shower.

Table 2
Requirements on (E for different D reconstruction modes.

Mode Requirement (GeV)

K + K − −0.025 < (E < 0.025
π+π− −0.030 < (E < 0.030
K 0

S π
0π0 −0.080 < (E < 0.045

π0π0 −0.080 < (E < 0.040
ρ0π0 −0.070 < (E < 0.040
K 0

S π
0 −0.070 < (E < 0.040

K 0
S η −0.040 < (E < 0.040

K 0
S ω −0.050 < (E < 0.030

K ±π∓ −0.030 < (E < 0.030

Our π0 and η candidates are selected from pairs of pho-
tons with the requirement that at least one photon candidate 
reconstructed in the barrel is used. The mass windows imposed 
are 0.115 GeV/c2 < mγ γ < 0.150 GeV/c2 for π0 candidates and 
0.505 GeV/c2 < mγ γ < 0.570 GeV/c2 for η candidates. We further 
constrain the invariant mass of each photon pair to the nominal 
π0 or η mass, and update the four momentum of the candidate 
according to the fit results.

The K 0
S candidates are reconstructed via K 0

S → π+π− using a 
vertex-constrained fit to all pairs of oppositely charged tracks, with 
no particle identification requirements. These tracks have a looser 
IP requirement: their closest approach to the IP is required to be 
less than 20 cm along the beam direction, with no requirement in 
the transverse plane. The χ2 of the vertex fit is required to be 
less than 100. In addition, a second fit is performed, constraining 
the K 0

S momentum to point back to the IP. The flight length, L, 
obtained from this fit must satisfy L/σL > 2, where σL is the esti-
mated error on L. Finally, the invariant mass of the π+π− pair is 
required to be within (0.487, 0.511) GeV/c2, which corresponds to 
three times the experimental mass resolution.

4.1. Single tags using CP modes

For the CP-even and CP-odd modes, the two variables beam-
constrained mass MBC and energy difference (E are used to iden-
tify the signals, defined as follows:

MBC ≡
√

E2
beam/c4 − |p⃗D |2/c2,

(E ≡ E D − Ebeam.

Here p⃗D and E D are the total momentum and energy of the D
candidate, and Ebeam is the beam energy. Signals peak around the 
nominal D mass in MBC and around zero in (E . Boundaries of 
(E requirements are set at approximately ±3σ , except that those 
of modes containing a π0 are set as (−4σ , +3.5σ ) due to the 
asymmetric distributions. In each event, only the combination of 
D candidates with the least |(E| is kept per mode.

In the K +K − and π+π− modes, backgrounds of cosmic rays 
and Bhabha events are removed with the following requirements. 
First, the two charged tracks used as the CP tag must have a 
TOF time difference less than 5 ns and they must not be consis-
tent with being a muon pair or an electron–positron pair. Second, 
there must be at least one EMC shower (other than those from 
the CP tag tracks) with an energy larger than 50 MeV or at least 
one additional charged track detected in the MDC. In the K 0

Sπ
0

mode, backgrounds due to D0 → ρπ are negligible after restrict-
ing the decay length of K 0

S with L/σL > 2. In the ρ0π0 and K 0
Sω

modes, mass ranges of 0.60 GeV/c2 < mπ+π− < 0.95 GeV/c2 and 
0.72 GeV/c2 < mπ+π−π0 < 0.84 GeV/c2 are required for identify-
ing ρ and ω candidates, respectively.
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1. Introduction

Within the Standard Model, the short-distance contribution to 
D0–D0 oscillations is highly suppressed by the GIM mechanism [1]
and by the magnitude of the CKM matrix elements [2] involved. 
However, long distance effects, which cannot be reliably calculated, 
will also affect the size of mixing. Studies of D0–D0 oscillation 
provide knowledge of the size of these long-distance effects and, 
given improved calculations, can contribute to searches for new 
physics [3]. In addition, improved constraints on charm mixing are 
important for studies of CP violation (CPV) in charm physics.

Charm mixing is described by two dimensionless parameters

x = 2
M1 − M2

Γ1 + Γ2
y = Γ1 − Γ2

Γ1 + Γ2
,

where M1,2 and Γ1,2 are the masses and widths of the two mass 
eigenstates in the D0-D0 system. The most precise determina-
tion of the mixing parameters comes from the measurement of 
the time-dependent decay rate of the wrong-sign process D0 →
K +π− . These analyses are sensitive to y′ ≡ y cos δKπ − x sin δKπ

and x′ ≡ x cos δKπ + y sin δKπ [4], where δKπ is the strong phase 
difference between the doubly Cabibbo-suppressed (DCS) ampli-
tude for D0 → K −π+ and the corresponding Cabibbo-favored (CF) 
amplitude for D0 → K −π+ . In particular,

⟨K −π+|D0⟩
⟨K −π+|D0⟩ = −re−iδKπ , (1)

where

r =
∣∣∣∣
⟨K −π+|D0⟩
⟨K −π+|D0⟩

∣∣∣∣.

Knowledge of δKπ is important for extracting x and y from x′

and y′ . In addition, a more accurate δKπ contributes to preci-
sion determinations of the CKM unitarity angle φ3

6 via the ADS 
method [5].

Using quantum-correlated techniques, δKπ can be accessed in 
the mass-threshold production process e+e− → D0 D0 [6]. In this 
process, D0 and D0 are in a C-odd quantum-coherent state where 
the two mesons necessarily have opposite CP eigenvalues [3]. Thus, 
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threshold production provides a unique way to identify the CP of 
one neutral D by probing the decay of the partner D . Because CPV
in D decays is very small compared with the mixing parameters, 
we will assume no CPV in our analysis. In this paper, we often 
refer to K −π+ only for simplicity, but charge-conjugate modes are 
always implied when appropriate.

We denote the asymmetry of CP-tagged D decay rates to K −π+

as

ACP
Kπ ≡ BD S−→K −π+ − BD S+→K −π+

BD S−→K −π+ + BD S+→K −π+
, (2)

where S+ (S−) denotes the CP-even (CP-odd) eigenstate. To low-
est order in the mixing parameters, we have the relation [7,8]

2r cos δKπ + y = (1 + RWS) · ACP
Kπ , (3)

where RWS is the decay rate ratio of the wrong sign process 
D0 → K −π+ (including the DCS decay and D mixing followed by 
the CF decay) and the right sign process D0 → K −π+ (i.e., the 
CF decay). Here, D0 or D0 refers to the state at production. Using 
external values for the parameters r, y, and RWS, we can extract 
δKπ from ACP→Kπ .

