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Motivations

▶ Strong phases between D0/D
0
decays to the same final state are

essential inputs to determining
▶ the CKM angle γ/ϕ3:

AB→DK,D→X = AB→DK,D→X(rDK
B , δDK

B , rXD , δ
X
D , γ)

where r gives the ratio of decay amplitudes and δ gives the relative
strong phase between the meson and antimeson

▶ Current projection from Upgrade I at LHCb estimates a statistical
uncertainty on γ of ∼ 1◦

⇒ current measurements of strong phase inputs will dominate γ
uncertainty!

▶ CP violation/mixing in D0

▶ While models of D0 strong phases exist, systematic uncertainties are
too large to use in CPV analyses ⇒ direct measurements are the only
option
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BESIII Experiment

Ø Construction Phase from 2004-2008
Ø Upgrade from BEPC and BESII

Ø First Data Taking in 2009
Ø ~500 members representing                      

67 institutions from 14 countries

BESIII

Storage Ring
LINAC

BEPCII

157275 15
~600
85 17
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BESIII Experiment
BEPCII

J.	BennettAmplitude	analysis	at	BESIII

BESIII	at	BEPCII
• The	physics	goals	of	BESIII	cover	a	diverse	range:		

• Light	hadron	spectroscopy,	charm	physics,	τ	physics,	charmonium	physics	
• e+e−	collisions	in	the	charmonium	mass	region	

• Use	the	properBes	and	decays	of	charmonium	states	to	study	QCD

3

BEPCII:	
Institute	for	High	Energy	Physics	

Beijing,	China Luminosity reached: 
1033 cm-2s-1 

(100 x BEPC)

BESIII

22 mrad

8 ns, 2.5m 1.5cm

0.1cm

Beam Energy 
Measurement

▶ Two ring symmetric e+e− collider

▶ Circumference: 240 m

▶ Design Luminosity: 1033 cm−2s−1

Achieved Apr. 2016

▶
√
s: 2− 5 GeV

▶ Beam Crossing Angle: 22 mrad

BESIII

▶ Hermiticity: 93% of 4π

▶ MDC: σp/p = 0.5% at 1 GeV

▶ ToF: σ = 80 ps

▶ EMC: σE/E : 2.5% at 1 GeV

▶ Superconducting Solenoid: 1T

▶ 9 layer RPC Muon System

▶ More detail in D.M. Asner et al., Int.
J. Mod. Phys. A 24, 1 (2009)
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Datasets

CLEO-c

▶ CLEO-c: Data collected until 2008
– D+(0) 0.82 fb−1 @ Ecm = 3.77 GeV.

▶ BESIII
– D+(0) 2.93 fb−1 @ Ecm = 3.773 GeV. Collected in 2011

Spoiler alert: More BESIII data being collected/analysed.
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Quantum Correlated D0D
0
pairs @ BESIII

𝛾∗
𝑒!𝑒"

Tag 𝐷##

Signal 𝐷#

𝜋"

𝐾$#

CP Eigenstates
Flavour Eigenstates

Self-Conjugate

𝜋!

▶ Production through virtual photon constrains DD state to be
CP -odd

▶ BESIII has large sample at the DD threshold, so it is
guaranteed that there are no other particles in the final state

▶ CP constraint correlates D and D final states
▶ Can leverage this to measure D strong phases and
CP -content of final states.
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D0 → K0
Sπ

+π−

▶ Measurement of D0/D
0 → K0π+π− strong phase parameters ci [si] ≡

amplitude-weighted cos [sin]∆δD in phase-space bin i

▶ Phase space described by m± ≡ m
(
K0π±)

▶ 17 tag modes employed, yields determined with 2-D fits to MBC ≡
√

E2
beam − p2D

▶ In terms of fractional yields of flavour-tagged K0
Sπ

+π− ≡ Ki

▶ K0
Sπ

+π− vs. CP tag: M±
i = hCP

(
Ki +K−i − 2ci

√
KiK−i

)
▶ K0

Sπ
+π− vs. K0

S,Lπ
+π− tag:

Mij = hDT

(
KiK−j +K−iKj −∓2

√
KiK−jK−iKj (cicj + sisj)

)
PRL 124, 241802 (2020) PRD 101, 112002, (2020)
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Strong-phase parameters in DÆK
S

0p+p-

Equal Dd
D

Optimal Modified Optimal

� Three typical binning schemes [J. Libby et al. (CLEO Collaboration), Phys. Rev. D 82,112006 (2010)]

9 “BaBar K-matrix” D0ÆK
s

0p+p- model as in Ref. [Phys. Rev. D 78, 034023 (2008)].

9 It should be noted that although the choice of binning is model-dependent, however, a poor 

choice of model results only in a loss of precision, instead of bias in measuring g/f3.

DD-mixing
1
, b measurements

2 g measurements
3,4 g in Low yields

[1] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 122, 231802 (2019); JHEP 04(2016) 033.
[2] V. Vorobyev et al. (Belle Collaboration), Phys. Rev. D 94, 052004 (2016).
[3] R. Aaij et al. (LHCb Collaboration), Phys. Lett. B 718, 43 (2012); JHEP 10 (2014) 097;  JHEP 06 (2016) 131; JHEP 08 (2018) 176. 
[4] H. Aihara et al. (Belle Collaboration), Phys. Rev. D 85, 112014 (2012).