We use the D-tagging method [9] to obtain the branching frac-
tions BD S±→K −π+ as

BD S±→K −π+ = nK −π+,S±
nS±

· εS±
εK −π+,S±

. (4)

Here, nS± and εS± are yields and detection efficiencies of sin-
gle tags (ST) of S± final states, while nK −π+,S± and εK −π+,S±
are yields and efficiencies of double tags (DT) of (S±, K −π+) 
final states, respectively. Based on an 818 pb−1 data sample 
collected with the CLEO-c detector at 

√
s = 3.77 GeV and a 

more complex analysis technique, the CLEO Collaboration obtained
cos δKπ = 0.81+0.22+0.07

−0.18−0.05 [8]. Using a global fit method including 
external inputs for mixing parameters, CLEO obtained cos δKπ =
1.15+0.19+0.00

−0.17−0.08 [8].
In this paper, we present a measurement of δKπ , using the 

quantum correlated productions of D0–D0 mesons at√
s = 3.773 GeV in e+e− collisions with an integrated luminos-

ity of 2.92 fb−1 [10] collected with the BESIII detector [11].

2. The BESIII detector

The Beijing Spectrometer (BESIII) views e+e− collisions in the 
double-ring collider BEPCII. BESIII is a general-purpose detec-
tor [11] with 93% coverage of the full solid angle. From the interac-
tion point (IP) to the outside, BESIII is equipped with a main drift 
chamber (MDC) consisting of 43 layers of drift cells, a time-of-
flight (TOF) counter with double-layer scintillator in the barrel part 
and single-layer scintillator in the end-cap part, an electromagnetic 
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Fig. 2. An illustration of our DT yield analysis, using the Kπ , K 0
S π

0 mode. A scatter plot (left) of the two MBC values is displayed, along with projections of the two-
dimensional fit to the same data (middle and right). The solid lines are the total fits and the dashed lines are the background contribution.

Table 4
The same-CP yields and the corresponding efficiencies used in our CP-purity tests. 
The uncertainties are statistical only. The last column presents the obtained f S and 
numbers in the parentheses are the lower limits of the f S at 90% confidence level.

Mode (S ′, S) nS ′,S εS ′,S (%) f S (%)

K + K −, K 0
S π

0π0 8±3 11.80 ±0.11 91.6 ± 16.7 (> 86.8)

K + K −, ρ0π0 13±8 24.44 ±0.16 84.0 ± 12.6 (> 70.6)

K 0
S π

0, K 0
S ω 7±3 6.77 ±0.08 94.6 ± 8.0 (> 90.6)

We use additional DT combinations, with a clean CP-tag in combi-
nation with the mode we wish to study. We look for signals where 
both D mesons decay with equal CP eigenvalue. If CP is conserved, 
the same-CP process is prohibited in the quantum-correlated D D
production at threshold, unless our studied CP modes are not pure. 
If we take f S as the fraction of the right CP components in the CP
tag mode, we have the yields of the same-CP process written as

nS ′,S = (1 − f S) · nS · BD→S ′ · εS ′,S/εS ,

where mode S ′ is chosen to be (nearly) pure in its CP eigenstate.
We take the modes K 0

Sπ
0 (S ′−) and K +K − (S ′+) as our clean 

CP tags to test the S− and S+ purities of our ST modes, re-
spectively. We analyze our data to find (S ′, S) events using se-
lection criteria similar to those described in Section 4.2. However, 
a simplified procedure is used to obtain the yields. We imple-
ment a one-dimensional fit to the MBC(S) distributions for the 
signal mode S of interest, while restricting the MBC(S ′) distribu-
tions for the tagging modes S ′ in the signal region 1.860 GeV/c2 <
MBC(K +K −) < 1.875 GeV/c2 and 1.855 GeV/c2 < MBC(K 0

Sπ
0) <

1.880 GeV/c2. The DT signals are described with the signal MC 
shape convoluted with a Gaussian function, and backgrounds are 
modeled with the ARGUS function. Fig. 3 shows the MBC(S) distri-
butions in the DT events and the fits to the distributions. Table 4
lists the DT yields and the corresponding detection efficiencies. In 
the tested CP modes, the observed numbers of the same-CP events 
are quite small and nearly consistent with zero, which indicates 
that f S is close to 1. This one-dimensional fit may let certain peak-
ing backgrounds survive; however, an over-estimated nS ′,S leads to 
a more conservative evaluation of f S .

6. Systematic uncertainties

In calculating ACP
Kπ , uncertainties of most of efficiencies cancel 

out, such as those for tracking, particle identification and π0/η/K 0
S

reconstruction. The efficiency differences &S± = &(
εS±

εKπ ,S± ) of 
K −π+ between data and MC simulation are studied for the modes 
S±. We use control samples to study &S± . The K −π+ final state is 
used for studying &S± in the K +K − and π+π− modes; K −π+π0

is used for the π0π0, ρπ0, K 0
Sπ

0 and K 0
Sη modes; K −π+π0π0

is used for the K 0
Sπ

0π0 mode; and K +π−π−π+ is used for the 
K 0

Sω mode. We determine &S± in different CP-tag modes by com-
paring the ratio of the DT yields to the ST yields between data and 

MC. We find that &S± are at 1% level for different CP-tag modes. 
In the formula of ACP

Kπ , the dependence of &S± on the CP mode is 
not canceled out. The resulting systematic uncertainty on ACP

Kπ is 
0.2 × 10−2.

Some systematics arise from effects which act among several 
CP modes simultaneously. The efficiency of the cosmic and Bhabha 
veto (only for the K K and ππ modes) is studied based on the in-
clusive MC sample. We compare the obtained ACP

Kπ with and with-
out this requirement and take the difference of 0.6 ×10−3 as a sys-
tematic uncertainty. For the CP modes involving K 0

S , CP-violating 
K 0

L → π+π− decays are also considered. Using the known branch-
ing fraction, we find this causes the change on ACP

Kπ to be
0.8 × 10−3.

Other systematic uncertainties, relevant to ACP
Kπ , are listed in 

Table 5, which are uncorrelated among different CP modes.
The &E requirements are mode-dependent. We study possible 

biases of our requirements by changing their values; we take the 
maximum variations of the resultant BD S±→Kπ as systematic un-
certainties.

Fitting the MBC distributions involves knowledge of detector 
smearing and the effects of initial-state and final-state radiation. In 
the case of ST fits, we scan the smearing parameters within the er-
rors determined in our nominal fits. The maximum changes to nS±
are taken as a systematic uncertainty. For the DT fits, we obtain 
checks on nKπ ,S± with one-dimensional fits to MBC(S) with inclu-
sion of floating smearing functions. The outcomes of BD S±→Kπ are 
consistent with those determined from the two-dimensional fits, 
and any small differences are treated as systematic uncertainties.