[Optimized sensitivity] [Optimization including backgrounds][minimum variation in DdD]
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FIG. 3. The ci and si measured in this work (red dots with error bars), the predictions of Ref. [28] (black open circles) and the results of
Ref. [10] (green open squares with error bars). The left, middle and right plots are from the equal ∆δD, optimal and modified optimal binnings,
respectively. The circle indicates the boundary of the physical region c2

i + s2
i = 1.

previous CLEO measurement [10], two main improvements
have been incorporated. First, additional tag decay modes are
used. In particular the inclusion of the π+π−π0 tag improves
the sensitivity to ci and the addition of the K0

S(π0π0
miss)π

+π−

improves the sensitivity to si. Second, corrections for bin mi-
gration have been included, as their neglect would lead to un-
certainties comparable to the statistical uncertainty. The re-
sults presented in this Letter are on average a factor of 2.5
(1.9) more precise for ci (si) and a factor of 2.8 (2.2) more
precise for c′

i (s′
i) than has been achieved previously. The

strong-phase parameters provide an important input for a wide
range of CP violation measurements in the beauty and charm
sectors, and also for measurements of strong-phase parame-
ters in other D decays where D → K0

Sπ
+π− is used as a

tag [29–33].

To assess the impact of our ci and si results on a measure-
ment of γ, we use a large simulated data set of B− → DK−,
D → K0

Sπ
+π− events. These are generated with the expect-

ed distribution given for our measured central values of Ki,
ci, and si and the input values γ = 73.5◦, rB = 0.103, and
δB = 136.9◦ [34], where rB is the ratio of the suppressed am-
plitude to the favored amplitude and δB is their strong-phase
difference. The simulated data are fitted 10,000 times to de-
termine γ, δB and rB . The values of ci and si used in each
fit are sampled from the measured values smeared by their
uncertainties accounting for any correlations. Based on this
study, the uncertainty in γ associated with our uncertainties
for ci and si is found to be 0.7◦, 1.2◦ and 0.8◦ for the equal
∆δD, optimal and modified optimal binning schemes, respec-
tively. For comparison, the corresponding results from CLEO
are 2.0◦, 3.9◦ and 2.1◦ [10]. Therefore, the uncertainty on γ
arising from knowledge of the charm strong phases is approx-
imately a factor of three smaller than was possible with the
CLEO measurements.

For the first time, the dominant systematic uncertainty for
γ measurement from the strong-phase parameters will be con-
strained to around 1◦, or less, for γ measurements with future

B experiments [11, 15–18]. The predicted statistical uncer-
tainties on γ from LHCb prior to the start of High-Luminosity
LHC operation in the mid 2020s, and from Belle II are ex-
pected to be around 1.5◦ [35, 36]. The improved precision
achieved here will ensure that measurements of γ from LHCb
and Belle II over the next decade are not limited by the knowl-
edge of these strong-phase parameters.
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FIG. 3. The ci and si measured in this work (red dots with error bars), the predictions of Ref. [28] (black open circles) and the results of
Ref. [10] (green open squares with error bars). The left, middle and right plots are from the equal ∆δD, optimal and modified optimal binnings,
respectively. The circle indicates the boundary of the physical region c2

i + s2
i = 1.

previous CLEO measurement [10], two main improvements
have been incorporated. First, additional tag decay modes are
used. In particular the inclusion of the π+π−π0 tag improves
the sensitivity to ci and the addition of the K0

S(π0π0
miss)π

+π−

improves the sensitivity to si. Second, corrections for bin mi-
gration have been included, as their neglect would lead to un-
certainties comparable to the statistical uncertainty. The re-
sults presented in this Letter are on average a factor of 2.5
(1.9) more precise for ci (si) and a factor of 2.8 (2.2) more
precise for c′

i (s′
i) than has been achieved previously. The

strong-phase parameters provide an important input for a wide
range of CP violation measurements in the beauty and charm
sectors, and also for measurements of strong-phase parame-
ters in other D decays where D → K0

Sπ
+π− is used as a

tag [29–33].

To assess the impact of our ci and si results on a measure-
ment of γ, we use a large simulated data set of B− → DK−,
D → K0

Sπ
+π− events. These are generated with the expect-

ed distribution given for our measured central values of Ki,
ci, and si and the input values γ = 73.5◦, rB = 0.103, and
δB = 136.9◦ [34], where rB is the ratio of the suppressed am-
plitude to the favored amplitude and δB is their strong-phase
difference. The simulated data are fitted 10,000 times to de-
termine γ, δB and rB . The values of ci and si used in each
fit are sampled from the measured values smeared by their
uncertainties accounting for any correlations. Based on this
study, the uncertainty in γ associated with our uncertainties
for ci and si is found to be 0.7◦, 1.2◦ and 0.8◦ for the equal
∆δD, optimal and modified optimal binning schemes, respec-
tively. For comparison, the corresponding results from CLEO
are 2.0◦, 3.9◦ and 2.1◦ [10]. Therefore, the uncertainty on γ
arising from knowledge of the charm strong phases is approx-
imately a factor of three smaller than was possible with the
CLEO measurements.

For the first time, the dominant systematic uncertainty for
γ measurement from the strong-phase parameters will be con-
strained to around 1◦, or less, for γ measurements with future

B experiments [11, 15–18]. The predicted statistical uncer-
tainties on γ from LHCb prior to the start of High-Luminosity
LHC operation in the mid 2020s, and from Belle II are ex-
pected to be around 1.5◦ [35, 36]. The improved precision
achieved here will ensure that measurements of γ from LHCb
and Belle II over the next decade are not limited by the knowl-
edge of these strong-phase parameters.
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+π− events. These are generated with the expect-

ed distribution given for our measured central values of Ki,
ci, and si and the input values γ = 73.5◦, rB = 0.103, and
δB = 136.9◦ [34], where rB is the ratio of the suppressed am-
plitude to the favored amplitude and δB is their strong-phase
difference. The simulated data are fitted 10,000 times to de-
termine γ, δB and rB . The values of ci and si used in each
fit are sampled from the measured values smeared by their
uncertainties accounting for any correlations. Based on this
study, the uncertainty in γ associated with our uncertainties
for ci and si is found to be 0.7◦, 1.2◦ and 0.8◦ for the equal
∆δD, optimal and modified optimal binning schemes, respec-
tively. For comparison, the corresponding results from CLEO
are 2.0◦, 3.9◦ and 2.1◦ [10]. Therefore, the uncertainty on γ
arising from knowledge of the charm strong phases is approx-
imately a factor of three smaller than was possible with the
CLEO measurements.

For the first time, the dominant systematic uncertainty for
γ measurement from the strong-phase parameters will be con-
strained to around 1◦, or less, for γ measurements with future

B experiments [11, 15–18]. The predicted statistical uncer-
tainties on γ from LHCb prior to the start of High-Luminosity
LHC operation in the mid 2020s, and from Belle II are ex-
pected to be around 1.5◦ [35, 36]. The improved precision
achieved here will ensure that measurements of γ from LHCb
and Belle II over the next decade are not limited by the knowl-
edge of these strong-phase parameters.
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9 “BaBar K-matrix” D0ÆK
s

0p+p- model as in Ref. [Phys. Rev. D 78, 034023 (2008)].

9 It should be noted that although the choice of binning is model-dependent, however, a poor 

choice of model results only in a loss of precision, instead of bias in measuring g/f3.
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Introduction D0 → K−π+ and D0 → K0h+h− D0 → four-body decays Current Impacts and Future Prospects

D0 → K0
Sπ

+π−

▶ Measurement of D0/D
0 → K0π+π− strong phase parameters ci [si] ≡

amplitude-weighted cos [sin]∆δD in phase-space bin i

▶ Phase space described by m± ≡ m
(
K0π±)

▶ 17 tag modes employed, yields determined with 2-D fits to MBC ≡
√

E2
beam − p2D

▶ In terms of fractional yields of flavour-tagged K0
Sπ

+π− ≡ Ki

▶ K0
Sπ

+π− vs. CP tag: M±
i = hCP

(
Ki +K−i − 2ci

√
KiK−i

)
▶ K0

Sπ
+π− vs. K0

S,Lπ
+π− tag:

Mij = hDT

(
KiK−j +K−iKj −∓2

√
KiK−jK−iKj (cicj + sisj)

)
PRL 124, 241802 (2020) PRD 101, 112002, (2020)
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Strong-phase parameters in DÆK
S

0p+p-

Equal Dd
D

Optimal Modified Optimal

� Three typical binning schemes [J. Libby et al. (CLEO Collaboration), Phys. Rev. D 82,112006 (2010)]

9 “BaBar K-matrix” D0ÆK
s

0p+p- model as in Ref. [Phys. Rev. D 78, 034023 (2008)].

9 It should be noted that although the choice of binning is model-dependent, however, a poor 

choice of model results only in a loss of precision, instead of bias in measuring g/f3.

DD-mixing
1
, b measurements

2 g measurements
3,4 g in Low yields
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FIG. 3. The ci and si measured in this work (red dots with error bars), the predictions of Ref. [28] (black open circles) and the results of
Ref. [10] (green open squares with error bars). The left, middle and right plots are from the equal ∆δD, optimal and modified optimal binnings,
respectively. The circle indicates the boundary of the physical region c2

i + s2
i = 1.

previous CLEO measurement [10], two main improvements
have been incorporated. First, additional tag decay modes are
used. In particular the inclusion of the π+π−π0 tag improves
the sensitivity to ci and the addition of the K0

S(π0π0
miss)π

+π−

improves the sensitivity to si. Second, corrections for bin mi-
gration have been included, as their neglect would lead to un-
certainties comparable to the statistical uncertainty. The re-
sults presented in this Letter are on average a factor of 2.5
(1.9) more precise for ci (si) and a factor of 2.8 (2.2) more
precise for c′

i (s′
i) than has been achieved previously. The

strong-phase parameters provide an important input for a wide
range of CP violation measurements in the beauty and charm
sectors, and also for measurements of strong-phase parame-
ters in other D decays where D → K0

Sπ
+π− is used as a

tag [29–33].

To assess the impact of our ci and si results on a measure-
ment of γ, we use a large simulated data set of B− → DK−,
D → K0

Sπ
+π− events. These are generated with the expect-

ed distribution given for our measured central values of Ki,
ci, and si and the input values γ = 73.5◦, rB = 0.103, and
δB = 136.9◦ [34], where rB is the ratio of the suppressed am-
plitude to the favored amplitude and δB is their strong-phase
difference. The simulated data are fitted 10,000 times to de-
termine γ, δB and rB . The values of ci and si used in each
fit are sampled from the measured values smeared by their
uncertainties accounting for any correlations. Based on this
study, the uncertainty in γ associated with our uncertainties
for ci and si is found to be 0.7◦, 1.2◦ and 0.8◦ for the equal
∆δD, optimal and modified optimal binning schemes, respec-
tively. For comparison, the corresponding results from CLEO
are 2.0◦, 3.9◦ and 2.1◦ [10]. Therefore, the uncertainty on γ
arising from knowledge of the charm strong phases is approx-
imately a factor of three smaller than was possible with the
CLEO measurements.