Systematic effects due to the CP purities are checked, as stated 
in Section 5. We introduce the CP purities f S in calculating the 
BD S±→Kπ under different CP tagging modes and obtain the cor-
rected BD S±→Kπ . We set the lower limits of f S and take the cor-
responding maximum changes as part of systematic uncertainties.

7. Results

We combine the branching fractions BD S+→K −π+ and
BD S−→K −π+ in Eq. (4) from two kinds of the CP modes based 
on the standard weighted least-square method [15]. Following 
Eq. (2), we obtain ACP

Kπ = (12.7 ± 1.3 ± 0.7) × 10−2, where the first 
uncertainty is statistical and the second is systematic. The mode-
dependent systematics are propagated to ACP

Kπ and combined with 
the mode-correlated systematics. The values of ACP

Kπ obtained for 
the 15 different CP mode combinations are also checked as listed 
in Table 6. Within statistical uncertainties, they are consistent with 
each other.

With external inputs of r2 = (3.50 ± 0.04) × 10−3, y = (6.7 ±
0.9) × 10−3 from HFAG [21] and RWS = (3.80 ± 0.05) × 10−3 from 
PDG [15], cos δKπ is determined to be 1.02 ± 0.11 ± 0.06 ± 0.01, 
where the third uncertainty is due to the errors introduced from 
the external inputs.
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Fig. 2. An illustration of our DT yield analysis, using the Kπ , K 0
S π

0 mode. A scatter plot (left) of the two MBC values is displayed, along with projections of the two-
dimensional fit to the same data (middle and right). The solid lines are the total fits and the dashed lines are the background contribution.

Table 4
The same-CP yields and the corresponding efficiencies used in our CP-purity tests. 
The uncertainties are statistical only. The last column presents the obtained f S and 
numbers in the parentheses are the lower limits of the f S at 90% confidence level.

Mode (S ′, S) nS ′,S εS ′,S (%) f S (%)

K + K −, K 0
S π

0π0 8±3 11.80 ±0.11 91.6 ± 16.7 (> 86.8)

K + K −, ρ0π0 13±8 24.44 ±0.16 84.0 ± 12.6 (> 70.6)

K 0
S π

0, K 0
S ω 7±3 6.77 ±0.08 94.6 ± 8.0 (> 90.6)

We use additional DT combinations, with a clean CP-tag in combi-
nation with the mode we wish to study. We look for signals where 
both D mesons decay with equal CP eigenvalue. If CP is conserved, 
the same-CP process is prohibited in the quantum-correlated D D
production at threshold, unless our studied CP modes are not pure. 
If we take f S as the fraction of the right CP components in the CP
tag mode, we have the yields of the same-CP process written as

nS ′,S = (1 − f S) · nS · BD→S ′ · εS ′,S/εS ,

where mode S ′ is chosen to be (nearly) pure in its CP eigenstate.
We take the modes K 0

Sπ
0 (S ′−) and K +K − (S ′+) as our clean 

CP tags to test the S− and S+ purities of our ST modes, re-
spectively. We analyze our data to find (S ′, S) events using se-
lection criteria similar to those described in Section 4.2. However, 
a simplified procedure is used to obtain the yields. We imple-
ment a one-dimensional fit to the MBC(S) distributions for the 
signal mode S of interest, while restricting the MBC(S ′) distribu-
tions for the tagging modes S ′ in the signal region 1.860 GeV/c2 <
MBC(K +K −) < 1.875 GeV/c2 and 1.855 GeV/c2 < MBC(K 0

Sπ
0) <

1.880 GeV/c2. The DT signals are described with the signal MC 
shape convoluted with a Gaussian function, and backgrounds are 
modeled with the ARGUS function. Fig. 3 shows the MBC(S) distri-
butions in the DT events and the fits to the distributions. Table 4
lists the DT yields and the corresponding detection efficiencies. In 
the tested CP modes, the observed numbers of the same-CP events 
are quite small and nearly consistent with zero, which indicates 
that f S is close to 1. This one-dimensional fit may let certain peak-
ing backgrounds survive; however, an over-estimated nS ′,S leads to 
a more conservative evaluation of f S .

6. Systematic uncertainties

In calculating ACP
Kπ , uncertainties of most of efficiencies cancel 

out, such as those for tracking, particle identification and π0/η/K 0
S

reconstruction. The efficiency differences &S± = &(
εS±

εKπ ,S± ) of 
K −π+ between data and MC simulation are studied for the modes 
S±. We use control samples to study &S± . The K −π+ final state is 
used for studying &S± in the K +K − and π+π− modes; K −π+π0

is used for the π0π0, ρπ0, K 0
Sπ

0 and K 0
Sη modes; K −π+π0π0

is used for the K 0
Sπ

0π0 mode; and K +π−π−π+ is used for the 
K 0

Sω mode. We determine &S± in different CP-tag modes by com-
paring the ratio of the DT yields to the ST yields between data and 

MC. We find that &S± are at 1% level for different CP-tag modes. 
In the formula of ACP

Kπ , the dependence of &S± on the CP mode is 
not canceled out. The resulting systematic uncertainty on ACP

Kπ is 
0.2 × 10−2.

Some systematics arise from effects which act among several 
CP modes simultaneously. The efficiency of the cosmic and Bhabha 
veto (only for the K K and ππ modes) is studied based on the in-
clusive MC sample. We compare the obtained ACP

Kπ with and with-
out this requirement and take the difference of 0.6 ×10−3 as a sys-
tematic uncertainty. For the CP modes involving K 0

S , CP-violating 
K 0

L → π+π− decays are also considered. Using the known branch-
ing fraction, we find this causes the change on ACP

Kπ to be
0.8 × 10−3.

Other systematic uncertainties, relevant to ACP
Kπ , are listed in 

Table 5, which are uncorrelated among different CP modes.
The &E requirements are mode-dependent. We study possible 

biases of our requirements by changing their values; we take the 
maximum variations of the resultant BD S±→Kπ as systematic un-
certainties.

Fitting the MBC distributions involves knowledge of detector 
smearing and the effects of initial-state and final-state radiation. In 
the case of ST fits, we scan the smearing parameters within the er-
rors determined in our nominal fits. The maximum changes to nS±
are taken as a systematic uncertainty. For the DT fits, we obtain 
checks on nKπ ,S± with one-dimensional fits to MBC(S) with inclu-
sion of floating smearing functions. The outcomes of BD S±→Kπ are 
consistent with those determined from the two-dimensional fits, 
and any small differences are treated as systematic uncertainties.

Systematic effects due to the CP purities are checked, as stated 
in Section 5. We introduce the CP purities f S in calculating the 
BD S±→Kπ under different CP tagging modes and obtain the cor-
rected BD S±→Kπ . We set the lower limits of f S and take the cor-
responding maximum changes as part of systematic uncertainties.