For the first time, the dominant systematic uncertainty for
γ measurement from the strong-phase parameters will be con-
strained to around 1◦, or less, for γ measurements with future

B experiments [11, 15–18]. The predicted statistical uncer-
tainties on γ from LHCb prior to the start of High-Luminosity
LHC operation in the mid 2020s, and from Belle II are ex-
pected to be around 1.5◦ [35, 36]. The improved precision
achieved here will ensure that measurements of γ from LHCb
and Belle II over the next decade are not limited by the knowl-
edge of these strong-phase parameters.
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previous CLEO measurement [10], two main improvements
have been incorporated. First, additional tag decay modes are
used. In particular the inclusion of the π+π−π0 tag improves
the sensitivity to ci and the addition of the K0

S(π0π0
miss)π

+π−

improves the sensitivity to si. Second, corrections for bin mi-
gration have been included, as their neglect would lead to un-
certainties comparable to the statistical uncertainty. The re-
sults presented in this Letter are on average a factor of 2.5
(1.9) more precise for ci (si) and a factor of 2.8 (2.2) more
precise for c′

i (s′
i) than has been achieved previously. The

strong-phase parameters provide an important input for a wide
range of CP violation measurements in the beauty and charm
sectors, and also for measurements of strong-phase parame-
ters in other D decays where D → K0

Sπ
+π− is used as a

tag [29–33].

To assess the impact of our ci and si results on a measure-
ment of γ, we use a large simulated data set of B− → DK−,
D → K0

Sπ
+π− events. These are generated with the expect-

ed distribution given for our measured central values of Ki,
ci, and si and the input values γ = 73.5◦, rB = 0.103, and
δB = 136.9◦ [34], where rB is the ratio of the suppressed am-
plitude to the favored amplitude and δB is their strong-phase
difference. The simulated data are fitted 10,000 times to de-
termine γ, δB and rB . The values of ci and si used in each
fit are sampled from the measured values smeared by their
uncertainties accounting for any correlations. Based on this
study, the uncertainty in γ associated with our uncertainties
for ci and si is found to be 0.7◦, 1.2◦ and 0.8◦ for the equal
∆δD, optimal and modified optimal binning schemes, respec-
tively. For comparison, the corresponding results from CLEO
are 2.0◦, 3.9◦ and 2.1◦ [10]. Therefore, the uncertainty on γ
arising from knowledge of the charm strong phases is approx-
imately a factor of three smaller than was possible with the
CLEO measurements.

For the first time, the dominant systematic uncertainty for
γ measurement from the strong-phase parameters will be con-
strained to around 1◦, or less, for γ measurements with future

B experiments [11, 15–18]. The predicted statistical uncer-
tainties on γ from LHCb prior to the start of High-Luminosity
LHC operation in the mid 2020s, and from Belle II are ex-
pected to be around 1.5◦ [35, 36]. The improved precision
achieved here will ensure that measurements of γ from LHCb
and Belle II over the next decade are not limited by the knowl-
edge of these strong-phase parameters.
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previous CLEO measurement [10], two main improvements
have been incorporated. First, additional tag decay modes are
used. In particular the inclusion of the π+π−π0 tag improves
the sensitivity to ci and the addition of the K0

S(π0π0
miss)π

+π−

improves the sensitivity to si. Second, corrections for bin mi-
gration have been included, as their neglect would lead to un-
certainties comparable to the statistical uncertainty. The re-
sults presented in this Letter are on average a factor of 2.5
(1.9) more precise for ci (si) and a factor of 2.8 (2.2) more
precise for c′

i (s′
i) than has been achieved previously. The

strong-phase parameters provide an important input for a wide
range of CP violation measurements in the beauty and charm
sectors, and also for measurements of strong-phase parame-
ters in other D decays where D → K0

Sπ
+π− is used as a

tag [29–33].

To assess the impact of our ci and si results on a measure-
ment of γ, we use a large simulated data set of B− → DK−,
D → K0

Sπ
+π− events. These are generated with the expect-

ed distribution given for our measured central values of Ki,
ci, and si and the input values γ = 73.5◦, rB = 0.103, and
δB = 136.9◦ [34], where rB is the ratio of the suppressed am-
plitude to the favored amplitude and δB is their strong-phase
difference. The simulated data are fitted 10,000 times to de-
termine γ, δB and rB . The values of ci and si used in each
fit are sampled from the measured values smeared by their
uncertainties accounting for any correlations. Based on this
study, the uncertainty in γ associated with our uncertainties
for ci and si is found to be 0.7◦, 1.2◦ and 0.8◦ for the equal
∆δD, optimal and modified optimal binning schemes, respec-
tively. For comparison, the corresponding results from CLEO
are 2.0◦, 3.9◦ and 2.1◦ [10]. Therefore, the uncertainty on γ
arising from knowledge of the charm strong phases is approx-
imately a factor of three smaller than was possible with the
CLEO measurements.

For the first time, the dominant systematic uncertainty for
γ measurement from the strong-phase parameters will be con-
strained to around 1◦, or less, for γ measurements with future

B experiments [11, 15–18]. The predicted statistical uncer-
tainties on γ from LHCb prior to the start of High-Luminosity
LHC operation in the mid 2020s, and from Belle II are ex-
pected to be around 1.5◦ [35, 36]. The improved precision
achieved here will ensure that measurements of γ from LHCb
and Belle II over the next decade are not limited by the knowl-
edge of these strong-phase parameters.
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Introduction D0 → K−π+ and D0 → K0h+h− D0 → four-body decays Current Impacts and Future Prospects

D0 → K0
Sπ

+π−

▶ Measurement of D0/D
0 → K0π+π− strong phase parameters ci [si] ≡

amplitude-weighted cos [sin]∆δD in phase-space bin i

▶ Phase space described by m± ≡ m
(
K0π±)

▶ 17 tag modes employed, yields determined with 2-D fits to MBC ≡
√

E2
beam − p2D▶ In terms of fractional yields of flavour-tagged K0

Sπ
+π− ≡ Ki

▶ K0
Sπ

+π− vs. CP tag: M±
i = hCP

(
Ki +K−i − 2ci

√
KiK−i

)
▶ K0

Sπ
+π− vs. K0

S,Lπ
+π− tag:

Mij = hDT

(
KiK−j +K−iKj −∓2

√
KiK−jK−iKj (cicj + sisj)

)
PRL 124, 241802 (2020) PRD 101, 112002, (2020)
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Strong-phase parameters in DÆK
S

0p+p-

Equal Dd
D

Optimal Modified Optimal

� Three typical binning schemes [J. Libby et al. (CLEO Collaboration), Phys. Rev. D 82,112006 (2010)]

9 “BaBar K-matrix” D0ÆK
s

0p+p- model as in Ref. [Phys. Rev. D 78, 034023 (2008)].

9 It should be noted that although the choice of binning is model-dependent, however, a poor 

choice of model results only in a loss of precision, instead of bias in measuring g/f3.

DD-mixing
1
, b measurements

2 g measurements
3,4 g in Low yields

[1] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 122, 231802 (2019); JHEP 04(2016) 033.
[2] V. Vorobyev et al. (Belle Collaboration), Phys. Rev. D 94, 052004 (2016).
[3] R. Aaij et al. (LHCb Collaboration), Phys. Lett. B 718, 43 (2012); JHEP 10 (2014) 097;  JHEP 06 (2016) 131; JHEP 08 (2018) 176. 
[4] H. Aihara et al. (Belle Collaboration), Phys. Rev. D 85, 112014 (2012).

[Optimized sensitivity] [Optimization including backgrounds][minimum variation in DdD]
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FIG. 3. The ci and si measured in this work (red dots with error bars), the predictions of Ref. [28] (black open circles) and the results of
Ref. [10] (green open squares with error bars). The left, middle and right plots are from the equal ∆δD, optimal and modified optimal binnings,
respectively. The circle indicates the boundary of the physical region c2

i + s2
i = 1.

previous CLEO measurement [10], two main improvements
have been incorporated. First, additional tag decay modes are
used. In particular the inclusion of the π+π−π0 tag improves
the sensitivity to ci and the addition of the K0

S(π0π0
miss)π

+π−

improves the sensitivity to si. Second, corrections for bin mi-
gration have been included, as their neglect would lead to un-
certainties comparable to the statistical uncertainty. The re-
sults presented in this Letter are on average a factor of 2.5
(1.9) more precise for ci (si) and a factor of 2.8 (2.2) more
precise for c′

i (s′
i) than has been achieved previously. The

strong-phase parameters provide an important input for a wide
range of CP violation measurements in the beauty and charm
sectors, and also for measurements of strong-phase parame-
ters in other D decays where D → K0

Sπ
+π− is used as a

tag [29–33].

To assess the impact of our ci and si results on a measure-
ment of γ, we use a large simulated data set of B− → DK−,
D → K0

Sπ
+π− events. These are generated with the expect-

ed distribution given for our measured central values of Ki,
ci, and si and the input values γ = 73.5◦, rB = 0.103, and
δB = 136.9◦ [34], where rB is the ratio of the suppressed am-
plitude to the favored amplitude and δB is their strong-phase
difference. The simulated data are fitted 10,000 times to de-
termine γ, δB and rB . The values of ci and si used in each
fit are sampled from the measured values smeared by their
uncertainties accounting for any correlations. Based on this
study, the uncertainty in γ associated with our uncertainties
for ci and si is found to be 0.7◦, 1.2◦ and 0.8◦ for the equal
∆δD, optimal and modified optimal binning schemes, respec-
tively. For comparison, the corresponding results from CLEO
are 2.0◦, 3.9◦ and 2.1◦ [10]. Therefore, the uncertainty on γ
arising from knowledge of the charm strong phases is approx-
imately a factor of three smaller than was possible with the
CLEO measurements.

For the first time, the dominant systematic uncertainty for
γ measurement from the strong-phase parameters will be con-
strained to around 1◦, or less, for γ measurements with future

B experiments [11, 15–18]. The predicted statistical uncer-
tainties on γ from LHCb prior to the start of High-Luminosity
LHC operation in the mid 2020s, and from Belle II are ex-
pected to be around 1.5◦ [35, 36]. The improved precision
achieved here will ensure that measurements of γ from LHCb
and Belle II over the next decade are not limited by the knowl-
edge of these strong-phase parameters.
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previous CLEO measurement [10], two main improvements
have been incorporated. First, additional tag decay modes are
used. In particular the inclusion of the π+π−π0 tag improves
the sensitivity to ci and the addition of the K0

S(π0π0
miss)π

+π−

improves the sensitivity to si. Second, corrections for bin mi-
gration have been included, as their neglect would lead to un-
certainties comparable to the statistical uncertainty. The re-
sults presented in this Letter are on average a factor of 2.5
(1.9) more precise for ci (si) and a factor of 2.8 (2.2) more
precise for c′

i (s′
i) than has been achieved previously. The

strong-phase parameters provide an important input for a wide
range of CP violation measurements in the beauty and charm
sectors, and also for measurements of strong-phase parame-
ters in other D decays where D → K0

Sπ
+π− is used as a

tag [29–33].

To assess the impact of our ci and si results on a measure-
ment of γ, we use a large simulated data set of B− → DK−,
D → K0
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+π− events. These are generated with the expect-

ed distribution given for our measured central values of Ki,
ci, and si and the input values γ = 73.5◦, rB = 0.103, and
δB = 136.9◦ [34], where rB is the ratio of the suppressed am-
plitude to the favored amplitude and δB is their strong-phase
difference. The simulated data are fitted 10,000 times to de-
termine γ, δB and rB . The values of ci and si used in each
fit are sampled from the measured values smeared by their
uncertainties accounting for any correlations. Based on this
study, the uncertainty in γ associated with our uncertainties
for ci and si is found to be 0.7◦, 1.2◦ and 0.8◦ for the equal
∆δD, optimal and modified optimal binning schemes, respec-
tively. For comparison, the corresponding results from CLEO
are 2.0◦, 3.9◦ and 2.1◦ [10]. Therefore, the uncertainty on γ
arising from knowledge of the charm strong phases is approx-
imately a factor of three smaller than was possible with the
CLEO measurements.