7. Results

We combine the branching fractions BD S+→K −π+ and
BD S−→K −π+ in Eq. (4) from two kinds of the CP modes based 
on the standard weighted least-square method [15]. Following 
Eq. (2), we obtain ACP

Kπ = (12.7 ± 1.3 ± 0.7) × 10−2, where the first 
uncertainty is statistical and the second is systematic. The mode-
dependent systematics are propagated to ACP

Kπ and combined with 
the mode-correlated systematics. The values of ACP

Kπ obtained for 
the 15 different CP mode combinations are also checked as listed 
in Table 6. Within statistical uncertainties, they are consistent with 
each other.

With external inputs of r2 = (3.50 ± 0.04) × 10−3, y = (6.7 ±
0.9) × 10−3 from HFAG [21] and RWS = (3.80 ± 0.05) × 10−3 from 
PDG [15], cos δKπ is determined to be 1.02 ± 0.11 ± 0.06 ± 0.01, 
where the third uncertainty is due to the errors introduced from 
the external inputs.
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Strong Phase δKπ
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Error from 
input parameters 

Ø  With 10 fb-1 at open charm threshold, BESIII expects to reach a 
precision on cosδΚπ at the level of 0.06 

  

Single Tags

Double Tags

16

Strong Phase δKπ 

BESIII direct product of results:

 (BESIII: 2.92 fb-1 )
PLB734, 227 (2014)

Improvement from previous results and inputs for world average fit!

Ø  BES III measures: 



Triple Product Asymmetries 

5/27/15	   FPCP	  2015	   19	  

Ø  Define a T-odd observable in the 
    4 body decay M -> 1 2 3 4: 

7

Experimental Technique

Defining a T-odd observable 
• One needs at least 3 independent momentum or spin variables 
!
!
!
!
!
!
!
!
!
!
!
!
!

• Momenta can be also used to define angles
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T-odd Correlation Asymmetry

Asymmetries 
• Two asymmetries are measured separately on the particle and charge-

conjugate decays 
!
!
!
!
!
!

• The CP-violating asymmetry is
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aT�odd

CP =
1

2
(AT � ĀT )

AT =
�(CT > 0)� �(CT < 0)

�

ĀT =
�̄(�CT > 0)� �̄(�CT < 0)

�̄

Ø  Construct the asymmetries for M  
    and M decays:  

8

T-odd Correlation Asymmetry

Asymmetries 
• Two asymmetries are measured separately on the particle and charge-

conjugate decays 
!
!
!
!
!
!

• The CP-violating asymmetry is
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aT�odd

CP =
1

2
(AT � ĀT )

AT =
�(CT > 0)� �(CT < 0)

�

ĀT =
�̄(�CT > 0)� �̄(�CT < 0)

�̄

Ø  The CP violating asymmetry is: 

6

Comparison to Direct CPV

They are complementary 
• The only difference is in the unitarity phases that enter differently in the game 
!
!
!
!

• aCP is more sensitive to CPV when the difference in the strong phases is large 

• aCPT-odd is more sensitive to CPV when the difference in the strong phases 
between the interfering amplitudes is small 
!

• Datta and London demonstrated that a TP asymmetry can be also built with 
interference between decay and mixing, but it is proportional to sinΔδ as well.
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aCP / sin�� sin��

aT�odd

CP / cos�� sin��

Theoretical Background Comparison to direct CP

A.#Da<a#and#D.#London,#Int.J.Mod.Phys.#A19#(2004)#2505

(*)#Caveat:#in#aCP#the#two#phases#are#from#different#diagrams,#in#aCPTodd#from#
different#spin#contribuUons

(*)

Complementary to direct CPV  
mesurements:	  
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Ø  D0 flavor tagged using semileptonic B decays B → D0µ−X. 
Ø  171k D0 → K +K−π+π− reconstructed using a data set of 3 fb−1. 
Ø  Triple-products: 

Measurements at LHCb JHEP 1410 (2014) 5

D

0 flavor tagged using semileptonic B decays B ! D

0µ�
X .

171k D

0 ! K

+
K

�⇡+⇡� reconstructed using a data set of 3 fb�1.
Triple-products:

C

T

⌘ ~
p

K

+ · (~p⇡+ ⇥ ~
p⇡�), for D

0

C̄

T

⌘ ~
p

K

� · (~p⇡� ⇥ ~
p⇡+), for D

0

J. FU (INFN-Milano) CPV using T-odd observables in charm decays IFAE 2015 7 / 14

Ø  Dataset divided into 4 samples depending on 
D0 flavor and CT value. 

Ø  Simultaneous fit to the four distributions of 
m(K+K−π+π−) to extract event yields and the 
asymmetry parameters AT and AT. 

Analysis Strategy

Dataset divided into 4 samples depending on D

0 flavor and C

T

value.
The number of signal events retrieved by simultaneous fit to the
four distributions of m(K+

K

�⇡+⇡�). Asymmetry parameters A

T

,
Ā

T

extracted from the fit.
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).
Three measurements

I Measurement integrated in the phase space.
I Measurement in different regions of the phase space.
I Measurement as a function of D

0 proper time (sensitive to indirect
CPV ).

J. FU (INFN-Milano) CPV using T-odd observables in charm decays IFAE 2015 8 / 14

Ø  Three measurements: 
Ø  Measurement integrated in the phase space. 
Ø  ︎Measurement in different regions of the phase space. 
Ø  ︎Measurement as a function of D0 proper time (sensitive to indirect CPV). 

JHEP 1410 (2014) 5 
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11

Results From LHCb - D0→K+K-π+π-

Semileptonic B decay 
• D0→K+K-π+π- from semileptonic B decays, 

tagged from muon charge 
B→D0µ-X, D0→K+K-π+π- 

• Clean sample 

Data Sample 
• 2011+2012: 3fb-1 

Fit Model 
• Samples simultaneously fit to a model of two 

Gaussian distributions over an exponential 
shape 

• Asymmetry parameters extracted from the fit
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Reanalysis of BaBar data

Extraction of the asymmetries 
• BaBar data from D0→K+K-π+π-, D(s)+→K0SK+π+π- used to extract all the 

asymmetries 
!
!

• AT and A# T translated to yields 
!
!
!
!