For the first time, the dominant systematic uncertainty for
γ measurement from the strong-phase parameters will be con-
strained to around 1◦, or less, for γ measurements with future

B experiments [11, 15–18]. The predicted statistical uncer-
tainties on γ from LHCb prior to the start of High-Luminosity
LHC operation in the mid 2020s, and from Belle II are ex-
pected to be around 1.5◦ [35, 36]. The improved precision
achieved here will ensure that measurements of γ from LHCb
and Belle II over the next decade are not limited by the knowl-
edge of these strong-phase parameters.
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previous CLEO measurement [10], two main improvements
have been incorporated. First, additional tag decay modes are
used. In particular the inclusion of the π+π−π0 tag improves
the sensitivity to ci and the addition of the K0

S(π0π0
miss)π

+π−

improves the sensitivity to si. Second, corrections for bin mi-
gration have been included, as their neglect would lead to un-
certainties comparable to the statistical uncertainty. The re-
sults presented in this Letter are on average a factor of 2.5
(1.9) more precise for ci (si) and a factor of 2.8 (2.2) more
precise for c′

i (s′
i) than has been achieved previously. The

strong-phase parameters provide an important input for a wide
range of CP violation measurements in the beauty and charm
sectors, and also for measurements of strong-phase parame-
ters in other D decays where D → K0

Sπ
+π− is used as a

tag [29–33].

To assess the impact of our ci and si results on a measure-
ment of γ, we use a large simulated data set of B− → DK−,
D → K0

Sπ
+π− events. These are generated with the expect-

ed distribution given for our measured central values of Ki,
ci, and si and the input values γ = 73.5◦, rB = 0.103, and
δB = 136.9◦ [34], where rB is the ratio of the suppressed am-
plitude to the favored amplitude and δB is their strong-phase
difference. The simulated data are fitted 10,000 times to de-
termine γ, δB and rB . The values of ci and si used in each
fit are sampled from the measured values smeared by their
uncertainties accounting for any correlations. Based on this
study, the uncertainty in γ associated with our uncertainties
for ci and si is found to be 0.7◦, 1.2◦ and 0.8◦ for the equal
∆δD, optimal and modified optimal binning schemes, respec-
tively. For comparison, the corresponding results from CLEO
are 2.0◦, 3.9◦ and 2.1◦ [10]. Therefore, the uncertainty on γ
arising from knowledge of the charm strong phases is approx-
imately a factor of three smaller than was possible with the
CLEO measurements.

For the first time, the dominant systematic uncertainty for
γ measurement from the strong-phase parameters will be con-
strained to around 1◦, or less, for γ measurements with future

B experiments [11, 15–18]. The predicted statistical uncer-
tainties on γ from LHCb prior to the start of High-Luminosity
LHC operation in the mid 2020s, and from Belle II are ex-
pected to be around 1.5◦ [35, 36]. The improved precision
achieved here will ensure that measurements of γ from LHCb
and Belle II over the next decade are not limited by the knowl-
edge of these strong-phase parameters.
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Introduction D0 → K−π+ and D0 → K0h+h− D0 → four-body decays Current Impacts and Future Prospects

D0 → K−π+

▶ Updated measurement of D0/D
0 → K−π+ strong phase defined by

rKπ
D e−iδKπ

D =
⟨K+π−|D0⟩
⟨K+π−|D̄0⟩ from PLB 734 (2014)227-233

▶ Many new tag modes included, including partially reconstructed K0
L modes

Eur. Phys. J. C 82, 1009 (2022)
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Fig. 3 Fits to M2
miss distributions of double-tag candidates for the D ! K0

L! (I) and D ! K0
L⇡

0⇡0 (II) modes, and MBC

distributions of double-tag candidates for the D ! ⇡0⇡0 (III) and D ! K0
S� (IV) modes.

Eqs. 10 and 12 that

rK⇡
D cos �K⇡

D = �0.0634 ± 0.0048 ± 0.0030 ± 0.0004 ,

where the final uncertainty arises from the knowledge

of the external inputs.

5 Measurement of rK⇡
D cos �K⇡

D and rK⇡
D sin �K⇡

D

with D ! K0
S,L⇡

+⇡� tags

When the self-conjugate multi-body decay D !
K0

S⇡
+⇡� is reconstructed as a tagging mode to D !

K�⇡+, the strong-phase variation over its Dalitz plot

can be exploited to yield valuable information on

�K⇡
D . This strong-phase variation has been measured

in studies at charm threshold by both the CLEO and

BESIII collaborations [14, 15,33].

The D ! K0
S⇡

+⇡� Dalitz plot has axes cor-

responding to the squared invariant masses m2
� =

m(K0
S⇡

�)2 and m2
+ = m(K0

S⇡
+)2 for each K0

S and

pion combination. Eight pairs of bins are defined

symmetrically about the line m2
� = m2

+ such that

the bin number changes sign under the exchange

(m2
�, m2

+) $ (m2
+, m2

�). The bins are labelled �8

to 8 (excluding 0), with the positive bins lying in

the region m2
+ > m2

�. The strong-phase di↵erence

between symmetric points in the Dalitz plot is given

by ��
K0

S⇡⇡
D ⌘ �

K0
S⇡⇡

D (m2
+, m2

�) � �
K0

S⇡⇡
D (m2

�, m2
+). The

bin boundaries are chosen such that each bin spans

an equal range in ��
K0

S⇡⇡
D (the so-called ‘equal-��D

binning scheme’), as shown in Fig. 5 where the variation

in ��
K0

S⇡⇡
D is assumed to follow that predicted by an

amplitude model [34]. It is important to appreciate that

though a model is used to define the bin boundaries,

the values of ci and si that are used come from direct

measurements, and therefore cannot be biased through

the choice of binning scheme.