• Systematic uncertainties propagated by assuming them to be  
Gaussian-distributed 
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BaBar Results Reanalysis of data

BaBar#Preliminary

del#Amo#Sanchez#et#al.,#Phys.#Rev.#D81#(2010)#111103(R)#
Lees#et#al.,#Phys.#Rev.#D84#(2011)#031103(R)

20

Original Analysis of BaBar D0→K+K-π+π-

The 2010 analysis 
• Prompt D*+→D0π+ decays 
• 2D fit to m(K+K-π+π-) and  
∆m= m(K+K-π+π-πs+)-m(K+K-π+π-) 

• Nev = 47k  
• Most important systematic  

uncertainties from particle identification 
and selection criteria in general 

• Asymmetries:
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ĀT (D
0) = (�70.5± 7.3

stat

± 3.9
syst

)⇥ 10�3

aT�odd

CP (D0) = (1.0± 5.1
stat

± 4.4
syst

)⇥ 10�3

AT

A'T

Ø  Tag D0 flavor from D*+→D0π+ 
decays 

Ø  47K events 

Ø  2D fit to m(K+K-π+π-) and ∆m= m(K
+K-π+π-πs

+)-m(K+K-π+π-)  

Ø  Results: 

Phys. Rev. D81 (2010) 111103(R) 
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Reanalysis of BaBar data

Extraction of the asymmetries 
• BaBar data from D0→K+K-π+π-, D(s)+→K0SK+π+π- used to extract all the 

asymmetries 
!
!

• AT and A# T translated to yields 
!
!
!
!

• Systematic uncertainties propagated by assuming them to be  
Gaussian-distributed 
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Ø  20(30)k D(s) decays reconstructed 
Ø  One-D fit 

Ø  Main systematics from Particle ID and 
selection criteria  

Phys. Rev. D84 (2011) 031103(R) 

21

Analysis of BaBar D(s)+→K0SK+π+π-

Original analysis 
• About 20(30)k D(s)+ decays reconstructed 
• One-dimensional fit 
• Main systematics from PID and selection  

criteria
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A. Bevan, hep-ph/1408.3813 

Ø  AT interpreted as a P-odd (AP) rather than T-odd observable since time-
reversal test is not possible 

17

More Asymmetries

Theoretical reinterpretation 
• A recent paper by A. Bevan reinterprets the asymmetries outlined before and suggests describing 

them as C, P, and CP asymmetries 
• AT interpreted as a P-odd (AP) rather than T-odd observable since time-reversal test is not 

possible 
!
!

• Assuming 
!
!
!
!

• One gets 
!
!
!

• Considering that C(AP) = A# P and CP(AP) = -A# P the following asymmetries testing C and CP can be 
extracted
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Ø  Defining: 
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Ø  Considering that C(AP) = AP and CP(AP) = -AP the following asymmetries 
testing C and CP can be extracted: 
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Ø  Same exercise with C: 

Ø  Given that P(Ac) = Ac and CP(Ac) = -Ac one can define: 
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More Asymmetries (cont.)

Same exercise for C operator 
• One observes that C(CT) = C#T 
!
!
!
!
!
!
!
!
!

…and for CP
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Ø  And for CP: 
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Ø  P(ACP) = ACP and CP(ACP) = -ACP 	  
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Results of the Reanalysis

All the asymmetries 
• Possible effects of FSI 
• Observation of P and C violation 
• No CPV

Maurizio Martinelli - CPV in Charm using Triple Products Asymmetries  | 11.09.2014

C
C
P

C,FSI
P,FSI

BaBar Results Overview

BaBar#Preliminary

19

Reanalysis of BaBar data

Extraction of the asymmetries 
• BaBar data from D0→K+K-π+π-, D(s)+→K0SK+π+π- used to extract all the 

asymmetries 
!
!

• AT and A# T translated to yields 
!
!
!
!

• Systematic uncertainties propagated by assuming them to be  
Gaussian-distributed 
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�+ = ND0 (1 +AP ) �̄+ = ND0

�
1� ĀP

�

�� = ND0 (1�AP ) �̄� = ND0

�
1 + ĀP

�

BaBar Results Reanalysis of data

BaBar#Preliminary

del#Amo#Sanchez#et#al.,#Phys.#Rev.#D81#(2010)#111103(R)#
Lees#et#al.,#Phys.#Rev.#D84#(2011)#031103(R)

Ø  No evidence of CP violation 
Ø  No evidence of C and P violation in D+ decay 
Ø  C and P violation observed in D0→K+K-π+π- and D+

S→KsK+π+π-  



Putting Everything Together: HFAG Averages 
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Ø  Mixing in charm decays is firmly established (> 12 σ) 

Ø  No evidence for direct or indirect CPV 
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Belle II expectations on Mixing 
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 Belle II expectations for D0-D0 mixing#

Current measurements of x, y give many constraints on NP models 
[see Golowich et al., PRD76, 095009 (2007); 21 models considered, e.g., 2-Higgs doublets, left-
right models, little Higgs, extra dimensions, of which 17 give constraints] 

Now: 
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Note: LHCb will dominate most of these measurements, but Belle II should be competitive in yCP and 
possibly in x’2, y’, |q/p|, φ  (see Staric, KEK FFW14). If LHCb sees new physics, it would be important 
for Belle II to independently confirm. 

Now: 50 ab-1: 

 Belle II expectations for D0-D0 CPV 
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Ø  LHCb will dominate most of these measurements, but Belle II should be 
competitive in yCP and possibly in x’2, y’, |q/p|, φ

Ø  If LHCb sees new physics it will be important to confirm it 
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High Intensity Electron Positron 
Accelerator (HIEPA)  
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Ø  China is proposing a future super tau-charm factory: HIEPA 
Ø  Peak luminosity: 1x1035 cm-2 s-1 at 4 GeV for physics in the tau-charm 

sector, covering Ecm = 2-7 GeV. 

High%Intensity%Electron%Positron%Accelerator%(HIEPA)
• China&is&proposing&a&future&super0tau0charm&factory:&HIEPA 
• Providing&peak&luminosity&about&1x1035&cm02s01&at&4&GeV&for&

physics&at&tau&charm&sector,&covering&Ecm&=&207&GeV.

19

by 2016: CDR & TDR

with 1ab-1  data @HIEPA!
✓ Direct CP violation in D+→hh 

sensitivity: 10-3~10-4 

✓ Δ(cosδKπ) ∼0.007; Δ(δKπ) ∼2o 
✓ RM =(x2+y2)/2  ~ 10-5  in Kπ and 

Keν channels 
✓ Probe y:  ΔyCP < 0.1%

clean%background%and%better%
systematic%control%in%threshold%
production%would%be%complementary%
to%the%future%B"factory%results%
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19

by 2016: CDR & TDR

with 1ab-1  data @HIEPA!
✓ Direct CP violation in D+→hh 

sensitivity: 10-3~10-4 

✓ Δ(cosδKπ) ∼0.007; Δ(δKπ) ∼2o 
✓ RM =(x2+y2)/2  ~ 10-5  in Kπ and 

Keν channels 
✓ Probe y:  ΔyCP < 0.1%

clean%background%and%better%
systematic%control%in%threshold%
production%would%be%complementary%
to%the%future%B"factory%results%

Ø  CDR sometime in 2016 
Ø  Complementary to Belle II and 

LHCb 

Workshop in January 2015: http://cicpi2011.lcg.ustc.edu.cn/hiepa2015/	  



Outlook 
Ø The present: 

Ø Charm mixing is firmly established 
Ø No evidence of either direct or indirect CPV 

Ø The future looks bright for charm: 
Ø More results can be extracted from BaBar and 

Belle final datasets. 
Ø More data from BESIII and LHCb are coming 

and Belle II will start data taking in 2018 
Ø And then there is the LHCb upgrade 
Ø And may be a super tau-charm factory in China 
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Backup 
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Time Dependent D0 →	  KSπ+π- 

Dalitz Plot Fit 
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D0(t)→ KS π+π- : time-dependent Dalitz plot fit 
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Resonance Amplitude Phase (deg) Fit fraction

K∗(892)− 1.590 ± 0.003 131.8 ± 0.2 0.6045

K∗
0(1430)− 2.059 ± 0.010 −194.6 ± 1.7 0.0702

K∗
2(1430)− 1.150 ± 0.009 −41.5 ± 0.4 0.0221

K∗(1410)− 0.496 ± 0.011 83.4 ± 0.9 0.0026

K∗(1680)− 1.556 ± 0.097 −83.2 ± 1.2 0.0016

K∗(892)+ 0.139 ± 0.002 −42.1 ± 0.7 0.0046

K∗
0(1430)+ 0.176 ± 0.007 −102.3 ± 2.1 0.0005

K∗
2(1430)+ 0.077 ± 0.007 −32.2 ± 4.7 0.0001

K∗(1410)+ 0.248 ± 0.010 −145.7 ± 2.9 0.0007

K∗(1680)+ 1.407 ± 0.053 86.1 ± 2.7 0.0013

ρ(770) 1 (fixed) 0 (fixed) 0.2000

ω(782) 0.0370 ± 0.0004 114.9 ± 0.6 0.0057

f2(1270) 1.300 ± 0.013 −31.6 ± 0.5 0.0141

ρ(1450) 0.532 ± 0.027 80.8 ± 2.1 0.0012

Resonance Amplitude Phase (deg) Fit fraction

ππ S-wave 0.1288

β1 4.23 ± 0.02 164.0 ± 0.2

β2 10.90 ± 0.02 15.6 ± 0.2

β3 37.4 ± 0.3 3.3 ± 0.4

β4 14.7 ± 0.1 −8.9 ± 0.3

fprod
11 12.76 ± 0.05 −161.1 ± 0.3

fprod
12 14.2 ± 0.2 −176.2 ± 0.6

fprod
13 10.0 ± 0.5 −124.7 ± 2.1

Kπ S-wave Parameters

M(MeV/c2) 1461.7 ± 0.8

Γ(MeV/c2) 268.3 ± 1.1

F 0.4524 ± 0.005

φF (rad) 0.248 ± 0.003

R 1(fixed)

φR(rad) 2.495 ± 0.009

a(GeV/c−1) 0.172 ± 0.006

r(GeV/c−1) −20.6 ± 0.3

K∗(892) Parameters

MK∗(892)(MeV/c2) 893.68 ± 0.04

ΓK∗(892)(MeV/c2) 47.49 ± 0.06

Fit projections: 
(fitted function 
describes the 
data well) 

  A. J. Schwartz         Mixing and Indirect CPV from Belle        CKM 2014 Workshop     4 

Time-dependent D0(t)→ K+π-  

!  976 fb-1, full data set 
 
!  double mis-ID background 

reduced with tight PID cuts if 
|Mswapped-MD|< 25 MeV/c2 

 

!  Method (opposite the usual):  
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Wrong sign 
(WS) K+π- 

Right sign 
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background 
(from ΔM 
sideband) 

a)  WS and RS samples are 
selected: |MKπ - MD| < 20 MeV/c2 

 

b)  Divide samples into 10 bins of 
decay time. For each bin, 
determine event yields by fitting 
ΔM = MKππ - MKπ distribution 

 
c)  plot ratio of event yields, fit this 

distribution for RD, x’2, y’ 
 
Advantage: as one fits to ratios of 
event yields, less sensitive to 
resolution function 



Time Dependent D0→KSπ+π-: Systematics 
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Time-dependent D0(t)→ K+π-  

!  976 fb-1, full data set 
 
!  double mis-ID background 

reduced with tight PID cuts if 
|Mswapped-MD|< 25 MeV/c2 
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Advantage: as one fits to ratios of 
event yields, less sensitive to 
resolution function 

production vertex. The sum of the χ2 from the D0

production vertex fit, the decay vertex fit, and the πs fit
to the production vertex is required to be lower than 100.
The uncertainty of the proper decay time (σt) is evaluated
from the corresponding covariance matrices. We require
σt < 1 ps to remove events with a poorly determined decay
time (the maximum of the σt distribution is at 0.15 ps).
We select events satisfying 1.81 GeV=c2 < M <

1.92 GeV=c2 and 0 < Q < 20 MeV, where M ¼ MK0
Sπ

þπ−

and Q ¼ ðMK0
Sπ

þπ−πs −MK0
Sπ

þπ− −mπsÞ · c
2 are the D0 in-

variant mass and kinetic energy released in the D% decay,
respectively. About 3% of selected events have two or more
D% candidates. We select the best candidate as the one with
the lowest fit-quality sum for the vertex fits. The M and Q
distributions of the selected candidates are shown in Fig. 1.
We determine the signal yield from a two-dimensional fit

to the M −Q distribution. We parametrize the signal shape
by a triple-Gaussian function for M and the sum of a
bifurcated Student’s t function and a Gaussian function for
Q. We take the correlation betweenM andQ into account by
parametrizing σQ of the Student’s t function for Q as a
second-order polynomial in jM − μMj with μM being the

mean of the Gaussian distribution for M. We include an
additional term to describe 0.5% of the signal candidates
with a considerable amount of final state radiation. The
backgrounds are classified into two types: random πs
background, in which a random πs is combined with a true
D0 candidate, and combinatorial background. The shape of
the M distribution for the random πs background is fixed to
be the same as that used for the signal. Other background
distributions are obtained from Monte Carlo (MC) simu-
lation. The fit results are shown in Fig. 1. The small peaking
components in the Q distribution of combinatorial back-
ground are misreconstructed D0 decays with missing
daughters. We find 1231731& 1633ðstatÞ signal candidates
with a purity of 95.5% in the signal region defined as
jM −mD0 j < 15 MeV=c2, 5.75 MeV < Q < 5.95 MeV.
Mixing parameters are extracted from an unbinned

maximum likelihood fit to m2
þ, m2

− and the decay time t
for the events selected in the signal region. The D0 →
K0

Sπ
þπ− decay rates are expressed in Eqs. (1) and (2). The

reconstruction efficiency over the DP plane is described by
a cubic polynomial of m2