Measurements performed with quantum-correlated

DD̄ pairs determine ci, the cosine, and si, the sine of

the strong-phase di↵erence weighted by the D0-decay

amplitude AK0
S⇡⇡(m2

+, m2
�) in bin i:

ci =

R
i
dm2

+ dm2
� A+A� cos��

K0
S⇡⇡

D (m2
+, m2

�)qR
i
dm2

+ dm2
� (A+)2

R
i
dm2

+ dm2
� (A�)2

, (14)
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mode and are found to be compatible with those values
reported in the PDG [21].

Double-tag events containing both D ! K�⇡+

and a tag mode are selected. The yields of the fully
reconstructed events are determined from a fit to the
MBC distribution on the tag side and those of the events

containing a D ! K0
LX tag are obtained by fitting the

M2
miss distributions. In the main the selection criteria,

fit procedure and hence measured yields are identical
to those reported in Ref. [13], and so are not detailed

here. Potential peaking backgrounds lying under the
signal are estimated from MC simulation and, where

necessary, corrected for quantum correlations. The only
di↵erences in selection are for the events tagged with

D ! K0
L! and D ! K0

L⇡
0⇡0 where the requirements

are adjusted to match those discussed in Sec. 3, and for
D ! K0

S� where the window imposed on the K+K�

invariant mass is made narrower to ensure the minimum

level of S-wave contamination. The sample of double
tags containing D ! ⇡0⇡0 decays was not selected
in the analysis described in Ref. [13], and is added

for the current study. The measured yields, and the

selection e�ciencies as determined from MC simulation,
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D0 → K−π+

▶ Updated measurement of D0/D
0 → K−π+ strong phase defined by

rKπ
D e−iδKπ

D =
⟨K+π−|D0⟩
⟨K+π−|D̄0⟩ from PLB 734 (2014)227-233

▶ Many new tag modes included, including partially reconstructed K0
L modes

Eur. Phys. J. C 82, 1009 (2022)
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Fig. 3 Fits to M2
miss distributions of double-tag candidates for the D ! K0

L! (I) and D ! K0
L⇡

0⇡0 (II) modes, and MBC

distributions of double-tag candidates for the D ! ⇡0⇡0 (III) and D ! K0
S� (IV) modes.

Eqs. 10 and 12 that

rK⇡
D cos �K⇡

D = �0.0634 ± 0.0048 ± 0.0030 ± 0.0004 ,

where the final uncertainty arises from the knowledge

of the external inputs.

5 Measurement of rK⇡
D cos �K⇡

D and rK⇡
D sin �K⇡

D

with D ! K0
S,L⇡

+⇡� tags

When the self-conjugate multi-body decay D !
K0

S⇡
+⇡� is reconstructed as a tagging mode to D !

K�⇡+, the strong-phase variation over its Dalitz plot

can be exploited to yield valuable information on

�K⇡
D . This strong-phase variation has been measured

in studies at charm threshold by both the CLEO and

BESIII collaborations [14, 15,33].

The D ! K0
S⇡

+⇡� Dalitz plot has axes cor-

responding to the squared invariant masses m2
� =

m(K0
S⇡

�)2 and m2
+ = m(K0

S⇡
+)2 for each K0

S and

pion combination. Eight pairs of bins are defined

symmetrically about the line m2
� = m2

+ such that

the bin number changes sign under the exchange

(m2
�, m2

+) $ (m2
+, m2

�). The bins are labelled �8

to 8 (excluding 0), with the positive bins lying in

the region m2
+ > m2

�. The strong-phase di↵erence

between symmetric points in the Dalitz plot is given

by ��
K0

S⇡⇡
D ⌘ �

K0
S⇡⇡

D (m2
+, m2

�) � �
K0

S⇡⇡
D (m2

�, m2
+). The

bin boundaries are chosen such that each bin spans

an equal range in ��
K0

S⇡⇡
D (the so-called ‘equal-��D

binning scheme’), as shown in Fig. 5 where the variation

in ��
K0

S⇡⇡
D is assumed to follow that predicted by an

amplitude model [34]. It is important to appreciate that

though a model is used to define the bin boundaries,

the values of ci and si that are used come from direct

measurements, and therefore cannot be biased through

the choice of binning scheme.

Measurements performed with quantum-correlated

DD̄ pairs determine ci, the cosine, and si, the sine of

the strong-phase di↵erence weighted by the D0-decay

amplitude AK0
S⇡⇡(m2

+, m2
�) in bin i:

ci =

R
i
dm2

+ dm2
� A+A� cos��

K0
S⇡⇡

D (m2
+, m2

�)qR
i
dm2

+ dm2
� (A+)2

R
i
dm2

+ dm2
� (A�)2

, (14)
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Eqs. 10 and 12 that

rK⇡
D cos �K⇡

D = �0.0634 ± 0.0048 ± 0.0030 ± 0.0004 ,

where the final uncertainty arises from the knowledge
of the external inputs.
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When the self-conjugate multi-body decay D !
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+⇡� is reconstructed as a tagging mode to D !