þ and m2
− determined from a large

MC sample of signal events. The proper decay-time
resolution function is represented by a sum of three
(two) Gaussians in the case of the four-layer (three-layer)
silicon vertex detector configuration. We allow one of the
Gaussians’ means to differ from the other two for the case
of the four-layer silicon vertex detector configuration.
The Dalitz amplitudesAf and Āf are expressed as a sum

of quasi-two-body amplitudes. For the P- and D-wave
decays, we include 12 intermediate resonances described
by relativistic Breit-Wigner parametrizations with mass-
dependent widths, Blatt-Weisskopf penetration factors as
form factors, and Zemach tensors for the angular depend-
ence [19]. For the ππ S-wave dynamics, we adopt the
K-matrix formalism with P-vector approximation [20]. For
the K0

Sπ S wave, we follow the same description as in
Ref. [14]. We tested different decay amplitude models by

TABLE II. Fit results for the mixing parameters x and y from
the CP-conserved fit and the CPV-allowed fit. The errors are
statistical, experimental systematic, and systematic due to the
amplitude model, respectively.

Fit type Parameter Fit result

No CPV xð%Þ 0.56& 0.19þ0.03þ0.06
−0.09−0.09

yð%Þ 0.30& 0.15þ0.04þ0.03
−0.05−0.06

CPV xð%Þ 0.56& 0.19þ0.04þ0.06
−0.08−0.08

yð%Þ 0.30& 0.15þ0.04þ0.03
−0.05−0.07

jq=pj 0.90þ0.16þ0.05þ0.06
−0.15−0.04−0.05

argðq=pÞð°Þ −6& 11& 3þ3
−4

TABLE III. Summary of the contributions to experimental systematic uncertainty on the mixing and CPV parameters. The positive
and negative errors are added in quadrature separately.

No CPV CPV

Source Δx=10−4 Δy=10−4 Δx=10−4 Δy=10−4 jq=pj=10−2 argðq=pÞ=°
Best candidate selection þ1.0 þ1.9 þ1.3 þ2.0 −2.3 þ2.2

Signal and background yields &0.3 &0.3 &0.4 &0.4 &1.2 &0.8

Fraction of wrong-tagged events −0.7 −0.4 −0.5 þ0.4 þ1.1 þ0.8

Time resolution of signal −1.4 −0.9 −1.2 −0.8 þ0.8 −1.2
Efficiency −1.1 −2.1 −1.4 −2.2 þ3.1 þ1.3

Combinatorial PDF þ1.9
−4.8

þ2.3
−3.9

þ2.4
−4.1

þ2.0
−4.4

þ1.2
−2.9

þ2.8
−2.3

K%ð892Þ DCS/CF reduced by 5% −7.3 þ2.3 −6.9 þ3.1 þ3.3 −1.4
K%

2ð1430Þ DCS/CF reduced by 5% þ1.7 −0.7 þ2.2 −0.2 þ1.1 þ0.4

Total þ2.8
−8.9

þ3.7
−4.6

þ3.6
−8.3

þ4.3
−5.1

þ5.0
−4.0

þ3.3
−3.0
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adding or removing resonances with small contributions or
by using alternative parametrizations.
The random πs background contains real D0 and D̄0

candidates; for these events, the charge of the πs is
uncorrelated with the flavor of the neutral D. Thus the
probability density function (PDF) is taken to be ð1 −
fwÞjMðf; tÞj2 þ fwjM̄ðf; tÞj2 convolved with the same
resolution function as that used for the signal, where fw is
the wrong-tagged fraction. We measure fw by performing a
fit to the candidates that populate theQ sideband 3 MeV <
jQ − 5.85 MeVj < 14.15 MeV resulting in fw ¼
0.511% 0.003. The DP and decay-time PDFs for combi-
natorial background are determined from the M sideband
(30 MeV=c2 < jM −mD0 j < 50 MeV=c2). The decay-
time PDF is described using the sum of a delta function
and an exponential component convolved by a triple
Gaussian as a resolution function. We validate the fitting
procedure with fully simulated MC experiments. The fitter
returns the mixing parameters consistent with the inputs for
signal samples with and without background events included.
We first perform a decay-time integrated fit to the DP

distribution by setting the amplitudes and phases for
intermediate states free separately for D0 and D̄0 decays.
We observe that the two sets of parameters are consistent
and so, hereinafter, assume Āf ¼ Af̄. In our subsequent fit
to the data sample, we set the free parameters to be (x, y),
the D0 lifetime τ, the parameters of the proper decay-time
resolution function, and the amplitude model parameters.
We extract the mixing parameters x ¼ ð0.56% 0.19Þ% and
y ¼ ð0.30% 0.15Þ%, with the statistical correlation coef-
ficient between x and y of 0.012. We also determine the D0

mean lifetime τ ¼ ð410.3% 0.6Þ fs, in agreement with the
world average [18]. The projections of the DP distribution
andD0 proper time are shown in Figs. 2 and 3, respectively.
Table I lists the results for the DP resonance parameters. To
evaluate the fit quality of the amplitude fit, we perform a
two-dimensional χ2 test over the DP plane, obtaining
χ2=ndf ¼ 1.207 for 14264 − 49 degrees of freedom

(ndf). The fit correctly reproduces the DP of the data, with
some small discrepancies at the dips of the distribution in the
central m2

ππ region (1.0 GeV2=c4 < m2
ππ < 1.3 GeV2=c4).

We also search for CPV in D0=D̄0 → K0
Sπ

þπ− decays.
The CPV parameters jq=pj and argðq=pÞ are included in
the PDF. The values for the mixing parameters from this fit
are essentially identical to the ones from the CP-conserved
fit. The resulting CPV parameters are jq=pj ¼ 0.90þ0.16

−0.15
and argðq=pÞ ¼ ð−6% 11Þ°.1 The results from the two fits
are listed in Table II.
We consider several contributions to the experimental

systematic uncertainty, which are summarized in Table III.
The uncertainty associated with best candidate selection is
estimated by fitting a data sample that excludes all events
with multiple candidates. The uncertainties due to signal
and background yields determination are evaluated by
varying their values by the corresponding statistical uncer-
tainties. The uncertainties due to determination of the
fraction of wrong-tagged events in random πs background
are estimated by letting the fraction parameter free in the
mixing fit, which leads to fw ¼ 0.44% 0.02. To account for
the uncertainty associated with signal time resolution
parametrization, we remove the offset in the third
Gaussian function for the case of the four-layer silicon
vertex detector configuration. The uncertainty associated
with the DP efficiency function is estimated by replacing it
with the second-order polynomial parametrization. The
uncertainties due to the small misalignment of detectors are

TABLE IV. Summary of contributions to the modeling systematic uncertainty on the mixing and CPV parameters. The positive and
negative errors are added in quadrature separately.