K�⇡+, the strong-phase variation over its Dalitz plot
can be exploited to yield valuable information on
�K⇡
D . This strong-phase variation has been measured

in studies at charm threshold by both the CLEO and
BESIII collaborations [14, 15,33].
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�). The bins are labelled �8
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binning scheme’), as shown in Fig. 5 where the variation
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D is assumed to follow that predicted by an

amplitude model [34]. It is important to appreciate that
though a model is used to define the bin boundaries,
the values of ci and si that are used come from direct
measurements, and therefore cannot be biased through
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Fig. 2 Fits to MBC distributions of single-tag candidates for the CP -even (I-IV), quasi CP -even eigenstate (V) and CP -odd
eigenstates (VI-XII).

mode and are found to be compatible with those values

reported in the PDG [21].

Double-tag events containing both D ! K�⇡+

and a tag mode are selected. The yields of the fully
reconstructed events are determined from a fit to the
MBC distribution on the tag side and those of the events

containing a D ! K0
LX tag are obtained by fitting the

M2
miss distributions. In the main the selection criteria,

fit procedure and hence measured yields are identical

to those reported in Ref. [13], and so are not detailed

here. Potential peaking backgrounds lying under the

signal are estimated from MC simulation and, where

necessary, corrected for quantum correlations. The only

di↵erences in selection are for the events tagged with

D ! K0
L! and D ! K0

L⇡
0⇡0 where the requirements

are adjusted to match those discussed in Sec. 3, and for
D ! K0

S� where the window imposed on the K+K�

invariant mass is made narrower to ensure the minimum

level of S-wave contamination. The sample of double
tags containing D ! ⇡0⇡0 decays was not selected
in the analysis described in Ref. [13], and is added

for the current study. The measured yields, and the
selection e�ciencies as determined from MC simulation,
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D0 → K0
Lπ

+π−
▶ U -spin breaking effects between D0 → K0

Lπ
+π− and D0 → K0

Sπ
+π− amplitudes where

D0 → KLkCP , kCP → ππ quantified by ρ̂kCP
:

Γ
(
D0 → K0

L

(
π+π−)

kCP

)/
Γ
(
D0 → K0

S

(
π+π−)

kCP

)
≈ 1− 2 tan2 θC ρ̂kCP

▶ ρ̂kCP
’s determined for first time in D0 → K0

Lπ
+π− amplitude fit
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D0 → K0
Lπ

+π−
▶ U -spin breaking effects between D0 → K0

Lπ
+π− and D0 → K0

Sπ
+π− amplitudes where

D0 → KLkCP , kCP → ππ quantified by ρ̂kCP
:

Γ
(
D0 → K0

L

(
π+π−)

kCP

)/
Γ
(
D0 → K0

S

(
π+π−)

kCP

)
≈ 1− 2 tan2 θC ρ̂kCP

▶ ρ̂kCP
’s determined for first time in D0 → K0

Lπ
+π− amplitude fit

arXiv:2212.09048
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D0 → K−π+π+π−

�Measurement of phase-space-averaged δD, coherence factors R,
and amplitude ratios rD

JHEP 05 (2021) 164

4-bin binning scheme for
D0 → K−π+π+π− from T. Evans et
al., PLB 802 (2020) 135188
significantly improves sensitivity to γ
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D0 → K−π+π+π−

�Measurement of phase-space-averaged δD, coherence factors R,
and amplitude ratios rD JHEP 05 (2021) 164

4-bin binning scheme for
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CP content of D → 4h
▶ CP -even fractions F+ of D0 → K+K−π+π−, D0 → π+π−π+π−, and

D0 → K0
Sπ

+π−π0 recently measured

K+K−π+π− π+π−π+π− K0
Sπ

+π−π0

PRD 107, 032009 (2023) PRD 106, 092004 (2022) arXiv:2305.03975
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Impacts on beauty-sector CPV Measurements
B+ → D[K0

Sh
+h−]K+ B+ → D[K3π]K+

using K3π binning
LHCb, JHEP02 (2021), 169 LHCb-PAPER-2022-017
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Figure 3: Invariant-mass distributions of OS B± ! DK± candidates, divided by the charge of
the B-hadron and phase-space bin. The results of the fit are overlaid.
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Impacts on charm-sector CPV /Mixing Measurements

▶ LHCb average of D → K0
Sπ

+π− measurements from
arXiv:2208.06512
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and ∼ 15% of total uncertainties on ∆x and ∆y
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Looking to the future...

▶ LHCb aims to reduce uncertainty on γ and charm CPV
parameters by 4x, and Belle II is amassing luminosity
▶ Uncertainties on D0 → K0

Sh
+h−,K3π, etc. strong phases

need to reduce to not dominate uncertainties!
▶ More quantum correlated DD data allows for refined analysis

of D0 → multibody decays (e.g. precision of K3π)

▶ New ψ(3770) data sets at BESIII:
▶ ∼ 9fb−1 taken at ψ(3770) in 2022-2023.
▶ ∼ 21fb−1 at ψ(3770) expected by the end of 2024.

▶ Super τ -Charm Factory (STCF) plans for ∼ 100x the sample
size of BESIII: see CDR at arXiv:2303.15790.
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Conclusions
▶ Model-independent measurements of D0 strong phases are necessary

inputs to beauty and charm CPV measurements

▶ D0 inputs currently contribute sub-dominant uncertainties to γ and
charm CPV parameters, but further precision is needed for LHCb’s
Run 3 and data from Belle II

▶ Significantly more data collection underway @ ψ(3770) in the near
future @ BESIII, which will provide necessary precision on previous
results and prospects for novel CPV analyses of multibody D0 decay
modes

▶ More detail on future prospects in BESIII white paper:
Chin. Phys. C 44, 040001 (2020)

Thanks for your attention!
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