No CPV CPV

Source Δx=10−4 Δy=10−4 Δx=10−4 Δy=10−4 jq=pj=10−2 argðq=pÞ=°
Resonance M & Γ %1.4 %1.2 %1.2 %1.3 %2.1 %1.0
K&ð1680Þþ removal −1.8 −3.0 −2.2 −2.8 þ2.1 −1.2
K&ð1410Þ% removal −1.2 −3.6 −1.7 −3.9 −1.3 þ1.4
ρð1450Þ removal þ2.1 þ0.3 þ2.1 þ0.5 −1.9 þ0.9
Form factors þ4.0 þ2.4 þ4.3 þ2.0 −2.4 −1.0
Γðq2Þ ¼ constant þ3.3 −1.6 þ4.1 −2.3 −1.6 þ1.3
Angular dependence −8.5 −3.9 −7.4 −3.6 þ5.6 −3.2
K-matrix formalism −2.2 þ1.8 −3.5 þ2.4 −3.6 þ1.1

Total þ5.8
−9.1

þ3.2
−6.4

þ6.4
−8.4

þ3.4
−6.9

þ6.4
−5.1

þ2.5
−3.7

1The correlations among the mixing and CPVparameters are

Correlation coefficient

x y jq=pj argðq=pÞ
x 1 0.054 −0.074 −0.031
y 1 0.034 −0.019
jq=pj 1 0.044
argðq=pÞ 1
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An Almost Systematic Free Measurement

Reconstruction Efficiency ☺ 
• Does not affect at all the result: AT and A# T  

asymmetries are calculated separately on  
the same final state 

Particle Identification ☺ 
• The same considerations apply to particle  

identification 

CT Resolution ✌ 
• Estimated accurately from Monte Carlo, almost cancels in aCPTodd 

Peaking Backgrounds under D0/D) 0 signal ✌ 
• Any contamination affects the asymmetry as A→A(1 - f) + f Ad 

f - contamination fraction; Ad - asymmetry of the contamination sample 

Flavour Mistag ✌ 
• Considering the events with flavour mistag as a contamination aCPT-odd→aCPT-odd - Δω/2(AT+A# T) 

Δω = ω+-ω- — difference among the mistag probabilities, measured from control samples 
B→D*+µ-X, (D*+→D0π+, D0→K+K-π+π-); B→D0µ-X (D0→K-π+π+π-) 

Detector bias ✌ 
• Conservative estimate from control sample of CF D0→K-π+π+π-

Maurizio Martinelli - CPV in Charm using Triple Products Asymmetries  | 11.09.2014LHCb Results Systematics

very#small#effect

LHCB[PAPER[2014[046

SystemaUc#uncertainty#esUmates

hep[ex/1408.1299,#  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and of the � measurement (in degrees)

�

�

total

=
p

(11.02 + 4.52 + ⇢1.02)⇥ 0.921 ab�1

/L
int

+ 3.72 + (1� ⇢)1.02

�
. (14)

TABLE XXXIV: Expected errors on charm mixing and CPV parameters with Belle full
data sample, 5 ab�1 and 50 ab�1 of Belle II data. †: estimation assuming an enhanced Br

compared to the SM, Br(D0 ! ��) = 2.2 · 10�6

Observable Statistical Systematic Total Observable Statistical Systematic Total
red. irred. red. irred.

yCP [10�2] A

K+K�

CP [10�2]
976 fb�1 0.22 0.07 0.07 0.24 976 fb�1 0.21 0.07 0.06 0.23
5 ab�1 0.10 0.03-0.04 0.07-0.04 0.11-0.12 5 ab�1 0.09 0.03 0.06 0.11
50 ab�1 0.03 0.01 0.07-0.04 0.05-0.08 50 ab�1 0.03 0.01 0.06 0.06

A

�

[10�2] A

⇡+⇡�

CP [10�2]
976 fb�1 0.20 0.07 0.04 0.22 976 fb�1 0.38 0.09 0.02 0.37
5 ab�1 0.09 0.03-0.04 0.04-0.01 0.10 5 ab�1 0.16 0.04 0.02 0.17
50 ab�1 0.03 0.01 0.04-0.01 0.03-0.05 50 ab�1 0.05 0.01 0.02 0.06

A

KSK+

CP [10�2] A

��
CP [10�2]

976 fb�1 0.28 0.12-0.14 0.05-0.00 0.31 976 fb�1 5.6 0.2 0.06 5.6
5 ab�1 0.12 0.06 0.05-0.00 0.14 5 ab�1 2.5 0.1 0.06 2.5
50 ab�1 0.04 0.02 0.05-0.00 0.04-0.07 50 ab�1 0.8 0.03 0.06 0.8

x

KS⇡+⇡� [10�2] y

KS⇡+⇡� [10�2]
976 fb�1 0.19 0.06 0.11 0.20 976 fb�1 0.15 0.06 0.04 0.16
5 ab�1 0.08 0.03 0.11 0.14 5 ab�1 0.06 0.03 0.04 0.08
50 ab�1 0.03 0.01 0.11 0.11 50 ab�1 0.02 0.01 0.04 0.05

|q/p|KS⇡+⇡� [10�2] �

KS⇡+⇡� [�]
976 fb�1 15.5 5.2-5.6 7.0-6.7 17.8 976 fb�1 10.7 4.4-4.5 3.8-3.7 12.2
5 ab�1 6.9 2.3-2.5 7.0-6.7 9.9-10.1 5 ab�1 4.7 1.9-2.0 3.8-3.7 6.3-6.4
50 ab�1 2.2 0.7-0.8 7.0-6.7 7.0-7.4 50 ab�1 1.5 0.6 3.8-3.7 4.0-4.2

A

⇡0⇡0

CP [10�2] A

K0
S⇡0

CP [10�2]
996 fb�1 0.64 0.10 0.01 0.65 976 fb�1 0.16 0.09 0.01 0.16
5 ab�1 0.29 0.05 0.01 0.29 5 ab�1 0.07 0.04 0.01 0.08
50 ab�1 0.09 0.01 0.01 0.09 50 ab�1 0.02 0.1 0.01 0.03

Br(D0 ! ��) [10�6]†
976 fb�1

<1.5 976 fb�1

5 ab�1 30% 5 ab�1

50 ab�1 25% 50 ab�1

44


